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Abstract
Efficient energy transfer in photosynthetic organisms is a known phenomenon since decades
but some of its details are still unknown. Observation of quantum coherence in the lightharvesting complex (LHC) of photosynthetic systems has boosted interest in this field to
explore this quantum behaviour as a candidate for this high efficiency. We used a semiclassical wave-packet dynamics approach to investigate the influence of environmental vibrations on the excitation energy transfer (EET) among the pigments of LHCs. In this method,
a QM/MM approach on a classical molecular dynamics trajectory was employed to calculate
the excitation energies and couplings to build the excitonic Hamiltonian. The method was
validated with an exact density matrix approach using a two-level system model. Subsequently, the method was applied to investigate the EET in Fenna-Mathews-Olson (FMO)
complex, the LHC of green sulphur bacteria, and the Pycoerythrin 545 (PE 545) antenna aggregate in marine algae. We have shown that the pigments in the FMO and PE 545 complexes
are coupled to their respective environments with a similar coupling strength. The coupling
stems, however, from different origins, i.e. intramolecular vibrations or environmental ones.
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List of Abbreviations
BChl bacteriochlorophyll
DBV dihydrobiliverdin
DOF degrees of freedom
EET excitation energy transfer
FF force field
FMO Fenna-Mathews-Olson
HEOM hierarchical equations of motion
HF Hartree-Fock
LH1 light-harvesting complex 1
LH2 light-harvesting complex 2
LHC light-harvesting complex
MD molecular dynamics
MO molecular orbital
PC phycocyanin
PE pycoerythrin
PEB phycoerythrobilin
QM/MM quantum mechanics/molecular mechanics
RC reaction center
SD Slater determinant
TDM transition dipole moment
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Chapter 1
Introduction
1.1

Photosynthesis and harvesting of light

In the 3 billion-year evolution of life on earth, the living organisms have opted to survive under different conditions. In this complex, photosynthesis in plants, algae, and photosynthetic
bacteria supplies energy for almost all organisms directly or indirectly [1]. Photosynthesis
denotes the mechanism of absorbing light and transferring the energy into biomass. Most of
the photosynthetic entities have a part called light-harvesting complex (LHC) to collect the
light and transfer it to the reaction center (RC). In the RC, the excitation energy leads to
a charge separation as a primary step for mass production. LHCs mainly consist of photosynthetic pigments and proteins. Photosynthetic pigments vary from chlorophylls in plants
to bacteriochlorophylls (BChls) in photosynthetic bacteria, carotenoids, and phycocyanobilin
or phycoerythrobilin in Phycobilisomes. For example in photosynthetic purple bacteria, the
pigments are formed in an antenna membrane domain called chromatophores [2, 3] including light-harvesting complex 1 (LH1) and light-harvesting complex 2 (LH2) rings for photon
absorption and RCs at center of LH1. The RC contains some pigments which receive the
excitation energy from LH1 pigments. In Figure 1.1 the structures of LH1 and LH2 together
with RC for Rhodobacter sphaeroides of purple bacteria are shown.
It is known that LHCs which do not contain carotenoids die under a high light exposure.
Therefore, they can only grow in places where not much sunlight is present [4]. For example,
there are species of green sulphur bacteria (see Figure 1.2) which grow in the deep of oceans
floor. The primary energy of these bacteria is provided by geothermal radiations [5]. The
photosynthetic system of green sulphur bacteria consists of a chlorosome which functions as
9

10

Chapter 1. Introduction
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B777

LH2
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Figure 1.1: LHCs of purple bacteria of Rhodospirillum molischianum. a) LH1-RC complex.
The LH1 includes two connected rings of 32 bacteriochlorophyl-a (green) and 16 caratenoinds
(orange) surrounded by α- and β-proteins (blue). The reaction center is at the core of the
structure including protein (purple). The RC also includes some BChl-a pigments which
absorb light in LH1. b) Side view of LH1-RC complex after removing the proteins. c) Top
view of LH2 complex. The coloring code is same as previous panel. d) The B777, which is
separated from LH2, is a complex of a single BChl-a and alpha helix protein.

antenna, the Fenna-Mathews-Olson (FMO) protein complex, and a baseplate. The last two
elements are intermediates transferring the energy to the final part, the reaction center [6, 7].

Later, we will investigate the transfer of energy within FMO structure. Another LHC
which is of interest in this work is PE 545, the photosynthetic antenna of Rhodomonas sp.
marine algae [8]. In the following, the structures of the aforementioned LH complexes are
explained and shown. Afterwards, we will highlight the experimental studies on these systems
and the interesting phenomena which have been observed.

1.2. Fenna-Mathews-Olson complex

11

Chlorosome

Baseplate

FMO
Reaction Center

Figure 1.2: A schematic view for the photosynthetic structure of green sulphur bacteria
where the light energy is absorbed by chlorosome pigments and transferred to reaction center
through a baseplate and the FMO complex.

1.2

Fenna-Mathews-Olson complex

Chlorophyll-based proteins are mostly water insoluble but the FMO protein is an unusual
water soluble protein complex [9]. FMO was initially discovered by Olson et al. in 1962 from
the Chlorobium limicola bacterium [10] and its structure was solved in 1974 [11]. It was the
first chlorophyll protein structure which was solved by X-ray crystallography with atomic
resolution. Since then the high-resolution structures of FMO from Prosthecochloris aestuarii
[12] and Chlorobaculum tepidum [13] have been resolved.
The FMO complex consists of three identical protein scaffolds [14]. In each subunit there
are eight BChl-a pigments which absorb the light. In Figure 1.3, the structure of the complex
is shown. In Figure 1.3-b the protein scaffold has been removed to see the arrangement of
BChls in the structure. For a long time, the spectroscopy of the structure was showing
only seven pigments for each monomer . Moreover, after the isolation of a monomer only
seven pigments remains and the eighth pigment leaves the structure [15]. Until recently,
the experiments with higher crystallography resolutions showed the presence of the eighth
pigment and Renger et. al [16] suggested a hypothesis for the role of this pigment in capturing
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a)

b)

FMO

c)

d)

PE545

Figure 1.3: a) The structure of FMO protein (blue) holding 32 BChl-a pigments (green).
b) The structure is shown when the protein and pigments side chains are removed.
the excitation energy from chlorosome/baseplate and transferring it to BChl 1 and 2 (the
numbering is in accordance with Figure 1.2). Other theoretical studies also support this
hypothesis [17, 18]. In addition, time-resolved optical spectroscopy of the FMO complex
revealed that BChl 3 drains the absorbed energy to the reaction center [19].

1.3

Phycoerythrin 545 antenna

Red algae, cyanobacteria, and cryptophyte algae are the photosynthetic species which other
than the chlorophylls contain phycobilins (abbreviated as bilins) to capture the light [20]; and
cryptophytes are unicellular algae which are the only types that contain either pycoerythrin
(PE) or phycocyanin (PC) proteins inside a thylakoid lumen [21]. So far three types of
phycoerythrin protein (PE 545, PE 555, and PE 566) and five types of phycocyanin protein
(PC 569, PC 577, PC 612, PC 630, and PC 645) are known [21]. Rhodomonas sp. C24 is a
PE type cryptophyte which can be found in both fresh and marine water and contains PE
545 antenna system. PE 545 is a water soluble bilin-protein complex that can absorb the

1.3. Phycoerythrin 545 antenna
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Figure 1.4: a) The structure of PE 545 antenna system from Rhodomonas sp. CS24 algae.
The protein is in sliver colour with ribbon representation, DBV bilins are in blue, singly-liked
PEBs are in green, and doubly-linked PEBs (PEB0 ) are in red colours. The pigments are
linked to the protein via a Cystein (Cys) residue. The Cys protein residues are shown in
atomic colours (Carbon in cyan, Oxygen in red, Sulfur in yellow, and hydrogen in white).
b) The chemical structure of corresponding bilins in PE 545 plotted with the ChemDoodle
software.
sunlight in low intensities [8] and was firstly purified in 1973. The structure of the complex
has been shown in Figure 1.3-c,d while the protein is removed in the later one to see the
configuration of bilins.
The PE 545 complex, similar to all the phycobiliproteins in cryptophytes, consist of
a four-subunit α1 α2 0ββ protein (also named A,B,C, and D consequently) embedding eight
bilin chromophores where three are linked to each β and one to each α subunits [22]. The α
subunit bilin is a singly linked 15,16-dihydrobiliverdin (DBV) and the three β-subunit bilins
are all phycoerythrobilins (PEBs). Attachments of the one DBV and three PEB bilins to
the protein are respectively the residues: α-Cys 18 (or 19), β-Cys 158, β-Cys 82, and β-Cys
50,61 (doubly linked). The structure of the antenna is again shown in Figure 1.4 highlighting
different types of bilins and their positions. The name of each bilin is according to the protein
residue to which it is linked and the subunit it belongs. The absorption spectrum of PE 545
shows only one single band with the maximum at 545 nm and a bandwidth of 0.24-0.29 eV
[21, 23] while the DBV bilins are in the lowest energy range.
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Being motivated by nature, experimental scientists have attempted to study the variety of
light-harvesting complexes in their laboratories. In the next section we will give a summary
of some experimental studies.

1.4

Spectroscopy and EET in LH complexes

After absorption of a photon by the LH complexes an electron goes from the ground state to
the excited level and generates an exciton. Spectroscopy of chlorophyls and bacteriochlorophyls reveal two major absorption bands for excitons; one in the blue and one in the red
part of the spectrum [1]. The blue band splits in two peaks which are called B bands or
Soret bands and the red one splits in two peaks, Qx and Qy bands (see Figure 1.5). Each
absorption band has a transition dipole moment (TDM) with a strength and an orientation.
The spectroscopy of chlorophyll-based (as well as BChl) structures shows that the Qy band
has the strongest TDM. Hence, after projecting a plane-polarized light, the absorption is
strongest if the electric vector of the exciting light is parallel to the y axes of the molecule.
Therefore, in the spectroscopy techniques of these structures for exciton dynamics studies,
the Qy band is of major importance [24, 25]. The low temperature absorption spectra of Qy
band in FMO of Prosthecochloris aestuarii and Chlorobaculum tepidum shows the strongest
peak at 815 nm for the former one, while for the later, the strongest absorption band is at
809 nm [26]. On the other hand, in the case of PE545 complex the maximum peak for the
visible light is at 545 cm−1 . The right panel of Figure 1.5 shows the corresponding TDM for
an example bilin in PE545.
After generation of an excitation in the LH system, there are different ways of energy
relaxation with time scales ranging from hundreds of femtoseconds to nanoseconds until the
ground state is repopulated in the termal equilibrium. Vibrational relaxes occurs within
some hundereds fs while internal radiationless conversions need several ps and flourecence
takes place within a few ns [27]. The EET amoung first excited state of pigments is the most
relevent process which performs the light-harvesting function in the systems that are studied
in this thesis.
The transfer of energy within LH complexes occurs with very high efficiency [1]. The
efficient transfer is even more vital for the plants growing in low light intensities such as
the ones which were explained formerly. Now this question arises that where this efficiency
is coming from while it seems, molecularly, the pigments should be in a random vibrating
environment. In 2005 Brixner et. al reported experiments in which they observed coherency

1.4. Spectroscopy and EET in LH complexes
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Figure 1.5: The chemical structure of BChl-a (left) and PEB pigments with the direction of
corresponding transition dipole moments.

in excitation dynamics within the FMO complex [19]. Initially, the experiments were done at
77 K but later another group showed that this behaviour stays even at ambient temperature
but in a shorter time (up to 300 fs) [28]. Similar behaviour was also reported for other
LH species as well as PE545 complex [29]. It is not still clear whether the coherence among
chromophores is the reason for the quantum efficiency. In addition to coherence, it has been
shown that the environment fluctuations and dephasing also boost the excitation transfer
[30, 31].
A key property to measure the influefence of surrounding molecules on EET of the pigments is spectral density and it shows which vibrational modes are participating in a particular
transition excitation state and also how strongly these modes are coupled to the electronic
structure of that state, known as Huang-Rys factors [32]. A method to calculte these parameters is flourecence line-narrowing (FLN). The first FLN study on FMO was done by
Wendling et. al in 2000 [33]. Although the spectra of this experiment only includes the low
frequency vibration modes, but it has been extensively used in theretical studies of phonon
excitation dynamics in photosynthesis [18, 34–36]. On the other hand, it should be noted
that the coupling strength of a mode to a state is proportion to 1/ων2 , where ων is the frequency of that mode [37]. Therefore, the high frequency modes do not couple strongly to
electronic states otherwise they have large instensities in the spectrum. Using the theoretical
method in this thesis we will show that in the case of FMO and PE545 structures the high
frequency modes are modest therefore using the spectral densities by Wendling should give
a good estimation in studies of EET in FMO.
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Chapter 1. Introduction

The spectral density of PE545 protein antenna has been resolved using ultra high spectroscopy techniques more recently [22]. In this work the high frequency modes also has been
revealed. The spectral density from this experiment has been latter used to study the influnce of high energy vibrations on dynamics and predict the energy transfer pathway within
PE545 [38].
In order to model EET dynamics from the starting excitation till the redirect of energy
to the other parts one need to consider a source and a drain connected to the LH complex.
While in this project, we only consider a single excitation on one of the pigments and the
energy stays in the system at the equilibrium. This approximation is sufficient since we
are interested on the influence of local vaibrations on the energies and short-time scale of
population dynamics. Therefore, we have used a wave-packet dynamics approach based on
an ensemble averaging of excitation transfer within a network of chromophores. For this
method, molecular dynamics simulation is needed to get a trajectory as an input to build
the time-dependant Hamiltonian. Therefore, we can access the vibrational modes within the
system on an atomic scale and it is also possible to see how the environment fluctuations
affect the excitation dynamics. In the following chapter the details of the method which
will be used later to study the LH complexes will be explained. In addition, the basics of
the density matrix theory, which will be employed to compare our method with, are briefly
explained.

Chapter 2
Theory of open quantum systems
In quantum mechanics, the dynamics of isolated small systems can be studied based on
the time-dependent Schrödinger equation. With increasing the size of the quantum system,
the computational costs (time, memory, and disk space) increase drastically and it becomes
harder to infeasible to treat all degrees of freedoms (DOFs) as one quantum system. In
complexes, like biological organisms, the system of interest can be separated and considered
interacting with an external quantum system, called environment or reservoir. The systems
which are modelled in this way are called open quantum systems. In this chapter the basics
of simulations of a light-harvesting open quantum system are explained. Subsequently, to
study the exciton dynamics in these systems, two approaches, the reduced density matrix
(RDM) dynamics and an ensemble-averaged wave-packet population method, are detailed.
Later, the former approach is employed to evaluate the later one which is used in our studies
for LH complexes.
Using this assumption, the total Hamiltonian is separated in the system (HS ), reservoir
(HR ), and system-reservoir coupling (HSR ) parts written as
H = HS + HR + HSR .

(2.1)

In addition, the system Hamiltonian can consist of several subsystems which are interacting
with each other. Therefore, the system Hamiltonian can be divided into Hamiltonians of
subsystems and couplings between them as
HS =

X

Hm +

X
m,n
m6=n

m

17

Vmn .

(2.2)
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Figure 2.1: A schematic view of splitting the system of study into a system (S) and reservoir
(R) parts in open quantum system theory.
Transfer of energy can occur via exchange of an electron from a donor to an acceptor or
without it.

2.1

Excitonic Hamiltonian

With the absorption of energy by the donor molecule (D), an electron from a valence band
goes to a higher unoccupied orbital and leaves a hole in the valence band. Now, if the
coupling of the transition bands to the ones in another molecule, known as acceptor (A), is
sufficiently strong the excitation energy will move to the other molecule. If two molecules are
spatially well separated this process happens without transferring the hole and the electron
and excitation energy hopes between two molecules which can be done coherently. This type
of transfer is known as Frenkel model and the intermediate state where excitation is on both
molecules is Frenkel exciton. In figure 2.2 a schematic view of this model is shown. In this
section the excitonic Hamiltonian of this transfer is modelled.
In excitation energy transfer (EET) studies of LH complexes, the system Hamiltonian of
the aggregate reduces to a Hamiltonian of the pigments and the pigment-pigment couplings.
Both terms depend on the electronic coordinates of the pigments and nuclear coordinates of
the whole complex. Therefore, the system Hamiltonian reads
(S)
Hagg
=

X
m

Hm (rm , R) +

X
m6=n

Vmn (rmn , R).

(2.3)

2.1. Excitonic Hamiltonian
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Figure 2.2: A schematic view of Frenkel excitation transfer.
Here, Hm and Vmn denote the electronic Hamiltonian of the molecules and the Coulomb
coupling between them. The symboles rm , R, and rmn are the coordinates of the pigments,
reservoir, and vectors between the centers of mass of two different pigments, respectively.
Neglecting the delocalization of electrons of a molecule across the other molecules, electronic
states of a molecule, ϕma (rm , R), form a complete set. The label a denotes the excitation electronic states which are the solutions to the electronic Hamiltonian equation of each individual
molecule
(el)
Hm
(R)ϕma (rm , R) = Uma (R)ϕma (rm , R)
(2.4)
Here, Uma denotes the energy of state a which also depends on the bath degrees of freedom.
Subsequently, the total electronic function of the aggregate can be expanded as the product
of electronic wave-functions of the individual molecules. This wave function is also known as
the Hartree Product which is given by
ΦA (rm , R) =

N
mol
Y

ϕmam (rm , R).

(2.5)

m=1

With this assumption, the states Φ form a complete set and the aggregate Hamiltonian can
be expanded in this set.

2.1.1

Two-state model

For two complete sets A and B of the system, the Hamiltonian of the aggregate reads
(S)
Hagg
=

X
AB

(S)
hΦA | Hagg
|ΦB i × |ΦA i hΦB | .

(2.6)

20
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Using Equation 2.3 we obtain
(S)
Hagg
=

XX
m

+

Hm (ab) |ϕma i hϕmb |

(2.7)

ab

1X X
Vmn (ab, cd) |ϕma ϕnb i hϕnc ϕmd | .
2 m,n a,b,c,d

In the present study, Hm (ab) corresponds to the transition energy from electronic state a
to state b of molecule m and Vmn (ab, cd) equivalents to the coupling of transition a to b
of molecule m with transition c to d of molecule n, which is known as excitonic transition
coupling. As already explained, in LH complexes the excitation energy is absorbed by the
first electronic state, which is Qy state in chlorophylls. Therefore, it is mostly sufficient to
consider only the first excited level other than the ground state. Additionally, if we consider
that at the initial time only one pigment is excited and other pigments are in their ground
state, the total initial wave-function of the aggregate will be given by
|Φi = |ϕme i

N
mol
Y

|ϕng i .

(2.8)

m6=n

Furthermore, with assuming that there is no electron transfer the system Hamiltonian of
the aggregate reduces to an excitonic Hamiltonian consisting of excitation energies of the
molecules (also known as site energies) and the coupling between excitation transitions of
two molecule (cf. Figure 2.2) [32]. Denoting the excited and ground states as e and g,
respectively, the Hamiltonian of the aggregate yields
S
Hagg
= E0 +

X
m

Em (eg) |ϕm i hϕm | +

X

Vm,n |ϕm i hϕn |

(2.9)

m,n

P
where E0 = m Emg is the ground state energy of the molecules and Em (eg) = Ume − Umg is
the energy gap between electronic ground state and excited energies of individual molecules.
For simplicity it is considered that E0 = 0. Therefore, the Hamiltonian of the relevant system
reads
X
X
S
Hagg
=
Em (eg) |ϕm i hϕm | +
Vm,n |ϕm i hϕn |
(2.10)
m

m,n

where the energy gaps Em(eg) are the site energies. After modelling the aggregate Hamiltonian there are different ways of study of the dynamics and excitation transfer. One very
widely used method is the density matrix approach.

2.2. Reduced density matrix dynamics

2.2
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Reduced density matrix dynamics

Following the previous sections for modeling the Hamiltonian of open quantum systems and
in particular LH aggregates, here we describe an approach based on Liouville equation of
motion to calculate the excitation dynamics in the pigments. In this approach the total
phase-space density, Ŵ , can be written as [32]
Ŵ (t) = ρ̂(t) ⊗ R̂(t)

(2.11)

with the system density operator, ρ̂(t), and the bath density operator, R̂(t). According to
the previous section and Equation 2.4 the system density operator is defined as
ρ̂(t) =

X

Pma |ϕma (t)i hϕma (t)|

(2.12)

m,a

with Pma being the probability to find molecule m in state a. Since the dynamics of the bath
is not of interest its operator is ruled out by taking the trace of the total density operator
with respect to a basis set in the bath space [32]
n
o
ρ̂(t) = trb Ŵ (t) .

(2.13)

Moreover, the time evolution of the total density operator is described by the Liouville-von
Neumann equation
∂
Ŵ (t) = −iL̂Ŵ (t)
(2.14)
∂t
where the Liouville operator is defined with respect to the total Hamiltonian as
L̂• = −

i
ih
Ĥ, • .
h̄

(2.15)

Using Equations 2.13, 2.14, and 2.15 with the definition of the total Hamiltonian Equation 2.1
we obtain


nh
io
∂
∂
i
ρ̂(t) = trb
Ŵ (t) = − trb Ĥ, Ŵ (t)
(2.16)
∂t
∂t
h̄
io
i nh
= − trb ĤS + ĤB + ĤSB , Ŵ (t)
h̄
i i nh
io
ih
= − ĤS , ρ̂(t) − trb ĤB + ĤSB , Ŵ (t) .
h̄
h̄
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Here, in the first part, we assumed that the arbitrary bath basis set, which is used to define
the trace, is time dependant and in the following step we took into account that ĤS is not
influenced by bath trace.

2.2.1

Harmonic bath

In the approaches based on RDM method, to study the energy transfer in LH complexes, a
common model for the bath is a harmonic nuclear reservoir which is coupled to the electronic
states and intramolecular vibrations of pigments. According to this method, the Hamiltonian
of the bath is written as

X  p̂2ξ
mξ ωξ2 x̂2ξ
+
(2.17)
ĤB =
2mξ
2
ξ
where pξ , xξ ωξ , and mξ are the momenta, displacements around equilibrium, frequencies,
and masses of the bath oscillators. Moreover, the system-bath coupling is considered as a
linear product of the system, Φ̂a , and bath parts, ua ,
ĤSB =

X

Φ̂a ua .

(2.18)

a

It is also considered that the vibration mode of the bath, ξ, is linearly coupled to the system.
With coupling strength caξ the system-bath Hamiltonian is
ĤSB =

X

Φ̂a caξ x̂ξ .

(2.19)

a,ξ

Using the path integral method, the time evolution of the system density matrix, ρ̂(t), is
calculated by taking the average of the total system density matrix over the bath DOFs [39],
*
ρ̂(t) = hŴ (t)iB =



i
exp −
h̄

Zt

+
dsL̂s

0

ρ̂(0) = hÛiB ρ̂(0).

(2.20)

B

Here Ls denotes the Liouville operator of the system. By taking the bath average, the
influence of the bath enters through the so-called spectral density function[32]
1 X c2aξ
Ja (ω) =
δ(ω − ωξ ).
h̄ ξ 2mξ ωξ

(2.21)
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which relates to the bath time-correlation function by
1
Ca (t) = hua (t)ua (0)iB =
π

Z

∞

dωJa (ω)
−∞

e−iωt
.
1 − e−βh̄ω

(2.22)

There are different ways to model the spectral density. In the study of EET, a possible model
is to define the solvent dynamics based on Drude-Lorentz density [40, 41]
Jj (ω) = 2λj

ωγj
+ γj2

ω2

(2.23)

where λj is the bath reorganization energy, which determines the strength of systems-bath
coupling, and γj characterizes the fluctuation time-scale of electronic energies in pigments.
Using this definition in the reduced-system density equation of motion, Equation 2.20 leads
to hierarchical equations of motion (HEOM) method with a terminating rule which makes it
possible for computational simulations [39, 42].
In reduced density matrix approaches, it is considered that the characteristics of the
environment are known through the spectral density so that the excitation dynamics of a
system of molecules in a fluctuating environment can be calculated. Alternatively, one can
calculate the Hamiltonian on an atomic level and then use it directly in the time-dependant
Schrödinger equation to get the dynamics of excitonic wave packets. This approach is the
main feature of this work. In the following section this method is explained in more details.

2.3

Ensemble-average wave-packet dynamics

In this method, the wave-packet dynamics of the system is calculated directly from the
Schrödinger equation. Therefore, the relevant time-dependant Hamiltonian of the system
is calculated on a molecular level. To derive the relevant wave-packet dynamics, the timedependent Schrödinger equation for the total Hamiltonian is introduced
ih̄

∂
|Ψ(t)i = H |Ψ(t)i = (HS + HB + HSB ) |Ψ(t)i .
∂t

(2.24)

In this equation the state of the complete system |Ψi is a product of the state of the relevant
system |ΨS i and the bath state |ΨB i
|Ψi = |ΨS i ⊗ |ΨB i .

(2.25)
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We then apply this product ansatz to Equation 2.24

ih̄

∂
|ΨS i |ΨB i = (HS + HB + HSB ) |ΨS i |ΨB i
∂t

(2.26)

which yields



∂
B
B ∂
S
ih̄ |Ψ i |Ψ i + |Ψ i |Ψ i = |ΨB i ĤS |ΨS i + |ΨS i ĤB |ΨB i + ĤSB |ΨB i |ΨS i . (2.27)
∂t
∂t
S

In order to separate the system and bath EOM we apply once the complex conjugate of the
system state from the left and once the bath state. In addition, for the bath EOM, we neglect
the effect of the system action onto the bath. Therefore, we obtain the bath EOM as
ih̄

∂
|ΨB (t)i = ĤB |ΨB (t)i .
∂t

(2.28)

With this assumption, if the bath is initially in equilibrium, then after the incident excitation
to the system, the bath stays in equilibrium. This is a basic assumption in perturbation
theories [43, 44] and therefore the present approach will not be able to handle strongly
coupled system-bath configurations. Using the latest equation and taking the expectation
value with respect to the bath in Equation 2.27 the relevant Schrödinger equation of the
system is introduced as
ih̄

∂
|ΨS (t)i = (ĤS + hΨB | ĤSB |ΨB i) |ΨS i .
∂t

(2.29)

In this equation, the Hamiltonian includes a term corresponding to the influence of the bath
on system wave-function other than the system Hamiltonian. Therefore, we introduce an
effective system Hamiltonian for the propagation of the system wave packet. With applying
the linear system-bath coupling of equation 2.1 the effective Hamiltonian can be written as
ĤSef f = (ĤS + hΨB | ĤSB |ΨB i) |ΨS i
X
= ĤS +
hΨB (t)| Φ̂m |ΨB (t)i |mi hm| .

(2.30)

m

It should be noticed that the Hamiltonian of the excitonic system depends also on bath
coordinates. If we now use the system Hamiltonian in equation 2.10 the effective Hamiltonian
is given by
ĤSef f =

X
m

(Em (rmn , R) + ∆um (t)) |mi hm| +

X
n6=m

Vnm (rmn , R) |ni hm|

(2.31)
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where ∆um (t) reads the influence of the bath dynamics on the system. Subsequently, the
system wave-packet dynamics can be obtained by
ih̄

∂
|ΨS (t)i = ĤSef f |ΨS i .
∂t

(2.32)

To determine the time-dependent effective Hamiltonian, at first the time-dependant bath
Hamiltonian (eq. 2.28) should be determined. To this end, the bath coordinates dynamics
are needed to be solved using classical molecular dynamics (MD) simulations.

2.3.1

Molecular Dynamics Simulations

The aim of MD simulations is to solve the classical EOM. For a system of atoms the Newton
EOM are written as
∂
U(R)
(2.33)
M R̈i = Fi ,
Fi = −
∂Ri
with the force Fi acting on each DOF of Ri , where the force equals to the partial derivative
of potential energy. In practice, the dynamics are solved by
Pi
M

(2.34)

Ṗi = Fi .

(2.35)

Ṙi =
and

The prior step in solving this set of equations is to calculate the potential energy and consequently the force, known as force field (FF). The basic form of the potential energy consisting
of bonding terms (bonds, angles, and torsions) and non-bonded parts (van der Waals, and
electrostatics) is given by (cf. Figure 2.3)
X kl
X kθ
X X k ϑ,m
i
i
i
U(R) =
(li − li,0 ) +
(θi − θi,0 ) +
(1 + cos(mϑ − γ))
2
2
2
torsions m
bonds
angles
" 
 6 # X
N
N
12
X kφ
X
σ
σij
qi qj
ij
i
+
(φi − φi,0 ) +
4ij
−
+
2
rij
rij
4π0 rij
i,j
i,j | {z
dihedrals
}
|
{z
}
Lennard Jones

(2.36)

Coloumb

where the li,0 , θi,0 , γ, and φi,0 are the equilibrium values. A standard set of FFs specifies the
precise form of Equation 2.36 for a system of atoms. Among the popular FFs are AMBER
[45], CHARMM [46], and OPLS [47]. In fact, Equation 2.36 is a standard model for the
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Figure 2.3: A schematic view of potential energy terms of Equation 2.36 in classical molecular
dynamics.

potential energy and the aforementioned FFs are generated for larger molecules e.g. proteins
and polymers. The more elaborate family of FFs (e.g. MM2 and MM3), which are used
for smaller systems, include cubic and quartic terms other than harmonic potentials and
additionally cross terms, e.g. two bond stretching.

Having specified the potential energy and atomic forces, the next step is the MD algorithm
to solve the coupled differential Equations 2.34 and 2.35 while the system is kept in a certain
physical condition [48, 49]. There are different thermodynamics ensembles which can be
formulated in the MD algorithm to fix the thermodynamics quantities, e.g. pressure and
temperature. In this work, we use the Langevin thermostat [50] to fix the temperature.
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Langevin thermostat
According to the Langevin dynamics, each atom is coupled independently to a fictitious
thermal bath. Therefore, two additional friction and noise terms appear in the equation of
motion. Hereby, Equation 2.34 will be written as
M R̈ = F − γM Ṙ +

p
2M γθ(t)

(2.37)

where γ is the damping constant and θ(t) is a white noise satisfying
hθ(t)θ(t0 )i = kB T δ(t − t0 )

(2.38)

where T is the temperature and kB is the Boltzman constant.
After specifying the force field and thermodynamics ensemble we are able to solve the MD
algorithm and calculate a trajectory of positions and charges of all the atoms which are the
ingredients in Equation 2.31. On the other hand, we still require quantum chemistry methods
in order to calculate the excitation energies of the pigments (Em ) and excitonic couplings
(Vmn ) between them. In the following, we briefly explain the methods and approximations
in this regard.

2.4

Electronic excitation energies Em

In the theory of electronic structure calculations for many-body systems, in order to reduce
the degrees of freedom of electrons, the Born-Oppenheimer approximation is used. According
to this scheme, since the movements of electrons are much faster than those of nuclei, the
electronic Hamiltonian is split from the total Hamiltonian considering that all the nuclei are
fixed simultaneously. For a non-relativistic Hamiltonian, this yields a separate electronic part
as [51]
Nelec
Nnuc N
elec
X
XX
X X Za Zb e2
1 2 X
e2
Za e
h̄2 X
∇i −
+
+
Hel = −
2m i 2
|Ra − ri |
|ri − rj |
|Ra − Rb |
a
a b>a
i j>i
i

(2.39)

where the symbols ri , Ra , e, Za , and m are the electrons and nuclei coordinates, electrons and
nuclei charges, and electron mass, respectively. In this equation the terms from left to right
represent the electrons kinetic energy, electron-nuclei repulsion, electron-electron repulsion,
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and nuclei-nuclei repulsion. In a short version, it can be written as
Hel = −

N
elec
X
i

hi +

N
elec
X

gi,j + Vnn .

(2.40)

i,j>i

where hi are the one-electron energies consisting the first two terms of Equation 2.39, gij
are the two-electron terms of electron-electron repulsion, and the nuclei-nuclei coupling Vnn
which is constant for a given configuration. With solving the Scrödinger equation for oneelectron Hamiltonian we obtain
hi |φi i = i |φi i
(2.41)
where |φi i are the electronic states with energies i . The total electronic wave function is
composed of electronic states in the Slater determinant (SD) format to preserve the Pauli
principle for the exchange of two electrons
φ1 (1)
φ1 (2)
|Φi =
..
.

φ2 (1)
φ2 (2)
..
.

···
···
..
.

φN (1)
φN (2)
= A [φ1 (1)φ2 (2) · · · φN (N )]
..
.

(2.42)

φ1 (N ) φ2 (N ) · · · φN (N )
with electronic functions φi (κ), also known as molecular orbitals (MOs). In these functions,
the indices correspond to the electron number and the positions are given in the parentheses.
The antisymmetrization operator A can be expanded with a sum of permutations as
"
#
N −1
X
X
1
1 X
(−a)P P ; P = √
1−
Pij +
Pijk · · · .
A= √
N ! P =0
N!
ij
ijk

(2.43)

With applying the Hamiltonian onto a state in the SD form, the matrix elements of Equation 2.40 consist of
hΦ|hi |Φi = hφi (i)|hi |φi (i)i
(2.44)
for the one-electron elements and
hΦ|gij |Φi = hφi (i)φj (j)|gij |φi (i)φj (j)i−
hφi (i)φj (j)|gij |φi (j)φj (i)i

(2.45)

corresponding to two-electron elements. In Equation 2.45 the first and second terms represent
the Columbic and exchange interactions, respectively. Based on the linear combination of
atomic orbitals (LCAO) approximation we can expand the MOs in Mbasis atomic orbital
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(AO) sets µα
φi =

MX
basis

cαi µα .

(2.46)

α

Employing the variational principle yields the Hartree-Fock (HF) equations [51]
FC = SC

(2.47)

where F denotes the Fock Hamiltonian,  the AOs energies, and C the AOs coefficients
matrix. The overlap matrix S elements read
Sµν =< µ|ν > .

(2.48)

The Fock matrix equals to
F=h+

N
elec
X

(Jj − Kj ).

(2.49)

j

In this equation, operator h corresponds to the first two terms in Equation 2.39 for oneelectron energies, while J and K, being the Coulumb and exchange integrals, relate to the
4
two-electron terms. The cost (computer memory and time) of HF methods scales with Nelec
[51] where mainly stems from the two-electron integrals. This fact makes the calculations for
systems with many DOFs almost impossible. For these systems one often has to, alternatively,
use semi-empirical methods which decrease the cost by reducing the number of integrals and
instead use parameters which can be calculated experimentally. In addition, the HF based
methods lack the electron correlation which are of course included in experimental data and
therefore it can be, implicitly or explicitly, included in semi-empirical methods.

2.4.1

Semi-empirical methods

In the semi-empirical methods the Fock matrix elements of Equation 2.49 are written as
*
hµν =

X Za
1
ν
µ − ∇2 −
2
Ra
a

+
(2.50)

corresponding the first term and
Gµν =

X
ση


Dση

1
hµν|σηi − hµσ|νηi
2


(2.51)
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for the second term where
Dση =

MX
basis

cσj cηj .

(2.52)

j

The first step to reduce the number of integrals is to consider only the valence electrons
explicitly and taking into account the core electrons together with the nuclear charges. Additionally, in two-electron integrals of the form
Z
< µν|ση >=

B
φA
µ (r1 )φν (r1 )

1
φC (r2 )φD
σ (r2 )dr1 dr2
|r1 − r2 | σ

(2.53)

the products of the atomic orbitals, when located on different atoms, are neglected. In
equation 2.53, µ, ν, σ, and η relate to atomic orbitals on centers A, B, C, and D.
The Neglect of Diatomic Differential Overlap method (NDDO), accounts for the aforementioned approximations. Based on these assumptions, the number of integrals considerably
decreases using
B
φA
(2.54)
µ φν = δµν δAB .
Taking one step further, in the Intermediate Neglect of Differential Overlap Approximation
(INDO), additionally, two-center integrals are omitted [52]. In our simulations for gap energy
calculations, a parametrized version of this method according to spectroscopy is used which
it is explained later. In the simplest method, the complete neglect of differential overlap
(CNDO), all overlap terms in two-electron integrals are neglected
φµ φν = δµν φµ φµ .

(2.55)

In the above schemes, the calculations are often too simplified to obtain molecular orbitals
accurately. To improve theses approximations some integrals are therefore parametrized
instead of neglected.

ZINDO/S method
While the INDO method is more successful for explaining the electronic energy calculations,
in 1973 Ridley and Zerner modified the scheme [53] and suggested semiempirical parameters
to calculate the spectra for different electronic transitions including the n → π ∗ transition.
This approach is known as Zerner intermediate neglect of differential overlap approximation
parametrized for spectroscopy (ZINDO/S) also referred as INDO/S. Initially the method was
limited to organic molecules containing H, C, N, and O but later the ZINDO/S method was
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extended to other main-group and transition metal elements [54, 55] also for the chlorophylls
[56]. In this work we use this method to calculate the excitation energies of the pigments.
Above that, we use the quantum mechanics/molecular mechanics (QM/MM) approach to
include the environmental atoms contributions in the energies.

2.4.2

Quantum mechanics/molecular mechanics (QM/MM) approach

As already described, it is inevitable to describe the system fully quantum mechanically.
Therefore, the important part of the structure (here the pigments) are treated using quantum
methods while the rest are taken as point charges. The contribution of classical region (MM)
is then added to the quantum part (QM). In the QM/MM treatment the interaction between
the QM and MM regions corresponds to
∆hµν = −

X

AB
(ZB − QB )γµν

(2.56)

B

which corrects the one-electron matrix Equation 2.50 and
∆E =

X  ZA ZB
A,B

RAB

−

AB
ZA QB γµν


(2.57)

correcting the nuclei interaction energy between two regions. Here, A is an index from QM
AB
region and B for an atom in MM region, QB is the electronic charge in B, γµν
corresponds
to the Coulumb interaction of two electrons from two centers on A and B given by
AB
γµν

Z Z
=

A
φA
µ (1)φν (1)

1
rAB

sB (2)sB (2)dr1 dr2 .

(2.58)

In this case, the s orbitals of partial charges in B region need to be estimated.

2.5

Excitonic pigment-pigment couplings Vmn

The excitonic coupling, Vmn , contains a short-range exchange coupling and a long-range
Coulombic term. In the theory of EET of photosynthesis systems, the major contribution of
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Figure 2.4: a) Atomic structure of BChl-a with TDMs for the Qx and Qy absorption bands.
To reduce the quantum regime in QM/MM calculations the parts which are separated with
red dashed lines are considered in the MM regime. b) The Qy TDM in two different BChls
for point-dipole coupling approximation.
pigment-pigment couplings is Coulombic which reads [57]
Z
Vmn =

dr1 dr2

10
ρ10
m (r1 )ρn (r2 )
|r1 − r2 |

(2.59)

where ρ10
m (r) is the one-particle transition density defined as
ρm
10 (r1 )

Z
= Nm e

m
dr2 . . . drN Ψm
1 (r1 . . . rN )Ψ0 (r1 . . . rN )

(2.60)

for the transition 0 → 1. Here, Nm is the number of electrons of pigment m. These equations for the coupling may be calculated numerically [58]. Additionally, there are different
approximations to calculate it which are detailed in the following.

2.5.1

Point-dipole approximation (PDA)

In this method the excitonic coupling between two pigments is approximated as the coupling
between the transition dipole-moments (TDMs) of two pigments which is defined as
d10
m

Z
=

drρ10
m (r)r

(2.61)
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with the transition density ρ10
m defined in Equation 2.60. For bacteriochlorophylls there are
two major transition bands in the absorption spectrum (Qx and Qy ). The TDM direction
of these bands are along the Nitrogen atoms in the pyrol ring of the structure as shown in
the Figure 2.4 a. In EET studies the Qy band is normally desired and excited. In PDA, the
coupling between two molecules reads (see Figure 2.4 b)
P DA
Vmn

f
=
4π0



10
10
d10
(d10
m · dn
m · Rmn )(dn · Rmn )
−
3
3
5
Rmn
Rmn


.

(2.62)

Here, Rmn is the vector between centers of mass (COM) of two molecules. In this work, for
simplicity, the tails of the BChls are removed as shown in Figure 2.4, therefore the COM is the
Magnesium atom. It should be noted that two TDMs are placed in an external environment
which should be taken into account. Therefore, a scaling factor f is used in Equation 2.62
to include the screening effect of the environment. There exist different approximations for
including the screening factor. In this work, we have used an exponential decaying function,
as proposed and parametrized by Curutchet et al. [59] and it has the form of
f = A exp(−Br) + f0

(2.63)

with the factors A = 2.68, B = 0.27, and f0 = 0.54.

2.5.2

TrESP method

In the TrESP method [60], which refers to transition charges for electrostatic potential, the
Coulumb coupling Vmn is given by
T rESP
Vmn
=

10 10
qnj
f X qmi
4π0 i∈m |ri − rj |

(2.64)

j∈n

10
10
where the transition charges qmi
and qnj
are fitted to the electrostatic potential of the tran10
sition densities ρ10
m and ρn for pigments m and n, respectively. Different quantum chemical
methods calculate slightly different transition charges. Therefore, in practice, the corresponding dipole moment is fitted to the experimental value in vacuum [57]. In addition, the effect
of environment is included by the factor f .
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Poisson-TrESP method

To avoid the uncertainty in setting the factor f , the influence of the environment can be
modelled explicitly [57]. According to this method, a Poisson equation is solved for the
potential ψm (r) of transition charges of the pigment m
∇ (κ(r)ψm (r)) = −4π

X

qi m10 δ(r − ri )

(2.65)

i

where the dielectric constant κ(r) equals to n2 (square of the refractive index representing
the optical polarizability of the environment) inside an assumed molecule-shaped cavity and
κ(r) = 1 outside the cavity. As the result, the coupling equals
Vmn =

X

10
ψm (rj )qnj
.

(2.66)

10
are same as the ones in the TrESP method. For pigment-protein
The transition charges qmi
complexes, the dielectric constant is approximately 2. In this work, the Poisson-TrESP
method has not been used. For a comparison between three methods see reference 57 by
Thomas Renger and Frank Müh.

Up to here all necessary parameters to build the time-dependent Hamiltonian Equation 2.31, site energies and couplings, have been described. We emphasize again that to
calculate the dynamics of the system in wave-packet approach a time-dependant Hamiltonian is needed. Therefore, the molecular dynamics simulations should be performed to get
the geometry and partial charges of the structure in a time interval. In the following, the
analysis elements based on the simulated data have been detailed.

2.6
2.6.1

Analysis
Autocorrelation

In order to observe the influence of the environment vibrations on the dynamics of the
pigments, in the first step the autocorrelation function of time-dependant site energies can
be calculated
N −i
1 X
h∆E(ti + tk )∆E(tk )i .
(2.67)
C(ti ) =
N − i k=1
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Figure 2.5: The autocorrelation function of B850 ring in LH2 complex. The simulation result
(black) is fitted once to harmonic functions (red) and once to two exponential functions (blue).
The figure has been reproduced from Ref. [61] with permission.1
Here
∆E(ti ) = E(ti ) − hEi

(2.68)

shows the fluctuations in site energies coming from the environment and the autocorrelation
function shows how these fluctuations are correlated in time in a particular pigment. For the
pigment-protein complexes, the autocorrelation functions decay exponentially and they can
be fitted to two cosine modulated functions as the form [61, 62]
C(t) ≈

Ne
X
i=1

−γi t

ηi e

+

No
X

η̃i cos(w̃i t)e−γ̃t

(2.69)

i=1

with different numbers of exponentials (Ne ) and damped oscillations (No ). Figure 2.5, which
is taken from Ref. [61], shows an example from LH2 complex. The autocorrelation function
is an element needed for the calculation of the spectral density.

2.6.2

Spectral Density

1

Adapted with permission from the article by Carsten Olbrich and Ulrich Kleinekathöfer, “TimeDependent Atomistic View on the Electronic Relaxation in Light-Harvesting System II”J. Phys. Chem.
B 2010, 114 (38), pp 12427–12437. DOI: 10.1021/jp106542v. Copyright
2010 American Chemical
Society.

©
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In the theory of open quantum systems a key ingredient, which reflects the information about
the reservoir and its interaction with the system, is the spectral density [32] and it is defined
as
πX 2
(2.70)
c δ(ω − ωξ )
J(ω) =
h̄ ξ ξ
where cξ correspond to the coupling strengths of modes ωξ to the system and it is equivalent to
the one used in Equation 2.19. It can be shown that the spectral density and autocorrelation
function, one from the frequency and one from time domain of the reservoir, are related by
[32]
C(ω) = 2π [1 + n(ω)] [J(ω) − J(−ω)] .
(2.71)
Here C(ω) is the Fourier transform of the autocorrelation function and n(ω) corresponds to
the distribution function (DF) of the bath modes. Using the Bose-Einstein DF the spectral
density is obtained by
2
J(ω) =
tanh(βh̄ω/2)
πh̄

Z

∞

dt C(t) cos(ωt).

(2.72)

0

and equivalently the equation for autocorrelation reads
Z
C(t) = h̄

∞

dω J(ω) coth(βh̄ω/2) cos(ωt).

(2.73)

0

It should be noted that in the case of wave-packet approach since the dynamics of the
environment are treated classically the resulting autocorrelation is classical, therefore, the
spectral density should be estimated as it is in high temperature limit [63, 64]
βω
J(ω) =
π

2.7

Z

∞

dt C(t) cos(ωt).

(2.74)

0

Outline of results and discussions

The results concerning these studies have been already published in scientific journals. In
the next chapters we reproduce the published articles in the following sequence.
Chapter 3: A two-state model is employed to examine the ensemble-averaged wavepacket approach using the accurate results from density matrix approach. For this purpose
a colored-noise random number generator has been used to reproduce the excitation site
energies, Em + ∆um (t), in Equation 2.31. The generator produces random numbers which
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have a Gaussian distribution and are exponentially correlated. This strategy allows us to
use the Drude-Lorentz model spectral density, Equation 2.23, and consequently the HEOM
method in density matrix approach as a comparison tool.
Chapter 4: The ensemble-averaged method is employed to calculate the effective Hamiltonian of FMO light-harvesting complex in two solvent boxes, once in a water box and once
in a mixed glycerol-water box. Subsequently, the spectral densities for different solvents have
been calculated. The results have been compared with the ones in Ref. [63] and experimental
data [33].
Chapter 5: Similar to the previous chapter, the spectral densities of PE 545 LH complex
are calculated. In order to differentiate between intramolecular and environmental vibrations
in the spectral densities we have implemented two other strategies. First we removed the
environmental point charges for the calculation of excitation energies and second we “froze”
the solvent. Theses calculations are also repeated for the FMO complex. The results show
different origins of vibrational modes of the spectral densities in the two complexes.
Chapter 6: The findings the from previous chapter are used to calculate the wave-packet
dynamics in PE 545 for investigating the energy pathway in the system.
Appendix A: The supporting information relating to Chapter 4 is provided in this
appendix. Here, the density of states and autocorrelation functions of excitation energies for
each individual pigment in PE 545 complex are shown.
Appendix B: In this appendix, the site energies and couplings of FMO structure in two
crystal and solute forms have been calculated and investigated. Subsequently, the results are
used to obtain the wave-packet dynamics and two-dimensional spectra.
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Chapter 3
Juxtaposing density matrix and
ensemble averaged wave-packet
dynamics 1

Abstract
In many physical, chemical, and biological systems energy and charge transfer processes
are of utmost importance. To determine the influence of the environment on these transport processes, equilibrium molecular dynamics simulations become more and more popular.
From these simulations, one usually determines the thermal fluctuations of certain energy
gaps, which are then either used to perform ensemble-averaged wave packet simulations,
also called Ehrenfest dynamics, or to employ a density matrix approach via spectral densities. These two approaches are analyzed through energy gap fluctuations that are generated
to correspond to a predetermined spectral density. Subsequently, density matrix and wave
packet simulations are compared through population dynamics and absorption spectra for
different parameter regimes. Furthermore, a previously proposed approach to enforce the
correct long-time behaviour in the wave packet simulations is probed and an improvement is
proposed.
1

Reprinted with permission from the article by Mortaza Aghtar, Jörg Liebers, Johan Strümpfer, Klaus
Schulten and Ulrich Kleinekathöfer, “Juxtaposing density matrix and classical path-based wave packet dynamics”, J. Chem. Phys., 2012, 136, 214101. DOI: 10.1063/1.4723669. Copyright
2012, AIP Publishing
LLC.
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Introduction

Reduced density matrix methods are often used to describe the quantum dynamics in open
systems [32, 40, 65]. For these calculations a Hamiltonian and spectral densities have to be
specified beforehand, which may come from experiments or atomistic simulations. An alternative approach would be ab-initio studies of the electronic and nuclear degrees of freedom
(DOFs), but these are usually prohibitively expensive for large systems such as pigmentprotein complexes [66]. A further possibility is mixed quantum-classical dynamics in which
one couples a few selected quantum DOFs to a large set of classical modes. Using such
approaches one can include quantum effects in otherwise classical simulations, like classical
molecular dynamics (MD) simulations, and enable the treatment of quantum phenomena
such as charge and energy transfer.
A large variety of mixed quantum-classical approaches exists. Among the most well-known
and used ones are the mean-field Ehrenfest dynamics [67–70] and the surface hopping approach including its fewest-switches variant [71, 72]. In both approaches the time-dependent
Schrödinger equation is integrated using a time-dependent Hamiltonian which is derived
from the motions of the classical DOFs. Furthermore, an ensemble average is needed in both
schemes to obtain physically meaningful quantities. In the standard Ehrenfest and surface
hopping approaches the classical forces are altered due to the dynamics in the quantum system, i.e., the so-called back reaction of the quantum onto the classical system is included.
Both the Ehrenfest and surface hopping scheme have their advantages and drawbacks. Surface hopping approaches do not properly account for decoherence effect while in the Ehrenfest
scheme no appropriate thermal equilibrium distribution is reached in the long-time limit. Another stochastic approach for modelling exciton dynamics is the Haken-Strobl-Reineker model
[73, 74] in which the bath fluctuations are assumed to be Gaussian white noise. Within a
similar approach colored but dichotomic noise can be treated [75, 76]. Due to the classical
nature of the baths in the Haken-Strobl-Reineker model and its colored noise variant this
ingredient also leads to an equal population of the different exciton states at long times.
In the present study we will mainly focus on the Ehrenfest approach for which many
variants have been developed (see, e.g., [67–70, 77–79] and references therein). Herein we
select a variant of the Ehrenfest approach in which the back reaction of the quantum onto the
classical system is neglected. This limitation is certainly only reasonable for small coupling
values between the classical and the quantum systems, but has the clear advantage that
the classical dynamics can be performed using standard MD codes. The approximation of a
ground-state, classical MD has recently been applied to vibrational relaxation [80, 81], charge
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[82–84] and excitation energy transfer [85–89]. The limitations of this scheme are obvious
though might not be that severe for many systems.

One goal of the present study is to compare ensemble-averaged wave-packet dynamics with
reduced density matrix dynamics. The reasoning behind this investigation is the following:
using a classical MD simulation one can determine the fluctuations of the atoms belonging to
the subsystem of interest, e.g., a chromophore. Subsequent electronic structure calculations
yield a time series of energy gap fluctuations of this subsystem. This time series can now
be used in two alternative ways: either directly in ground-state classical-path Ehrenfest
dynamics, or to determine spectral densities which are in turn key ingredients for density
matrix approaches. One of the aims of this investigation is to test whether, and in which
parameter regimes, these two different routes yield the same or similar results. A comparison
of Ehrenfest dynamics and exact quantum dynamics has been performed earlier [90] showing
a good performance of the Ehrenfest dynamics concerning coherent dynamics. In addition to
some recent reports [91, 92], a more detailed analysis is performed in the present study. To
be able to perform these tests, we generate random site energies based on a Drude spectral
density. As a first analysis the spectral density is reproduced from the site energy trajectories
of different lengths. This study yields an estimate how accurately one can determine spectral
densities based on finite length trajectories as done for realistic systems [61, 62, 93–98].

Density matrix dynamics are obtained by using the Drude spectral densities with the
hierarchy equations of motion (HEOM) [39, 42, 99–104]. The HEOM are a set of coupled
equations that describes the non-Markovian time evolution of a system coupled to a bosonic
bath. Although the method is computationally costly, the HEOM includes no assumption
of the relative strength of intra-system and system-bath interactions, and correctly describes
quantum coherence in the system [105]. These properties have made it attractive for comparison with other methods, such as mean-field Ehrenfest dynamics [91, 100, 103, 105].

In addition to comparing the results of density matrix calculation with those of mean-field
Ehrenfest dynamics, the results from a temperature-corrected Ehrenfest dynamics variant
are also investigated. This scheme, by Bastida et al. [106–109], introduced an additional
correction factor to fulfill detailed balance and leads to the correct thermal distribution at
long times. An improved version of this algorithm will be proposed and tested.
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Model Hamiltonian for exciton transfer

As we will analyze the agreement between the density matrix results and the ensembleaveraged wave packet approach for an excitonic system, we want to review the microscopic
origin to highlight important details for the analysis of the two approaches [32]. The Hamiltonian of a molecular aggregate, Hagg , is constructed from the contributions of the individual
molecules, Hm , and the couplings among these molecules denoted as Vmn
Hagg =

X

X

Hm (r, R) +

m

Vmn (r, R) .

(3.1)

m6=n

In this expression, r and R denote the electronic and nuclear DOFs, respectively. Assuming
(el)
the Born-Oppenheimer approximation the electronic part of the individual pigments, Hm ,
can be solved using
(el)
Hm
(R)ϕma (rm ; R) = ma (R)ϕma (rm ; R) .
(3.2)
Here ϕma and ma denote the wave function and the energy of the electronic state a, respectively. For simplicity we restrict ourselves to the ground and first excited states of the
electronic system in this investigation, i.e., each pigment is described by a two-level system
with a = g or a = e. The electronic ground state of the aggregate is therefore given by
|0i =

Y

|ϕng i .

(3.3)

n

Consequently a single excitation at site m can be written as
|mi = |ϕme i

Y

|ϕng i .

(3.4)

n6=m

P
Within the single-exciton manifold the completeness relation reads m |mi hm| = 1. The
Hamiltonian of the full system, including the electronic and nuclear parts, can be decomposed
into
(1)
(0)
+ Hagg
.
(3.5)
Hagg = Hagg
In this expression, the first term describes the system with the electronic part in the ground
state while the second term corresponds to the case when one electronic excitation is present
in the system. The corresponding ground state Hamiltonian is given by
(0)
Hagg
=

X
m

Hmg |0i h0| = (Tnuc (R) + Vnuc−nuc (R) + mg (R)) |0i h0|

(3.6)
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with Tnuc and Vnuc−nuc being the kinetic energy of the nuclei and their nuclei-nuclei potential,
respectively. The second term in Eq. 3.5 describes the excited state Hamiltonian
(1)
=
Hagg

X

(Hmg + me (R) − mg (R)) |mi hm| .

(3.7)

m

A property used below is the site energy
Em = me (R0 ) − mg (R0 )

(3.8)

which corresponds to the excitation energy needed to excite molecule m from the ground to
the first excited state while being in the equilibrium nuclear configuration R0 . The changes
of the site energies for varying nuclear configurations are in the following referred to as site
energy fluctuations given by
∆Em (t) = me (R(t)) − mg (R(t)) − Em .

(3.9)

Below we review two alternative approaches how to describe the motion of an electronic
excitation in a molecular aggregate. We would like to point out that the relevant DOFs in
these methods are the excitons and the environmental DOFs consist of the atoms including
the electrons in their ground electronic state.

3.3

Excitation transfer dynamics

3.3.1

Reduced density matrix approach

Due to the size of the molecular aggregates and their environment which we would like to
investigate, it is not possible to treat all DOFs of the system on the same footing. Therefore,
it is common practice to split the Hamiltonian Ĥ into a system part ĤS and a bath part ĤB
Ĥ(r, R) = ĤS (r) + ĤB (R) + ĤSB (r, R).

(3.10)

The system-bath coupling Hamiltonian ĤSB can be written as a sum of products of system
and bath operators. The latter one is denoted by Φ̂j while the former one is supposed to be
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site diagonal for an excitonic system [32]
ĤSB =

X

Φ̂j |ji hj| .

(3.11)

j

In this form there is an interaction between the bath and the system at site j only if an
excitation is present.
If in addition to the relevant system described by ρ̂, an environmental bath is present,
which is described by its density matrix R̂, then the density matrix Ŵ of a complete but
uncorrelated system can be written as Ŵ = ρ̂ ⊗ R̂. Its time evolution is described by the
Liouville-von Neumann equation
∂
Ŵ (t) = −iL̂Ŵ (t) ,
∂t

i
1h
L̂• =
Ĥ, • .
h̄

(3.12)

The time evolution of the reduced density matrix of the system, ρ̂(t), is calculated by taking
the average of the total system density matrix over the bath DOFs [65],
*
ρ̂(t) = hŴ (t)iB =



exp

i
−
h̄

Zt

+
dsL̂

0

ρ̂(0) = hÛiB ρ̂(0).

(3.13)

B

Various methods have been derived to treat this equation. For example, the propagator hÛiB
can be determined using a path integral formalism [110] or with alternative approaches such
as the HEOM [42, 99, 103], employed here.
For the system Hamiltonian we assume a time-independent tight-binding model, with site
energies Ei at site i and intersite couplings Vij , given by
ĤS =

N
X
i=1

Ei |ii hi| +

N X
N
X

Vij |ii hj| .

(3.14)

i=1 j=1

The bath is treated as a collection of harmonic oscillators

X  p̂2ξ
mξ ωξ2 x̂2ξ
+
ĤB =
2m
2
ξ
ξ

(3.15)

with pξ , xξ ωξ , and mξ denoting the momenta, displacements around the equilibrium, frequencies, and masses of the bath oscillators. In addition to the site-local assumption discussed
above in Eq. (3.11), the bath part of the system-bath coupling Hamiltonian is assumed to be
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linear in the bath coordinates
ĤSB =

X

X̂j |ji hj| =

j

XX
j

cjξ x̂ξ |ji hj| .

(3.16)

ξ

In this expression the constants cjξ define the coupling strengths of the bath oscillators to the
system. By taking the bath average, all information concerning the system-bath coupling is
given by the so-called spectral density
Jj (ω) =

X
ξ

c2jξ
δ(ω − ωξ ) .
2mξ ωξ

(3.17)

Denoting the inverse temperature by β = 1/(kB T ) the spectral density Jj (ω) at site j can
be determined as [32, 94, 97]

 Z∞
2
h̄ωβ
tanh
Jj (ω) =
dt cos(ωt)Cj (t) .
πh̄
2

(3.18)

0

This relation combines a energy gap autocorrelation function Cj (t) = h∆Ej (t)∆Ej (0)i with
the spectral density. We note that the spectral density in the Caldeira-Leggett model JCL,j (ω)
is connected to the present form by JCL,j (ω) = πh̄ Jj (ω). Often analytical forms of the spectral
density are assumed, such as the Drude form used below. In other cases spectral densities are
estimated based on experimental data [34] or determined using MD simulations [61, 62, 93–
98].

3.3.2

Ensemble-averaged wave-packet dynamics

To derive the equations for the ensemble-averaged wave-packet approach, we first take a look
at the time-dependent Schrödinger equation for the complete system of relevant system plus
bath
∂
(3.19)
ih̄ |Ψ(t)i = Ĥ |Ψ(t)i = (ĤS + ĤB + ĤSB ) |Ψ(t)i .
∂t
In this equation the state of the complete system |Ψi is a product of the state of the relevant
system |ΨS i and the bath |ΨB i leading to
ih̄

∂ S
|Φ i |ΦB i = ĤS |ΨS i |ΨB i + ĤB |ΨS i |ΨB i + ĤSB |ΨS i |ΨB i .
∂t

(3.20)
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At this point we deviate from the standard Ehrenfest dynamics and neglect the effect of the
system on the bath, yielding
ih̄

∂
|ΨB (t)i = ĤB |ΨB (t)i .
∂t

(3.21)

In this approximation the bath always stays in equilibrium if initially in equilibrium. As with
perturbative approaches, where this is also one of the basic assumptions [32], the present
approach will not be able to handle strongly coupled system-bath configurations. Taking the
expectation value with respect to the bath in a mean-field manner, Eq. (3.20) reduces to a
system Schrödinger equation
ih̄

∂
|ΨS (t)i = (ĤS + hΨB | ĤSB |ΨB i) |ΨS i .
∂t

(3.22)

Together with Eqs. (3.11) and (3.14) one can therefore define an effective Hamiltonian for
the relevant system as
ĤSeff = ĤS +

X

hΨB (t)| Φ̂m |ΨB (t)i |mi hm|

m

=

X
m

(Em + ∆Em (t)) |mi hm| +

X

Vnm |ni hm| .

(3.23)

n6=m

In this expression, the term ∆Em (t) = hΨB (t)| Φ̂m |ΨB (t)i describes fluctuations of the site
energies due to the coupling to the environment. To determine this time-dependent term one
needs to solve the bath Schrödinger equation (3.21) in parallel to the Schrödinger equation
of the relevant system using the effective Hamiltonian.
As the bath DOFs are assumed to be harmonic, their expectation values of positions and
momenta follow Newton’s classical equations of motion. This property provides a straightforward bridge to approximate the quantum bath by a classical one. At the same time one
has to keep in mind that such a classical bath includes a high-temperature limit and does not
obey detailed balance [111]. In several recent reports, the classical bath has been described
by equilibrium molecular dynamics simulations [61, 62, 93–98]. Since these simulations determine thermal fluctuations around the equilibrium positions, the harmonic approximation
is fulfilled at least for a part of the DOFs in MD simulations.
To be able to describe the dissipative energy or charge transfer in a molecular system,
in an initial step ground-state MD simulations of the pigments in their environments are
performed. The resulting trajectories are used to compute the the energy gap between
ground and excited state, and the corresponding fluctuations. Subsequently, one solves the
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time-dependent Schrödinger equation, Eq. (3.22), employing the energy gap fluctuations.
Finally an ensemble average over different samples of the classical trajectory is performed,
achieving the charge or energy transfer observable A in the respective system
Nα
1 X
hΨSα (t)|A|ΨSα (t)i = hΨS (t)|A|ΨS (t)i
hAi =
Nα α=1

(3.24)

with Nα being the number of samples.

3.4

Comparing density matrix and wave-packet dynamics: two-site system

In this section a simple model system, i.e., the two-site model coupled to a thermal bath,
is employed to compare the density matrix and ensemble-averaged wave-packet approaches.
The system Hamiltonian of the form (3.14) with the two energies, E1 and E2 , and coupling
V12 = V21 = V . The baths of both sites are assumed to be uncorrelated, i.e., each site has
its own spectral density Ji (ω). To facilitate a direct comparison between density matrix and
wave packet approaches, a bath is chosen which can be described easily in both formalisms.
To this end, the Drude model for the spectral density is used [32]
Ji (ω) =

ω
2
λi γi 2
.
π
ω + γi2

(3.25)

In this expression, γi is related to the width of the spectral density and λi denotes the
reorganization energy of the bath. The latter quantity can be calculated from spectral density
using
Z∞
Ji (ω)
dω .
(3.26)
λi =
ω
0

For an harmonic bath the correlation functions of the site energies are connected to the
spectral density through an integral expression which can be evaluated analytically in the
high-temperature limit, i.e., classical [32]
Z∞
Ci (t) = h∆Ei (t)∆Ei (0)i = h̄
0



h̄ωβ
dωJi (ω) coth
2


cos(ωt) =

2λi −γi t
e .
β

(3.27)
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dt=0.1 fs, N=50
dt=0.1 fs, N=200
dt=0.1 fs, N=1000
dt=0.1 fs, N=2000
dt=0.1 fs, N=5000
dt=1.0 fs, N=5000
dt=2.0 fs, N=5000
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Figure 3.1: Numerical estimates of the spectral density for different numbers of samples and
different time steps. The analytical form is indistinguishable from the numerical results with
dt=0.1 fs and 5000 samples.

Thus the Drude spectral density corresponds to an exponentially decaying correlation
function [65]. The task is therefore to create trajectories of site energy fluctuations which
yield exponentially decaying correlation functions. A Gaussian random number generator
with exponentially correlated numbers can be used to produce the fluctuations [112]. For the
present study we generated energy trajectories with 1 fs time steps to mimic the behaviour in
molecular systems like light-harvesting systems. In a first step the correspondence between
the Drude spectral density and the fluctuations was investigated. To this end we used the
inverse relation to Eq. (3.27), i.e., Eq. (3.18). As an example we used a spectral density
with λ= 50 cm−1 and 1/γ= 25 fs and evaluate the correlation function at T = 300 K. In
Fig. 3.1, the spectral densities determined from a different number of 200 fs long trajectories
with different time step are shown. If high-energy components are involved in the spectral
density as for the algebraically decaying Drude form, rather small time steps are necessary to
reproduce the correct high-frequency behavior, i.e., the exponential decay of the correlation
function needs to be properly sampled using small time steps. At the same time, one needs
to average over a large number of independent short trajectories where the correlation is
clearly distinguishable from numerical noise. To this end one can use certain sampling tricks
such as shifted windows along a long trajectory [113]. This example shows that one should
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Figure 3.2: Population of the excited site for different reorganization energies λ and equal
average site energies.

be rather careful over-interpreting little wiggles in spectral densities obtained with too poor
sampling and might as well be a problem in the determination of spectral densities from MD
simulations [61, 62, 93–98]. In the present case, the root mean square deviation from the
known analytic form of the spectral density decays reciprocally proportional to the number
of sampling points (data not shown).

In the following the density matrix and wave packet dynamics are compared for a specific
model system. To parametrize the two-site model we fixed the values of the coupling between
the sites to V =100 cm−1 , temperature to T =300 K (kb T /V ≈ 2), and the correlation time to
1/γ=100 fs. The population at the sites corresponds to the diagonal elements of the system
density matrix and can be written in terms of the wave packet as
ρnn (t) = hn|ΨS (t)i hΨS (t)|ni .

(3.28)

50

Chapter 3. Juxtaposing density matrix and wave-packet dynamics methods
λ = 2 cm

-1

λ = 20 cm

-1

1

1

Population of Excited site (ρ11)

Ehrenfest
Density matrix

0.8

0.8

0.6

0.6

0.4

0.4

200
0.8

400

600

λ = 100 cm

800

0

200

400

-1

800

600
λ = 500 cm

0.8

-1

0.6

0.6

0.4

0.4

0.2

0

200

400

600

800

200

400

600

800

0.2
1000

Time [fs]
Figure 3.3: Population of the excited site for different reorganization energies λ and a difference in average site energies of ∆E = V = 100 cm−1 .
In Fig. 3.2 we compare the density matrix and Ehrenfest dynamics for four different
reorganisation energies λ for the case of a vanishing average site energy difference, i.e., ∆E =
E1 − E2 = 0. For small reorganisation energies the agreement is excellent. Small deviations
start to show up at longer times which is in part due to the finite number of 5000 samples.
For λ = V the agreement is still good and starts to deteriorate for larger system-bath
coupling strengths. This disagreement is due to the neglect of the back reaction of the
quantum onto the classical system needed for strong system-bath coupling. Nevertheless,
the method reaches the correct thermal equilibrium for long times so that the disagreement
for the strongest coupling case is at intermediate times.
The situation is slightly different for unequal average site energies, here ∆E = V . In
Fig. 3.3 the initial agreement is again good but for larger times it becomes clear that the
populations from the varying approaches reach different limits. The correct thermal equilib-
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rium population is approached for the case of density matrix dynamics, while for Ehrenfest
dynamics, equal populations for both sites are reached, i.e., both populations go to 0.5.
Nevertheless the initial dephasing behaviour is again rather accurately reproduced using the
Ehrenfest dynamics. It is quite rewarding to see that, when using the proper procedure, both
approaches indeed yield very similar results.

3.5

Absorption

Within the usual perturbative coupling to the electromagnetic field the linear absorption
line-shape I(ω) can be calculated from the Fourier transform of the dipole-dipole correlation
function as [32, 100]
Z∞
I(ω) ∝ Re dt eiωt tr {ρeq [µ̂(t), µ̂]} .
(3.29)
0

In this expression µ̂(t) denotes the dipole operator which is evolving according to the HamilP
tonian of the unperturbed system and initially corresponds to µ̂(0) = n |ni h0|. The equilibrium density matrix of the complete system is denoted by ρeq . To be able to easily compare
line shapes among different theoretical approaches and experiment, one usually normalizes
all spectra to a maximum peak height equal to unity, i.e., prefactors are neglected. In case
of the ensemble-averaged wave packet scheme one obtains [91]
Z∞
I(ω) ∝ Re

iωt

dt e
0

2
X

hm|Ψ(t)i hΨ(t)|0i .

(3.30)

m=1

In this expression the initial condition hm|Ψ(t)i hΨ(t)|0i = 1 is assumed along with identical
transition dipole moments on both sites m and one simply adds the lineshapes from individual
excitations of the sites (see Ref. [91] for a more detailed discussion).
Concerning the scenario of equal average site energies and a small reorganisation energy,
the agreement between the density matrix and wave packet-based approaches is excellent as
can be seen in Fig. 3.4. The deviations start to grow for larger reorganisation energies though
both schemes basically yield very similar broad line shapes for large reorganisation energies.
The situation changes with the implementation of a site energy difference. As discussed
above, the population dynamics for these cases show different long time behaviours. This
difference also manifests itself in the absorption line shapes. At the lowest reorganisation
energy shown in Fig. 3.4 a low energy peak is present in the wave-packet based calculations

Chapter 3. Juxtaposing density matrix and wave-packet dynamics methods
1

1

0.8

0.8

Normalized absorption

Normalized absorption

52

0.6
0.4
0.2
0
-1200

0.6
0.4
0.2

-800

-400
0
400
-1
frequency [cm ]

800

0
-1200

1200

-800

-400
0
400
-1
frequency [cm ]

800

1200

Figure 3.4: Absorption line shapes with ∆E=0 (left) and ∆E = V (right) for three different
values of the reorganization energy. The solid lines represent the wave packet results and the
dashed lines those from the density matrix theory. The different reorganisation energies are
indicated by the color code: black λ = 20 cm−1 , red λ = 50 cm−1 , and blue λ = 500 cm−1 .
which is much smaller in the density matrix formalism. For the intermediate reorganisation
energy there is still a more pronounced shoulder in the wave-packet based outcome. The
difference between the two approaches in the case of the largest reorganisation energy, where
there is only a single, broad absorption line, is not much larger than in the case of a vanishing
site energy difference. So in total, the difference between the two schemes gets more smeared
out for larger coupling strengths to the environment.

3.6

Temperature-corrected wave packet approach

One of the major drawbacks of the ensemble-averaged wave packet approach is its implicit
high-temperature restriction. Attempts have been made to overcome this limitation. Here
we test and improve the scheme by Bastida et al. [106–109]. As discussed above, we have to
solve the time-dependent Schrödinger equation
ih̄

∂
|ΨS (t)i = ĤSeff |ΨS (t)i
∂t

(3.31)

with the effective Hamiltonian defined in Eq. (3.23) and then perform an ensemble average.
In the following we expand the time-dependent state |ΨS (t)i in terms of the time-independent
excitonic eigenstates |αi of the system Hamiltonian ĤS
|ΨS (t)i =

X
α

cα (t) |αi .

(3.32)
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This relation leads to coupled equations for the time-dependent expansion coefficients
ih̄

X
∂
cα (t) = εα +
Jαβ (t)cβ (t)
∂t
αβ

(3.33)

with the matrix elements of the system-bath coupling Hamiltonian
Jαβ (t) = hα| hΨB | ĤSB |ΨB i |βi =

X

cαm cβn hm| hΨB | ĤSB |ΨB i |ni .

(3.34)

m,n

Here the time-independent decomposition of the excitonic states in terms of site-local state
|mi was used
X
|αi =
cαm |mi .
(3.35)
m

Using the site-local form of the system-bath coupling Eq. (3.16), this matrix element becomes
Jαβ (t) =

X

cαj cβj hΨB (t)| Φ̂j |ΨB (t)i =

X

j

cαj cβj ∆Ej (t) .

(3.36)

j

Again, as discussed above, the ∆Ej (t) denote fluctuations of the site energies and therefore
the Jαβ (t) are the corresponding counterparts in the excitonic picture. The probability to
find the wave packet at site m is given by
Pm (t) = | hm|Ψi |2 = |

X

cαm cα (t)|2 .

(3.37)

α

To reproduce a physical ensemble the wave packet propagation has to be performed on
sufficient number of trajectories and subsequently averaged.
As can be seen in Eq. (3.33) the fluctuations in the excitonic representation, i.e., the
Jαβ (t), induce couplings between the time-independent excitonic states of HS . If these fluctuations are classical and result, e.g., from MD simulations, the fluctuations lead to an equal
distribution of the population among the excitonic states in the long-time limit. This result is the expected high-temperature limit. However, the appropriate thermal equilibrium
distribution of populations in the excitonic states is given by the Boltzmann distribution
e−εα /kB T
2
P
.
|ceq
|
=
α
−εα /kB T
αe

(3.38)

To improve this temperature behavior we follow a method proposed by Bastida and coworkers [106–109]. In this method Fermi’s golden rule, i.e., the assumption that the rate
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is proportional to the square of the coupling, is employed. To fulfill detailed balance, a
quantum-correction factor is, thus, introduced into the coupling. Several of such factors exist
in literature [114]. As introduced by Bastida and co-workers [106–109] only the so-called
standard correction factor is described below but tests with the harmonic, the Schofield, and
Egelstaff variants [114] performed very similarly for the present system. To this end the
couplings between the quantum system and classical system are modified by the so-called
standard temperature-dependent quantum correction factor
tc
Jαβ


=

2
1 + e−h̄ωαβ /kB T

1/2
Jαβ ,

h̄ωαβ = εα − εβ .

(3.39)

This factor ensures that detailed balance is fulfilled and therefore the correct equilibrium distribution is reached. The drawback of this correction is the asymmetry of the coupling matrix
tc
tc
. In order to restore symmetry, symmetry-corrected couplings are introduced as
6= Jβα
Jαβ
[106–109]
stc
stc
tc
tc
Jαβ
= Jβα
= |cβ |Jαβ
− |cα |Jβα
,

α > β ;

stc
Jαα
= Jαα .

(3.40)

The corrected coupling matrix is real and symmetric and thus the norm and the total energy
of the wave function will be conserved. The non-diagonal matrix elements vanish when the
populations reach equilibrium which can be proven using Eqs. (3.38), (3.39), and (3.40).
The aforementioned approach by Bastida and co-workers [106–109] has the drawback that
it does not reproduce the high-temperature limit. Therefore we propose a modification of
this scheme by introducing an additional normalization
tc
tc
|cβ |Jαβ
− |cα |Jβα
, Eα > Eβ and |cα | =
6 |cβ |;
|cβ | − |cα |
tc
tc
+ Jβα
)/2 , Eα > Eβ and |cα | = |cβ |;
= (Jαβ

ntc
ntc
Jαβ
= Jβα
=
ntc
ntc
Jαβ
= Jβα

ntc
Jαα
= Jαα .

(3.41)

tc
tc
tc
tc
In the high-temperature limit Jαβ
equals Jβα
, i.e., Jαβ
= Jβα
= Jαβ = Jβα , and therefore the
ntc
stc
same is true for the normalized coupling coefficients Jαβ while not being true for Jαβ
. Thus
the normalized version results in the standard Ehrenfest method in the limit of high temperatures for which it performs very accurately as shown above. In principle the additional
normalization can lead to very high coupling values when the two respective coefficients approach equal values. To avoid the singularity, the coupling value for equal coefficients needs
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Figure 3.5: Excitation dynamics calculated using the temperature-corrected wave-packet
approach and the present normalized version thereof compared with the density matrix results
for a difference in average site energies of ∆E = V = 100 cm−1 .
to be set to a large but finite value. In our tests with several thousand trajectories this case
was never reached. If situations are approached in which the coefficients are very close in
absolute value, the resulting large coupling value leads to a fast change in populations and
therefore rapidly changing coefficients avoiding the singularity.
For unequal average site energies of ∆E = V the results are shown in Fig. 3.5. This
corresponds to the case shown in Fig. 3.3 for the standard Ehrenfest approach. The difference between the temperature-corrected version of Bastida and co-workers [106–109] and the
standard Ehrenfest approach for the present system is actually rather small for the times
shown in Fig. 3.5. The former does reach the correct thermal distribution for long times
(data not shown) while in the presented results the major visible difference are for larger reorganisation energies at which the temperature-corrected version reaches populations below
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the equi-distribution value of 0.5. The situation is different for the normalized version of the
same approach proposed in Eq. (3.41). This version results in much larger changes compared
to the standard Ehrenfest approach. The relaxation rate is very similar to the converged
results obtained using the HEOM. At the same time it is visible that the dephasing rate
of the newly proposed version is too large, i.e., the oscillations decay too fast while at the
same time the oscillation frequency is slightly shifted. This change in coherent dynamics is
certainly caused by changing the coupling constant through the correction factors but cannot
be avoided using the present scheme. Thus forcing the temperature-corrected version to reproduce the high-temperature limit leads to quite accurate relaxation but too fast dephasing.
More work is needed to improve this scheme though it might already be useful in estimating
improved relaxation rates from ensemble-averaged wave-packet dynamics.
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Figure 3.6: Coherence between the two sites in site representation. The red dashed line shows
the density matrix results, the black solid the standard Ehrenfest without back reaction,
blue dash-dotted the temperature-corrected version and the green dotted line the normalized
temperature-corrected variant. 50 000 samples were used to minimize the wiggles due to
poor sampling.
Another property, which can be determined to test the accuracy of the different versions
is the coherence. The coherence between two sites in a quantum system corresponds to the
off-diagonal elements of the density matrix in site representation
ρnm (t) = hn|Ψ(t)i hΨ(t)|mi ,

n 6= m .

(3.42)

In Fig. 3.6, the coherence between the two sites is shown in site representation. One has to
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note that the coherences vanish in the thermal equilibrium in the excitonic picture. With
finite electronic coupling between the sites this property leads to finite coherences in site representation for long times. However, in the standard Ehrenfest scheme these site coherences
go to zero at long times. This behaviour improves for the temperature-corrected version and
for the normalized version values close to the ones from the density matrix calculations are
obtained.

3.7

Conclusions

Starting from the energy gap fluctuations one can use either a density matrix method or
the mean-field Ehrenfest method without back reaction to obtain the respective quantum
dynamics in the system. In a first step we analyzed how many points along an energy gap
trajectory one needs to reproduce a known spectral density. This study indicates that rather
good sampling is necessary for an accurate reproduction of a spectral density
For weak to moderate system-bath coupling strengths, Ehrenfest dynamics (here without
back reaction) and the density matrix calculations nicely agree, especially if the site energies
are equal. As expected, Ehrenfest dynamics does not produce the correct steady-state values
in the long time limit, particularly in describing quantum coherence between two sites or when
their site energies are different. This drawback is also reflected in the absorption spectra.
For small reorganisation energies there is a clearly visible deviation of the absorption spectra
if the average site energies are different. For strong system-bath coupling, however, these
differences are hidden by the broad, featureless absorption peak.
To overcome the drawback of the long-time Ehrenfest dynamics, Bastida et al. [106–109]
introduced a correction factor which leads to the fulfillment of detailed balance. The comparison with the density matrix calculations showed that the correct thermal equilibrium
distribution is obtained but at a much too slow rate. Surprisingly the scheme by Bastida et
al. does not yield the correct high-temperature limit though this limit is fine in the standard
Ehrenfest approach. Therefore this latter flaw was removed in the present study and shown
that the improved approach yields relaxation rates much closer to that of the density matrix results. Unfortunately, this correction also worsens the agreement at short times, i.e.,
the dephasing became to strong. Nevertheless, this approach produces much more favorable
results for the off-diagonal terms of the density matrix in site representation. While in standard Ehrenfest dynamics these coherences vanish in the long-time limit, using the modified
correction one reaches values close to the correct ones.
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Finally we want to emphasize one point which has not been mentioned so far. Combined
molecular dynamics and quantum chemistry calculations yield not only time-series of site
energy fluctuations but also couplings, transition dipole moments etc. In principle one could
introduce spectral densities for all these fluctuating quantities but these additional properties
would lead to very complex density matrix equations. In ensemble-averaged wave packet
calculations all these fluctuating quantities can be used directly when solving the timedependent Schrödinger equation. This advantage certainly makes Ehrenfest dynamics and
all its variants attractable despite its limitations.

Acknowledgements
We are grateful to Carsten Olbrich for stimulating and fruitful discussions. This work has
been supported by the Deutsche Forschungsgemeinschaft (DFG), the National Institute of
Health (NIH) and the National Science Foundation (NSF). Funding for J.S. and K.S. was
provided by NSF grants PHY0822613 and MCB-1157615 and NIH grant P41-RR05969.

Chapter 4

The FMO complex in a glycerol-water
mixture 1

Abstract
Experimental findings of long-lived quantum coherence in the Fenna-Matthews-Olson
(FMO) complex and other photosynthetic complexes have led to theoretical studies searching for an explanation of this unexpected phenomenon. Extending in this regard our own
earlier calculations we performed simulations of the FMO complex in a glycerol-water mixture at 310 K as well as 77 K, matching the conditions of earlier 2D spectroscopic experiments
by Engel et al. The calculations, based on an improved quantum procedure employed by us
already, yielded spectral densities of each individual pigment of FMO, in water and glycerolwater solvents at ambient temperature that compare well to prior experimental estimates.
Due to the slow solvent dynamics at 77 K, the present results strongly indicate the presence
of static disorder, i.e., disorder on a time scale beyond that relevant for the construction of
spectral densities.

1

Adapted with permission from the article by Mortaza Aghtar , Johan Strümpfer, Carsten Olbrich, Klaus
Schulten, and Ulrich Kleinekathöfer, “The FMO Complex in a Glycerol–Water Mixture”J. Phys. Chem. B
2013, 117 (24), pp 7157–7163. DOI: 10.1021/jp311380k. Copyright
2013 American Chemical Society.
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Introduction

Excitation energy transfer is of key importance in many natural as well as artificial systems
performing photosynthesis. In green sulfur bacteria, and some other phototrophs, large vesicles of pigments, called chlorosomes, act as primary antennae for capturing light. In these
systems an excitation energy transfer connection between the chlorosomes and the reaction
center, in which light energy absorbed is utilized for charge separation, is provided by the
Fenna-Matthews-Olson (FMO) complex [115]. The crystal structure of this complex has been
known for some time [116]; high resolution structures for the reaction center from Prosthecochloris aestuarii [12] and Chlorobaculum tepidum [13] were reported more recently. Under
physiological conditions the FMO complex forms a homo-trimer with each monomer containing eight bacteriochlorophyll-a (BChl a) molecules (see Fig. 4.1). In many spectroscopic
experiments, however, the monomers seem to contain only seven pigments most likely as a
result of sample preparation procedures.

Figure 4.1: Monomer of the FMO trimer with the protein structure shown in cartoon representation and the labeled BChls in blue and red. The surrounding glycerol is displayed in
yellow and the water in light blue. The front part of the protein has been removed to make
the BChls visible. BChl 8 is hidden behind BChl 1.

More than five years ago, the first long-lived coherence effects in biology were observed
using time-resolved optical two-dimensional spectra [19, 28, 117] and prompted many theoretical investigations trying to find an explanation for these unexpected effects. Later on
similar effects were observed for a photosynthetic complex found in marine algae at ambient
temperature [29] as well as in conjugated polymers [118]. Several questions arose in con-
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nection with these experiments: How can quantum coherence survive for a picosecond in a
biological system (even at low temperatures)? Can quantum coherence be used to enhance
excitation transfer in artificial systems? Does quantum coherence have any functional importance for biological photosynthesis? There have been many investigations attempting to
answer the first two questions [35, 36, 38, 119–126]. A few studies have reported atomistic
simulations, similar to those reported herein, attempting to address the first two questions
[15, 62, 63, 89, 98, 127, 128]. Here we report simulations of FMO from Chlorobaculum tepidium in a glycerol-water solvent, in the same ratio as earlier experiments [117], at 310 K
and 77 K. The simulations are used as input to an improved procedure, compared to earlier studies [15, 62, 89, 127], to determine spectral densities that compare well with earlier
experimental estimates [33].
Since the nonlinear experiments are performed on ensembles of FMO molecules, in simulations one either has to perform density matrix calculations using spectral densities or
ensemble-averaged wave packet simulations. To obtain the spectral densities, key ingredients
for dissipative quantum dynamics calculations [129, 130], we follow a procedure outlined earlier. In this scheme a combination of ground-state molecular dynamics (MD) simulations,
electronic structure calculations along the classical trajectory, and a final extraction of the
spectral density is employed [61, 62, 94]. The details of the MD simulations using the FMO
trimer from Chlorobaculum tepidium (PDB code: 3ENI) immersed in water at 300 K have
been detailed earlier [62, 89]. The simulations of FMO in the 65 % glycerol and 35 % water
solvent employed glycerol parameters from Ref. 131. A prior study analyzing glycerol-water
mixtures using MD simulations was reported recently [132]. The FMO in glycerol-water solvent was assembled and equilibrated for 10 ns at 310 K. Moreover, the systems with water
and the glycerol-water mixture as solvents were cooled in 8 steps of 3 ns down to 77 K. Subsequent to equilibration, the systems were propagated for 300 ps and snapshots were saved
every 5 fs, i.e., 60,000 snapshots were produced for each of the four simulation setups.
The experiments leading to the observation of long-lived coherence in FMO [19, 28, 117]
were conducted in 65 % glycerol and 35 % aqueous solution, which also contains 0.1 %
by mass lauryldimethylamine oxide (LDAO) which is known to form micelles around the
proteins in the solution [28, 117]. LDAO was not added in the present simulation, so that a
possible formation of micelles around the protein was not considered at present. Therefore,
the solvent fluctuations might be overestimated in the present investigation compared to
experiment. Furthermore, one has to keep in mind that in the present ground-state MD
simulations, non-polarizable force fields are employed that may underestimate electrostatic
screening.
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Figure 4.2: Distributions of energy gaps for individual pigment molecules at room temperature. The dashed lines indicate the peak position of the distributions.

The energy gap between the BChl ground and first excited state, i.e., the BChl Qy ,
along the ground-state MD simulation were determined for each BChl. As in earlier studies
[61, 62, 89] this was done using the ZINDO/S-CIS approach (Zerner Intermediate Neglect
of Differential Orbital method with parameters for spectroscopic properties together with
the configuration interaction scheme using single excitations only). The advantages and
limitations of this approach have been discussed earlier [56, 61, 89] but it has been shown to
treat environmental effects in chromophores more accurately than, e.g., density functionalbased approaches [133]. Of key importance is the QM/MM treatment: each BChl is treated
separately with the environment taken into account by including all the partial charges in
the force field. We employed the approach outlined in Ref. 134 and implemented in the
ORCA code [135]. In previous calculations we included partial charges within a 20 Å radius
around the pigment. Though the distribution of energy gaps converged with this cutoff radius,
extended studies on spectral densities showed a clear effect of the radius on the low frequency
energy gap oscillations. Therefore, the procedure was modified to include all partial charges
in the system. Due to the periodic boundary conditions in the MD box, one can redefine
the box such that the BChl of interest is in its center. All partial charges in this box other
than those from the BChl itself are included in the QM/MM calculation. The charges from
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Figure 4.3: Example distributions of energy gaps for individual pigment molecules at 77 K.
Especially the peak positions show disorder due to the slow fluctuations at low temperatures.
The dashed lines indicate the peak positions of the distributions.

the periodic images are not considered which makes the redefinition of the box before each
QM/MM calculation necessary. Using this modified procedure, spurious effects from charges
entering or leaving the considered MM region are minimized. Enlarging the box size showed
no significant effect. The ambient temperature distributions of energy gaps, also called site
energies, for the individual BChls are shown in Fig. 4.2. The site energy distributions at
room temperature are very broad compared to the splitting of the peak positions. Only
small differences between the site energy distributions of FMO in the pure water solvent and
the glycerol-water mixture can be seen at this temperature. The situation at 77 K is different.
As expected, the thermal fluctuations shown in Fig. 4.3 are reduced considerably at 77 K.
The most striking feature of this low-temperature data is that for several BChls the DOS
varies between the different monomers within one FMO trimer. At room temperature there
is only a very small variation and it was therefore easily possible to determine an average
DOS over monomers. At 77 K, however, such an averaging procedure is not easily feasible.
Some very slow fluctuations with time scales longer than that of our trajectories, cannot
easily be incorporated in our analysis. Redoing the same quantum chemistry analysis after
some additional MD equilibration or, e.g., running a slightly different MD cooling protocol,
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the results are varying to some degree. The simulations were repeated several times partly
including a complete re-solvation of the protein. Furthermore, simulations with different ionic
strengths and different sizes of water boxes were performed to ensure that the static disorder
seen in the low-temperature simulations is not a simulation artifact. In all these tests we
encountered varying DOS distributions and spectral densities for the BChls in the different
monomers. For each of these simulations the variations in the DOS and spectral densities
were unpredictable but of the same order of magnitude. At the same time, we cannot
completely rule out that extremely long equilibration runs may lead to more symmetric
solvent arrangements with respect to the monomers. Specialized simulation setups might
also lead to symmetric conformations though it is unclear if these are statistically the most
relevant conformations. Analyzing the present MD trajectories one realizes, e.g., that at
77 K the water molecules around the protein basically do not move but only vibrate at their
positions during the period of our QM analysis, i.e., during trajectories of length of 300 ps.
At the same time, inspection of the hydrogen bond network in the water or the glycerol-water
mixture shows very little changes. This is quite different in the room temperature results
in which hydrogen bonds are constantly formed and broken since the solvent molecules are
moving and rotating much more than at 77 K. This movement of the solvent molecules and
also the protein atoms lead to an averaging procedure. Therefore, at ambient temperatures
no significant differences in the DOS of the different monomers are visible. In the 77 K
simulations, this additional averaging happens on much longer time scales and therefore
leads to static disorder. As a consequence of these findings, we will mainly analyze the room
temperature data to obtain spectral densities but will also comment on the differences found
at low temperatures. In the study by Shim et al [63, 98], simulations at 77 K and 300 K were
compared for the case of a single monomer in water. Interestingly, the spectral densities for
the FMO of Prosthecochloris aestuarii showed very little temperature dependence (see also
discussion below).
For the ambient temperature simulations, Table B.1 lists the peak position and average
energies for the individual BChl distributions. Due to the asymmetry of the distributions
these values do differ considerably for some of the pigments, especially BChl 7. Since the
parametrization of the ZINDO/S approach has been performed for conformations close to
equilibrium, the accuracy of the results at the far ends of the distributions is unclear and
needs more testing with higher-accuracy approaches. Therefore the peak values might be as
meaningful as the averages when discussing the site energies. For FMO in water, site 3 has
the lowest site energy. For the glycerol-water mixture at 310 K the peak position of site 8 is
lowest but sites 2 and 3 are very close in energy. In case of the average, BChl 2 has the lowest
energy. We do not list any data for the 77 K simulations because of the problems with the
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1
2
3
4
5
6
7
8

Water 300 K
peak [eV] average [eV]
1.489
1.509
1.482
1.505
1.480
1.450
1.483
1.450
1.485
1.502
1.486
1.501
1.492
1.522
1.482
1.510

Glycerol 310 K
peak [eV] average [eV]
1.492
1.515
1.483
1.498
1.483
1.506
1.484
1.499
1.487
1.507
1.485
1.512
1.495
1.524
1.481
1.499

Table 4.1: Peak postions and average energies of the energy gap DOSs.
very slow fluctuations. One would have to perform many simulations of the type performed
in this study, starting from slightly different conditions, to obtain reasonable values for the
peak and average positions at 77 K.
In theories describing dissipative effects in quantum systems one usually splits the total
Hamiltonian H into a system part HS , a bath part HB and a coupling between the system
and bath. Denoting the system operator describing pigment j by Kj and the system-bath
coupling operator by Φj the total Hamiltonian can be written as
H = HS + HB +

X

Kj Φj = HS + HB +

j

X
j

Kj

X

cjξ xξ .

(4.1)

ξ

Here we assume linear coupling to the bath modes xξ with coupling constants cjξ . Using
the notation mξ for the mass of the bath oscillator ωξ , the spectral density of pigment j
embedded in a harmonic bath is given by
h̄
1 X c2jξ
Jj (ω) = JCL,j (ω) =
δ(ω − ωξ ) ,
π
2 ξ mξ ωξ

(4.2)

where JCL,j (ω) is the spectral density in the Caldeira-Legett model that differs from the
present definition by a constant factor.
The spectral density Jj (ω) describes the frequency-dependent coupling of pigment j to
the thermal environment. Denoting the inverse temperature by β = 1/(kB T ) and the bath
correlation function by Cj (t) the spectral density Jj (ω) of BChl j can be expressed by [94, 136]
2
tanh(βh̄ω/2)
Jj (ω) =
πh̄

Z∞
dt Cj (t) cos(ωt),
0

(4.3)
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which is the key relation for combining the results from MD and quantum chemistry calculations with dissipative exciton dynamics.
Here we wish to mention an inconsistency that arises while deriving Eq. 6.1, as also
discussed by Valleau et al. [63]. In deriving Eq. 6.1 the real part of the quantum mechanical
correlation function has been replaced by its classical high-temperature counterpart. In
the prefactor, however, the high-temperature limit has not been performed leading to the
aforementioned inconsistency. Taking the high-temperature limit for the prefactor leads to
βω
Jj (ω) =
π

Z∞
dt Cj (t) cos(ωt) .

(4.4)

0

As has been shown by Valleau et al.[63], this latter expression leads to spectral densities
which are rather temperature-independent opposed to the results using Eq. 6.1.
The energy gap fluctuations ∆Ej,l (ti ) need to be computed at time steps ti for BChl j
in monomer l. For symmetry reason we average over the equivalent pigments in the three
monomers of the FMO trimer. The discrete autocorrelation function Cj (ti ) is then given by
[94]
#
"
3
N −i
1X
1 X
∆Ej,l (ti + tk )∆Ej,l (tk )
(4.5)
Cj (ti ) =
3 l=1 N − i k=1
where N denotes the number of time points taken into account. Analyzing the site energy
fluctuation we find that the fastest oscillations have periods of around 20 fs [61, 62, 89]
attributed to vibrational motions including C=C and C=O double bonds [94, 137, 138].
Therefore we utilized a time step of 5 fs between the individual snapshots of the MD and
ZINDO/S calculations leading to 60,000 snapshots (300 ps) per simulated system. With
24 QM/MM calculations for the individual pigments per snapshot, this leads to more than
1.4 million QM/MM calculations per solvent and temperature. As discussed already earlier
[62], the energy gap autocorrelation functions decay quickly, within the first 100-200 fs, and
vanish within 1-2 ps. To calculate correlation functions of 2 ps length, 4 ps-long windows were
employed. Using a spacing of 250 fs, there are about 1700 4 ps-long windows along the MD
trajectories. The correlation functions were calculated for each window and then averaged.
In previous studies [61, 62] the correlation functions were fitted to an analytical form: a
combination of exponentials and damped oscillations. Here we refrain from this procedure
since the fitting introduces ambiguities. Furthermore, as previously shown, large timesteps
between the energy gaps leads to over-emphasized spectral densities at high frequencies [139].
Apparently for the present case, 5 fs time steps between energy gap values leads to a non-
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vanishing spectral density at high frequencies, especially when employing Eq. 4.4 rather than
Eq. 6.1. To correct for this high-frequency offset, we shift the half-sided Fourier transform
to vanish at high frequencies before multiplying with the prefactor in Eq. 4.4 such that the
influence on the low-frequency part is negligible. This procedure has been tested for the
example in Ref. 139 yielding very good results.
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Figure 4.4: Ambient temperature spectral densities of the eight FMO BChls surrounded by
water at 300 K (black) and a glycerol-water mixture at 310 K (red).

The room-temperature spectral densities determined using the procedure outlined above
are shown in Fig. 4.4 for all eight chromophores. The numerical data for these individual
spectral densities are provided as supporting information. The spectral densities for FMO in
the different solvents at ambient temperature are similar and no systematic differences can be
found. For BChls 6 and 8 the differences are somewhat larger but once the spectral density
with water as solvent is larger and once with the glycerol-water mixture. Since the two MD
simulation setup with the different solvents have been constructed independently, the present
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Figure 4.5: Spectral densities for BChl 1 and the three individual monomers (black, red,
green) of the FMO trimer at low and ambient temperatures for the two different solvents.

findings show some robustness of the results. Examples for the spectral densities at 77 K for
BChl 1 are provided in Fig. 4.5. The spectral densities of the other chromophores behave
very similarly (data not shown). Since at low temperatures the DOS of the energy gaps
are already different among the monomers, the same is also true for the spectral densities.
Therefore, the presented results should only be considered as examples and not as unique
results. Due to the variations in the results at 77 K no useful statements concerning the
temperature independence of the present spectral densities can be made in the present study.
More analysis and much more sampling would be needed for this purpose.
A major difference to our previously reported spectral density for FMO in water at 300
K is the amplitude at low frequencies. This range of the spectral density is of particular
importance since it strongly influences excitation transfer dynamics of FMO. The amplitude
of the spectral densities presented herein is about a factor 2-3 smaller than the earlier results
[62]. This difference is due to the inclusion of all the classical MD charges in the simulation
rather than only those within a given, albeit large, radius. In earlier studies it was shown
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that neglecting the environmental charges in the energy gap calculations lead to spectral
densities which are nearly vanishing at low frequencies highlighting the importance of the
environment [62]. In the large frequency regime, the present spectral density is enhanced due
to the altered prefactor in Eq. 4.4.

4.2

Comparison to known approximations for the spectral densities

Several other spectral densities for FMO have been proposed. Adolphs and Renger estimated
the electron-environment coupling based on fluorescence line narrowing spectra [34]. The
Fleming group has proposed two other spectral densities[102, 140], which do not differ greatly
from that of Adolphs and Renger. Furthermore, Nalbach et al. [35] employed the spectral
density of Adolphs and Renger with the addition of a broadened single vibrational mode.
Additionally, an experimental spectral density has been constructed based on a fluorescence
line narrowing spectrum of FMO published by Wendling et al. [33]. Here we use the version
with the estimated Huang-Rhys factor of 0.5 [34] with a functional form based on the original
experimental data [33]. In these experiments the solvent was a 2:1 glycerol-water mixture,
i.e., was very close to the simulated conditions. From these experiments one can only extract
an average spectral density and, therefore, we plot the experimental findings together with
the averages of our results in Fig. 4.6. The experimental spectral density vanishes at higher
frequencies, possibly due to the insensitivity of the fluorescence line narrowing procedure
used by Wendling et al. in the high-frequency range. At low frequencies the experimental
spectral density is below our present results. It is interesting to see that the number and
widths of peaks in the experimental and theoretical spectral densities are very similar. The
calculated spectral densities are missing the peak near 0.023 eV but show some reminiscent
features of the peaks near 0.030 eV and 0.035 eV as well as the double peak structure
near 0.047 eV, though the amplitudes are rather different. A direct determination of the
experimental spectral density would permit a more detailed comparison with the present
theoretical calculations. Nevertheless, the structure of the theoretical spectral density is
supported by the experimental findings, in particular the feature that the spectral density is
not just a smooth function as in case of the Drude form often assumed.
Moreover, in Fig. 4.6 the comparison to the results Valleau et al.[63] is shown for the
spectral densities averaged over all pigments. In principle the procedure to obtain the spectral
densities by Valleau et al.[63] is very similar to the one used in the present study. At the same
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Figure 4.6: Comparison of the present spectral densities with the experimental results by
Wendling et al. [33], the simplified spectral density by Adolphs and Renger [34] and the
simulation results by Valleau et al.[63]. The inset shows a larger frequency range.

time, many details are different such as the force fields used (AMBER vs. CHARMM), the
quantum chemistry approach (TDDFT vs. ZINDO/S-CIS) and that in the present study a
much larger number of snapshots have been taken into account which was possible due to the
computationally cheaper method to determine the energy gaps. Clear differences between
the results by Valleau et al.[63] and our spectral densities are visible and have to be resolved
in future studies. However, the difference between the spectral densities is now much smaller
than in the previous versions of the spectral densities by the same groups [62, 98] and they
are closer to the experimentally extracted data.
Previously we reported calculated linear and two-dimensional absorption spectra of FMO
in water at room temperature [89]. Neither calculation, however, included static disorder,
i.e., slow, large-scale structural changes of the protein. In these previous ensemble-averaged
wave packet calculations no oscillations were found at ambient temperatures, neither in the
excited state population dynamics nor in the 2D spectra. The results reported here require
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that these calculations be redone using the energy-gap trajectories. Since the present spectral
densities are much closer to the one of Adolphs and Renger [34] compared to our previous
calculations [89], it is expected that the oscillations found in time resolved 2D absorption
spectroscopy experiments will likely be recovered. Work in this direction is in progress.

4.3

Conclusion

In conclusion, the present results show spectral densities using pure water or a glycerol-water
mixture at ambient temperature. These spectral densities are similar to experimental findings
[33] in the low-frequency regime. A similar improvement in spectral density calculations has
recently also been achieved by Valleau et al.[63]. The two existing sets of spectral densities
for the FMO complex based on atomistic simulations are now much closer than before,
although they arise from somewhat different procedures. As mentioned above, these firstprinciple based spectral densities can now be employed to better understand the reasons of the
experimentally observed long-lived coherence in FMO [19, 28, 117]. Especially the reduction
of the spectral density in the low-frequency regime compared to our previous results [62]
will lead to significant changes in the exciton dynamics and therefore the corresponding
2D spectra. Moreover, it is clear from the present and previous studies [62, 89] that the
electrostatic interactions of the pigments with their environment is of key importance. This
was especially seen in Ref. [89] by performing the QM calculations along the MD trajectory
without the MM coupling leading to strongly reduced spectral densities. Moreover, small but
noticeable differences between the different environments water or a glycerol-water mixture
were observed. Moreover, molecular dynamics simulation of FMO shows a possible occurrence
of static disorder in low temperature which can be interpreted as larger time scales mainly
due to the closely packed structure.
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Chapter 5
Different types of vibrations in PE
545 and FMO antenna systems 1
Abstract
The interest in the phycoerythrin 545 (PE545) photosynthetic antenna system of marine
algae and the Fenna-Matthews-Olson (FMO) complex of green sulfur bacteria has drastically
increased since long-lived quantum coherences were reported for these complexes. For the
PE545 complex this phenomenon is clearly visible even at ambient temperatures while for
the FMO system it is more prominent at lower temperatures. The key to elucidate the role
of the environment in these long-lived quantum effects is the spectral density. Here, we
employ molecular dynamics simulations combined with quantum chemistry calculations to
study the coupling between the biological environment and the vertical excitation energies
of the bilin pigment molecules in PE545 and compare them to prior calculations on the
FMO complex. It is found that the overall strength of the resulting spectral densities for the
PE545 system is similar to the experiment-based counterpart but also to those in the FMO
complex. Molecular analysis, however, reveals that the origin for the spectral densities in the
low frequency range, which is most important for excitonic transitions, is entirely different.
In case of FMO this part of the spectral density is due to environmental fluctuations while in
case of PE545 it is essentially only due to internal modes of the bilin molecules. This finding
sheds new light on possible explanations of the long-lived quantum coherences and that the
reasons might actually be different in dissimilar systems.
1

Adapted with permission from the article by Mortaza Aghtar , Johan Strümpfer, Carsten Olbrich, Klaus
Schulten, and Ulrich Kleinekathöfer, “Different Types of Vibrations Interacting with Electronic Excitations
in Phycoerythrin 545 and Fenna–Matthews–Olson Antenna Systems”J. Phys. Chem. Lett. 2014, 5 (18), pp
3131–3137. DOI: 10.1021/jz501351p. Copyright
2014 American Chemical Society.

©

73

74

5.1

Chapter 5. Vibrations in PE 545 and FMO antenna systems

Introduction

In most natural photosynthetic systems light energy is absorbed by antenna pigment-protein
complexes and subsequently transferred to a reaction center complex for conversion to a
more stable form. [1] The process of excitation energy transfer (EET) is an important step
in photosynthesis and its detailed understanding might lead to improvements in efficiency
for artificial photosynthetic systems. [141] Recently observed long-lived quantum coherence
in some photosynthetic systems [142] led to the questions of whether this quantum effect
improves the efficiency of biological photosynthesis and whether it could be employed to
similarly benefit artificial systems.
The Fenna-Matthews-Olson (FMO) complex is the most studied system for which longlived quantum coherent oscillations were first observed [19, 28, 117]. Subsequently, the same
phenomenon has also been observed in a photosynthetic complex of marine algae at ambient
temperature [29, 143] as well as in conjugated polymers [118, 144]. In the present study
we investigate the influence of the protein, liquid environment and internal modes on the
electronic transitions in the Phycoerythrin 545 (PE545) antenna of the Rhodomonas sp.
CS24 marine algae photosynthetic system, for which long-lived quantum coherence has been
experimentally observed. [29, 143]. In addition, we analyze the results in comparison to our
earlier calculations on the FMO complex [62, 145].

5.2

Structure

Rhodomonas sp. CS24 is a cryptophyte algae that can be found in both marine and fresh
water. The primary light absorbing pigment molecules are the Chl a, Chl c2 and bilin
chromophores. The bilin pigments are contained in PE545 antenna complexes, which were
purified for the first time in 1987[146] and have been structurally resolved to 1.63 Å and
0.97 Å resolutions [8, 22]. The PE545 complex consists of 8 chromophores in a protein
scaffold. The scaffold is an α1 α2 ββ heterodimer consisting of 4 subunits denoted A, B, C,
and D (see Fig. 6.1). Each β subunit embeds three phycoerythrobilins (PEBs) β50/β61,
β82, and β158. The two additional chromophores associated with subunits α1 and α2 are
dihydrobiliverdins, DBVs, denoted α19. The naming of the bilins is according to the cysteine
residues to which the chromophores are covalently linked.
A number of spectroscopic and photophysical studies have been performed on the PE545
antenna system [22, 23, 29, 143, 148–150, 150, 151]. The experimental techniques range from
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Figure 5.1: Left: Structure of the PE545 antenna system with the protein scafold shown
in cartoon representation consisting of the four subunits α1 (blue), α2 (red), and the two
β subunits (gray and orange). Right: The eight pigments without the protein are shown
separately but with the corresponding labels. Rendered using VMD. [147]

transient absorption spectroscopy to time-resolved fluorescence anisotropy measurements and
to two-dimensional photon echo spectroscopy [29, 143]. In the latter experiments long-lived
quantum coherent oscillations were observed at room temperature. In the FMO complex
clear oscillations were only visible at 77 K or 150 K and, therefore, the PE545 system is
even more interesting. Out of these investigations, several theoretical studies have been
performed to understand the electronic structure of the chromophore complex, the EET,
and to some degree the observed quantum coherence [38, 120, 149, 151–153]. In some of
these studies, the electronic properties are extracted from experimental data [38, 149] or
from structure-based calculations [120, 151–153]. Several structure-based studies employed a
quantum mechanical/molecular mechanical (QM/MM) method, describing the environment
by a classical polarizable force field and referring to the approach as the QM/MMPol method.
An additional study on possible spatial correlations in the PE545 antenna complex followed
a procedure closely related to our earlier study on the spatial correlations in FMO [15].
To be able to calculate EET dynamics and spectroscopic properties using open quantum
system approaches, one usually needs access to the spectral density that encodes the coupling
between the relevant electronic excited states and the environmental degrees of freedom, i.e.,
the electronic-vibrational coupling of pigments. Previously, the spectral densities of lightharvesting complex 2 of purple bacteria [61, 94] and of the FMO complex [62, 63, 98, 145, 154]
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were determined using a combination of classical MD simulations and subsequent quantum
chemistry calculations. The goal of the present investigation is to employ a similar method
for the PE545 antenna complex to determine its spectral density and compare the effect of
the environment on bilin pigments with the one on bacteriochlorophylls (BChls) in FMO
complex. All the FMO data correspond to our previously published article (see Ref. [155]).
Closely following our previously described procedure [61, 89, 94, 127], we first determine a
MD trajectory of the PE545 complex (PDB 1XG0 [22]) in water. We employed the AMBER
parm99SB [156, 157] force field for the protein together with the TIP3P water model; the
force field for the bilins were constructed using GAFF [158]. In order to calculate electrostatic
forces, the values for the bilin partial charges were taken from Ref. 120. After minimization
the system was equilibrated for 12 ns at 300 K and 1 atm using NAMD [159]. A constant
volume trajectory of 720 ps length was then generated in which the atomic coordinates were
stored every 2 fs, i.e., a total number of 360, 000 snapshots were generated. As described
before[139], a rather short time step between snapshots is needed to capture accurately the
high-frequency regime of spectral densities.
After the MD calculations, the energy gap between the ground and a number of excited
states is determined for the individual pigments at each snapshot. Due to the need to generate
numerous snapshots, we employed the semi-empirical ZINDO/S-CIS approach (Zerner Intermediate Neglect of Differential Orbital method with parameters for spectroscopic properties
with single excitation configuration interaction) as employed earlier for the FMO complex
[61, 89, 160]. In order to analyze the influence of the MM point charges (PC) on the excited
states, three different variants of determining the excited state energies have been used. In
the first one the standard QM/MM coupling scheme is employed, i.e., a scheme using the surrounding PC of that respective snapshot. The QM/MM coupling was neglected in a second
variant by ignoring the point charges while in a third version the PC of the initial snapshot
was used for all snapshots, i.e., the PC were assumed to be frozen. The results are shown in
Fig. 5.2. Neglecting the PC for the bilins show numerous crossings of the excited states along
the trajectory. We use properties such as the transition dipole moment and its direction to
be able to follow the individual states along the trajectory. Only if the point charges are
taken into account a clear separation between the first and the other excited states occurs.
In this case the direction of the transition dipole moment between ground and first excited
state points along the two central pyrrole rings in accordance with theoretical calculations
based on a crystal structure [22]. The large number of crossings between the excited states of
the bilins might be due to the flexibility of their conjugated π-electron system which is much
more flexible than that of the quite rigid ring system of the BChl molecules. The electric field
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Figure 5.2: Example segments of the energy gap trajectories for bilin DBV 19B in PE545
(top) and for BChl 1 in the FMO complex (bottom panel). The different variants refer to
the same MD trajectories with full QM/MM coupling (with PC), without QM/MM coupling
(without PC) and with frozen environmental point charges (frozen PC).

effect of the environment, however, stabilizes the various states of the bilins. Surprisingly,
there is very little difference between the results when performing the standard QM/MM calculations or when freezing the point charges to the initial snapshot of the environment. In the
latter case, fluctuations of the environment are artificially neglected in the simulations. For
the FMO complex the corresponding results are quite different. Already when neglecting the
point charges there is a clear separation between the first, second and higher excited states of
the BChl molecules along the trajectory. Furthermore, clear differences are visible between
the standard QM/MM results and results for the environmental point charges kept frozen
in time. The distributions of energy gaps (also called site energies) along the trajectory, are
discussed in the supplementary material (see Fig. S1).
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5.3

Spectral density

The next step in the process of obtaining spectral densities is to calculate the autocorrelation
function which, in principle, is different for each pigment. The autocorrelation function is
determined using the energy gaps ∆Ej (ti ) at time steps ti . The energy gap autocorrelation
function for pigment j is given by[94]
N −i

1 X
∆Ej (ti + tk )∆Ej (tk ) .
Cj (ti ) =
N − i k=1

(5.1)

In the present case, the autocorrelation functions are calculated over time lengths of 2 ps. This
length was seen to generate all modes in the spectral densities and, as can be seen in Fig. S2,
the autocorrelation functions have decayed to zero within 1 ps. To generate correlation
functions over 2 ps, trajectory pieces of 4 ps length are necessary. The autocorrelation
functions of the 180 trajectory pieces (720 ps divided by 4 ps) are averaged to obtain the final
result for each pigment. The autocorrelation functions are shown in Fig. S2. Furthermore,
shown in Fig. S3 are the autocorrelation functions for the PE545 and the FMO complexes
averaged over all pigments of the respective systems. On average the autocorrelation function
in case of the FMO trimer shows smaller fluctuations than in the other cases.
The spectral density Jj (ω) of pigment j can be expressed as [63, 145]
βω
Jj (ω) =
π

Z∞
dt Cj (t) cos(ωt)

(5.2)

0

where β = 1/(kB T ). In some previous studies [61, 89, 94] we used the prefactor 2 tanh(βh̄ω/2)/πh̄
instead of its high-temperature limit βω/π. This previous variant is slightly inconsistent
with replacing the real part of the quantum autocorrelation function with its classical hightemperature counterpart and the present version has been shown by Valleau et al. [63] to
yield more consistent results. This change in the prefactor affects only the high-frequency
regime of the spectral density.
The spectral densities of the individual pigments were determined using Eq. 6.1. To
increase the quality of spectral densities, i.e., to reduce the noise level, we included an exponential cutoff function for the autocorrelation functions starting at 1 ps to damp them
slowly to zero at 2 ps. The resulting spectral densities for the 8 pigments of the PE545
complex are shown in Fig. 6.3. This figure focuses on the low-frequency range which is of
utmost importance for the EET since the differences between excitonic states are usually in
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Figure 5.3: Spectral densities of the energy gap autocorrelation function for three bilins
(top panel) and for a BChl in FMO (bottom panel). The solid lines indicate the results
with the standard QM/MM coupling while the dashed lines the results with the environment
frozen. The insets display the respective distributions of excited state energy gaps along the
trajectory.

the corresponding energy range.
Overall the spectral densities of the pigments in PE545 and FMO exhibit much similarity.
The coupling strengths to the environment follows similar trends and values. Due to different
molecular structures of the chromophores, differences in the internal modes arise as expected.
However, surprising is the effect of freezing the point charges of the environment to one
snapshot. As reported already earlier [62], the low frequency part of the spectral density for
the FMO complex results from the fluctuations in the environment. This can be nicely seen
in Fig. 6.3 that compares the results obtained with a standard QM/MM coupling and with a
frozen environment. In the latter case the spectral density is close to zero and only for larger
frequencies some small contributions from internal modes become visible.
The low frequency behavior of the energy gap autocorrelation function is drastically
different for the PE545 complex. For some pigments there is almost no change when freezing
the movement of the point charges in the environment during the QM/MM step while for
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Figure 5.4: HOMO and LUMO orbitals as well as transition densities of PE545 (top row)
and FMO (bottom row).

others there is a small change. However, this latter change is much smaller than the one in
the FMO system. So the low frequency part of the spectral density in the FMO complex
is entirely due to environmental fluctuations while in the PE545 complex this property is
mainly due to internal modes. Even though the spectral densities of the two systems do
look quite similar, their physical nature is drastically different. In Fig. S4 it can be seen
that indeed for all 8 pigments of the cryptophyte complex the above statement is valid. In
that figure one can also study the differences between the spectral densities of the individual
PE545 pigments. The chromophores come in pairs in the heterodimer. The two pigments of
each pair have similar peak structures though the heights of these peaks differ. For example,
for the pair DBV 19A/B the A variant has higher amplitudes than the B type. Of all the
pigments, PEB 82D has the weakest strength of the spectral density in the frequency range
sown in Fig. S4. More details of the individual spectral densities are discussed below in
comparison with an experimentally based spectral density.
To get a better understanding why the two light-harvesting complexes react so differently
to environmental fluctuations, we have a closer look at the spatial distribution of the occupied
and unoccupied molecular orbitals (MOs) together with the transition density which contains
information about the spatial location of the excitation. The later is defined as
ρT D (r) =

X
µ,ν

Cµν φ∗µ (r)φν (r)

(5.3)
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where the Cµν denote the eigenvectors of the single configuration interaction (CIS) Hamiltonian for transitions between occupied MO φµ and unoccupied MO φν [161]. For both,
bilins and BChl chromophores, the transition is mostly (over 90%) from the highest occupied (HOMO) to the lowest unoccupied molecular orbitals (LUMO). Fig. 5.4 shows HOMO,
LUMO and transition orbitals for representative snapshots in the presence of the environment. We note that according to Fig. 6.2 neglecting the environmental point charges in the
PE545 system leads to many crossings of the excited state energies along the trajectories
which results in much more complex identification of states. In the presence of the external charges, either moving or frozen ones, there is a clear splitting of the states due to the
interaction with the electric field of the protein environment. In contrast to the orbitals of
the BChls in FMO, the orbitals of the bilins in PE545 do not experience a large spatial
movement of electron density when being excited from the HOMO to the LUMO orbital.
The spatial locality of electron density is very similar in the bilins though the sign of the
orbitals is dissimilar between the ground and excited state orbital. This is different for the
BChl molecules in FMO. There is a close shift of electron density when BChl is being excited
from ground to excited state. The coupling to the environment is assumed to be electrostatic
in nature. If a charge in the environment moves during the transition from one trajectory
frame to the next one, a change in the electrostatic interaction with the respective pigment
molecule results. In case of the bilins, however, the interaction between environmental charge
and pigment is modified in the same way in the HOMO and the LUMO state due to the
very similar electron densities of these two states. In the BChl molecules on the other side,
the influence on the electrostatic interaction energy is different for HOMO and LUMO state.
Therefore, in case of bilins in PE545 the corresponding energy gap is nearly unaffected by
the movement of an external charge and is altered in case of BChl molecules in FMO. As a
results, the energy gap autocorrelation functions for the bilins see little influence of external
charge fluctuations and neither the spectral densities.
The bilins have internal modes at low frequencies which are not present in BChl molecules.
This is not surprising since the optically active Mg-porphin ring is rather stiff compared to
the phycobilins which are open-chain tetrapyrrole structures covalently bound to the protein.
The structures of the bilins are very flexible yielding spectra quite different from those of
chlorophylls [162]. Due to the extra flexibility of the bilins these molecules contain low
frequency modes even though the phycobilins are covalently bound at one end or both ends
to the protein [162].
Since the environments of the two DBV bilins and the pairs of PEB bilins are not exactly
the same due to the incomplete symmetry in the protein, we refrain from averaging the spec-
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Figure 5.5: Comparison of the average PE545 spectral density evaluated in the present
study (black) with one for the same system reported by Kolli et al. [38] as well as an average
FMO spectral density reported earlier [62].

tral densities over the respective pairs. Nevertheless, it can be observed (see supplementary
material) that the spectral densities of the corresponding pairs are rather similar while for
the DBV bilins the peak positions differ from the peak positions of the PEB bilins. PEB and
DBV chromophores have different structure which can lead to different vibrational modes. In
PEB chromophores, the pyrrol A ring, which is covalently linked to the cysteine, is saturated
with a hydrogen atom, whereas in DBV the corresponding bond is doubly conjugated.
Based on experimental information rather than on molecular-level computations, Kolli et
al. reported a spectral density for the PE545 complex [38] . The respective experimental data
was obtained for the whole complex and, therefore, can only be used to construct one spectral
density under the assumption that the spectral densities of all chromophores in the complex
are the same. The low frequency part of this experiment-based spectral density results from
linear spectra studies leading to a super-Ohmic form together with 14 vibrational components
extracted from spectroscopic data [22, 38, 149] for the high-frequency part. We compare in
Fig. 5.5 the average PE545 spectral density of the present study with the one reported in Kolli
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et al. [38] as well as the average FMO spectral density reported earlier [62]. As can be seen,
the overall strength of the average spectral densities are comparable though many details
differ. Since different chromophores are involved, PE545 and FMO show quite dissimilar
peak patterns. In the low frequency regime, the FMO result for the average spectral density
has a similar height to the PE545 average while with increasing frequency the FMO density
stays the PE545 density.
In order to distinguish the contribution of each pigment to the spectral density, Fig. S5.
compares the spectral densities of all individual PE545 pigments to the spectral density in
Kolli et al. [38]. In the very low frequency regime, the spectral densities of the DBV bilins
and of the PEB 82 bilins are smaller than the one by Kolli et al. [38], whereas the spectral
densities of the two PEB bilin pairs 158 and 50/61 are very similar to the experiment-based
one in that frequency regime. A hint of the lowest frequency mode in the spectral density by
Kolli et al. at 207 cm−1 can be seen in the spectral densities of the PEB 158 and PEB 50/61
chromophores. The modes at 244 cm−1 and 512 cm−1 can roughly be found in nearly all
chromophores while the mode at 438 cm−1 is present only in DBV pigments and the 372 cm−1
mode only in the PEB bilins. At higher frequencies, however, no such clear correspondence
can be discerned.

5.4

Excitation dynamics

The spectral density is a key characteristic underlying open quantum system density matrixbased approaches describing EET and excitation dynamics. Alternatively, one can perform
wave-packet simulations on the fluctuating energy landscape, as was done for FMO at room
temperature [89]. Under certain conditions both density matrix-based and ensemble-averaged
wave packet dynamics lead to the same results [139]. In that study the Ehrenfest dynamics
was compared to density matrix results obtained using the hierarchy equations of motion
approach (HEOM) [41]. An advantage of the wave-packet simulations is that all the timedependent information available from the MD simulations can be employed directly including,
e.g., transition dipole moments. In order to calculate wave-packet dynamics, following the
procedure in our previous work [89], we have constructed the time-dependent Hamiltonian
with excitation energies of the pigments and the time-dependent couplings between different
pigments based on the TrESP approach for FMO (as described earlier [89]) while for PE545,
due to a lack of TrESP parameters for bilins, we calculated the couplings using the pointdipole approximation [61]. In the latter approach a time point of the MD simulation had
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Figure 5.6: Effect of freezing the environmental fluctuations on the wave packet dynamics
in PE545 and FMO. The solid lines show the results using the standard QM/MM coupling
while the dashed lines have been determined using a frozen point charge (PC) environment.

been taken as initial time, an excitation placed at one of the pigments, and the corresponding
time-dependent Hamiltonian constructed from MD input in order to propagate the excitation
within the complex. This scheme was repeated for many initial time points along the trajectory to obtain an ensemble average[61]. In Fig. 5.6 we show example results for excitation
dynamics in the PE545 and FMO systems at 300 K. One can see the respective pigment
being initially excited, but the population moving quickly away from this pigment. To better
understand the influence of environmental fluctuations, we also show the wave packet results
for the scenario of a frozen environment. As to expected from the above discussions, CP
freezing has only little effect in case of the PE545 complex though in the exceptional case of
PEB 82C the transfer becomes a bit slower. For the FMO aggregate, however, freezing the
environmental degrees of freedoms leads to clear oscillations in the population dynamics, i.e.,
the phase coherence survives for much longer times in this case.
Here we want to clarify that the goal of the present study is to elucidate the different
nature of the decoherence in PE545 and FMO. Even if the force fields and the electronic structure calculations would include some quantitative uncertainties, the qualitative difference in
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the coupling of the energy gaps to internal as well as external modes is still valid.

In addition to previous studies on the PE545 complex [38, 120, 149, 151–153] the present
study is aimed at understanding the effects of the environment on EET. This is a prerequisite
to an understanding of the long-lived quantum effects reported from experiment [29, 143].
No oscillations in the population dynamics were reported by Kolli et al [38] using the spectral
density based on experimental data. In a study by Huo and Coker on a similar complex,
cryptophyte phycocyanin 645, oscillations were also not observed in the population transfer
dynamics [163]. One of the key questions is if these models miss important ingredients such
as a particular interplay of excitonic and vibrational excitations [38, 126, 164]. In any case,
the present spectral densities of the individual chromophores in the PE545 complex will offer
the opportunity for further theoretical studies based on open-quantum system approaches.
It is quite surprising to see that the spectral densities for the FMO and PE545 aggregates
indeed have quite different physical origins. The lower energy part of the spectral density in
FMO is due to external fluctuations while in case of PE545 it is mainly because of intrinsic
modes. However, contributions of some external modes are visible in particular in the case of
bilin PEB 82C. A splitting into contributions resulting from either internal or external modes
is quite similar to the well-known concept of inner-sphere (solute) and outer-sphere (solvent)
reorganization energies in the context of Marcus theory of electron transfer. Moreover, the
spectral densities of individual pigments can be analyzed in terms of contributions of different
chromophores and their corresponding coupling strength to the environment; in experimentbased studies the contribution of the different chromophores can only be extracted with large
effort. The details described are of utmost importance for an understanding of the observed
quantum coherence, especially for the present antenna complex investigated in the present
study that contains different types of pigments and different environmental couplings. In
an article by Scholes et al. [142] design principles of solar light harvesting based on lessons
from nature are being discussed. Supported by the findings in the present study study, one
can envision to engineer a hybrid system, with small internal reorganization energies and
small charge-rearrangement on excitation. Such a system should then show coherent exciton
transport at ambient temperatures. These coherences in turn might have beneficial effects
on the efficiency of an artificial photosynthetic system.

86

Chapter 5. Vibrations in PE 545 and FMO antenna systems

Acknowledgements
We are grateful to Carlos Curutchet for providing the partial charges for the bilins as used in
Ref. 120. This work has been supported by grant KL 1299/12-1 of the Deutsche Forschungsgemeinschaft (DFG) and the National Science Foundation (NSF). Funding for J.S. and K.S.
was provided by NSF grants MCB-0744057 and PHY1430124.

Chapter 6
Environmental coupling and
population dynamics in the PE545
light-harvesting complex 1
Abstract
Long-lived quantum coherences have been shown experimentally in the Fenna-MatthewsOlson (FMO) complex of green sulfur bacteria as well as in the phycoerythrin 545 (PE545)
photosynthetic antenna system of marine algae. A combination of classical molecular dynamics simulations, quantum chemistry and quantum dynamical calculations is employed to determine the excitation transfer dynamics in PE545. One key property of the light-harvesting
system concerning the excitation transfer and dephasing phenomena is the spectral density.
This quantity is determined from time series of the vertical excitation energies of the aggregate. In the present study we focus on the quantum dynamical simulations using the
earlier QM/MM calculations as input. Employing an ensemble-averaged classical path-based
wave packet dynamics, the excitation transfer dynamics between the different bilins in the
PE545 complex is determined and analyzed. Furthermore, the nature of the environmental
fluctuations determining the transfer dynamics is discussed.
Keywords: light havesting, PE545, wave packet dynamics, exciton transfer
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Introduction

Photosynthetic processes usually start with the absorption of light by light-harvesting (LH)
complexes. By moving among the chromophores the excitation energy is transferred to a
reaction center. This excitation energy transfer (EET) occurs with nearly unity efficiency
[1]. The observation of long-lived quantum coherency [28, 117] in the Fenna-Mathews-Olson
complex (FMO) has triggered a large number of research projects to understand factors
responsible for an optimal performance of the energy transfer in and between LH complexes.
Only a few years later the phenomenon of long-lived quantum coherences was also observed
in photosynthetic complexes of marine algae at ambient temperature [29, 143].
While coherence might enhance the transfer between the chromphores, environmental
decoherence is also essential to facilitate the EET [31, 165]. In this study we explore the role
of the different pigments in the Phycoerythrin 545 (PE545) antenna complex of marine algae
in transferring the the excitation energy. This LH aggregate is part of the cryptophyte algae
Rhodomonas sp. CS24 that can be found in both marine and fresh water. The primary light
absorbing pigment molecules are Chl a, Chl c2 and bilin chromophores. The bilin pigments
are contained in PE545 antenna complexes which were purified for the first time in 1987[146].
Their structure has been resolved to a resolution of 1.63 Å and of 0.97 Å [8, 22]. Each PE545
complex consists of eight chromophores in a protein scaffold (see Fig. 6.1). The scaffold is a
α1 α2 ββ heterodimer consisting of 4 subunits denoted A, B, C, and D. Each β subunit embeds
three phycoerythrobilins (PEBs) β50/β61, β82, and β158. The two additional chromophores
associated with the subunits α1 and α2 are dihydrobiliverdins, DBVs, denoted α19. The
bilins are named according to the cysteine residues to which the chromophores are covalently
linked while the α and β suffixes are neglected in the following.

6.2

Theory

Due to the large number of degrees of freedoms (DOFs) in systems like the present one, an
open quantum system approach needs to be applied in order to study EET processes. To
this end, the total Hamiltonian of the composed system is given by
Ĥ(r, R) = ĤS (r) + ĤB (R) + ĤSB (r, R)
with the system Hamiltonian ĤS (r), bath Hamiltonian ĤB (R), and the coupling between
them ĤSB (r, R). For studying EET in light-harvesting aggregates, the system Hamilto-
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Figure 6.1: The structure of PE545 complex with the protein shown in potential surface and
bilins in licorice representations, rendered using VMD. [147]. The bilins are colored according
to the protein subunit which they are linked to.
nian consists of the excitation energies of the chromphores as site energies Em and the
excitonic couplings Vnm between them. This leads to a system Hamiltonian of the form
PN PN
PN
ĤS =
j=1 Vij |ii hj|. For propagation the excitons we employ an
i=1
i=1 Ei |ii hi| +
ensemble-averaged classical path-based wave-packet approach as employed earlier in the case
of FMO [89, 139]. For small to medium system-bath coupling strengths the agreement between the ensemble-averaged wave-packet approach and density matrix approaches especially
at short times is very good [139]. In the former scheme, the coupling to the environment
is given by an additional time-dependent part of the site energies ∆Em (t) leading to the
effective system Hamiltonian [139]
ĤSeff =

X
X
(Em + ∆Em (t)) |mi hm| +
Vnm |ni hm| .
m

n6=m

which enters the time-dependent Schrödinger equation.
Following our earlier procedure for determining the site energies and electronic couplings
for different LH systems [61, 89, 94, 127], we implemented a QM/MM approach in which
first a classical molecular dynamics (MD) trajectory is obtained and subsequently quantum
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Figure 6.2: Representative segment of the excited state energy trajectories for four pigments
of the PE545 complex.
chemistry calculations are employed to calculate the vertical excitation energies along that
trajectory. To this end we equilibrated the PE545 structure (PDB ID: 1XG0 [22]) in water
employing the AMBER parm99SB [156, 157] force field for the protein together with the
TIP3P water model. The force field for the bilins were constructed using the GAFF procedure [158]. The values for the bilin partial charges were taken from Ref. 120. A constant
volume trajectory of 720 ps length was then generated in which the atomic coordinates were
stored every 2 fs, i.e., a total number of 360, 000 snapshots were generated. In a next step the
energy gaps between the ground state and first excited state of individual chromophores are
determined along the MD trajectory. To this end we employed the semi-empirical ZINDO/SCIS approach (Zerner Intermediate Neglect of Differential Orbital method with parameters
for spectroscopic properties with single excitation configuration interaction) as done earlier
for the FMO complex [61, 89, 160]. More details of the MD and quantum chemical procedure
are given in Ref. [64].
In Fig. 6.2, a representative segment of the excitation energies belonging to the four
chrompohores DBV 19A, PEB 82C, PEB 50/61C, and PEB158C are shown. The other four
chromophores behave very similar. For a more complete comparison we refer the reader to
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Figure 6.3: Spectral densities of four bilins. The inset shows an enhanced frequency range.
Ref. [64]. The energies of the DBV bilins are the lowest as was also shown in spectroscopic
experiments [23, 148].
A key parameter in density matrix based methods is the spectral density extracted from
the excitation energies. This quantity describes how strongly the system couples to the
environmental modes. Based on the present splitting into system and bath, the spectral
density also includes the vibrational modes of the chromophores [62, 64]. Although spectral
densities are not directly accessible experimentally, they can be estimated using fluorescence
line narrowing or other spectroscopic techniques [33, 38]. Alternatively, in a straightforward
manner, one can calculate spectral densities of individual pigments using the autocorrelation
P −i
functions of the energy gaps Cj (ti ) = N1−i N
k=1 ∆Ej (ti + tk )∆Ej (tk ) leading to
βω
Jj (ω) =
π

Z∞
dt Cj (t) cos(ωt).
0

(6.1)
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In Fig. 6.3, the spectral densities of selected bilins are shown. While the spectral density of
the bilin DBV 19A has smaller height at low frequencies compared to the other pigments,
it becomes larger at higher frequencies (see inset of Fig. 6.3). This behavior is same for the
second bilin of the same kind, DBV 19B, which, for the high frequency range, might be due
the extra C–H bond in the DBV chromophores.

Figure 6.4: HOMO and LUMO orbitals for two bilins from the PE545 system.

Figure 6.5: HOMO and LUMO orbitals for two more bilins of the PE545 complex.
Moreover, we have calculated the occupied and unoccupied molecular orbitals which are
involved in the electronic transition from the ground to the first excited state. In all cases
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it was observed that the orbital contribution in the transition was mostly (over 95 %) from
the highest occupied (HOMO) to the lowest unoccupied (LUMO) molecular orbital. In
Figs. 6.4 and 6.5 the spatial distribution of representative HOMO and LUMO oribtals of four
chromophores are shown. It can be seen that the HOMO and LUMO orbitals of the pigments
are spatially very similarly distributed over the chromophore structure. From this fact it
follows that both orbitals will react similarly to environmental vibrations and the energy
gap fluctuation will not be influenced considerably from the environment. This behavior is
unlike the one of the bacteriochlorphyll pigments, e.g., in the FMO complex, which show a
contribution of the environmental vibrations to the energy gap fluctuations [62, 64]. Effects
of freezing the external vibrations in simulations have been discussed previously [64].

Figure 6.6: Population dynamics when each of the four bilins is initially excited.

As a further step in this study we performed EET calculations. To this end one needs to
build the effective Hamiltonian of Eq. 6.1, i.e., the site energies and the excitonic couplings
between the different chromphores need to be determined. Due to the large inter-bilin distance the point-dipole approximation can be employed. Subsequently the dynamics of an
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excitation represented by a wave packet Ψ(x, t) = hx|Ψ(t)i can be obtained using
ih̄

∂
|ΨS (t)i = ĤSeff |ΨS i
∂t

(6.2)

together with an average over different starting time points along the MD trajectory to obtain
an ensemble average. As mentioned already, this procedure yields a population dynamics very
similar to that of density matrix approaches when the system-environment coupling is not too
strong [139]. One drawback is the implicit high-temperature approximation which results in
equal populations of all sites at long times. For short and medium times, however, the noise
is due to the aforementioned MD and QM/MM procedure and the temperature is assumed
to be 300 K in this scheme.
In the supplementary material of Ref. [64] we have shown the site energy distributions
obtained for the individual chromophores. If one compares these to the ones from experimentbased calculations [151], a too large gap between the PEB and DBV bilins is observed.
Therefore, we shifted the excitation energies of DBV pigments by 800 cm−1 and decreased
the energies of PEB pigments by 1900 cm−1 to obtain the splitting between the two bilin
types roughly correct. For the wave packet dynamics only the relative shift between the bilin
types actually matters. In Fig. 6.6 the population dynamics of the four already discussed
chromphores is shown. As can be seen, the fastest rate correspond to the energy transfer
from PEB 50/61C to PEB 50/61D in around 250 fs. When DBV 19A is initially excited
most of energy goes to quickly PEB 50/61C before it spreads over the complex. Exciting
PEB 82C and PEB 158C initially, the wave packet spreads to several of the pigments almost
simultaneously.

6.3

Conclusion

In this study we used an open quantum system approach based on molecular-level simulations
to investigate the excitation energy dynamics in PE545 complex. We observed that DBV
bilins have the lowest excitation energy values as it was observed previously in absorption
spectra of the complex [23, 148]. Additionally, we detailed the spectral densities of the
pigments based on their excitation energies. Comparing to PEB bilins, DBV bilins show a
smaller slope in the low-frequency of regime of spectral densities while they have larger values
at higher frequencies. Calculating the density of occupied and unoccupied orbitals we see that
the HOMO and LUMO orbitals, which mostly contribute to the excitation energy transfer,
have similar spatial distributions. This behavior leads a low sensitivity of the excitation
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energy transfer on environmental fluctuations [64]. Furthermore, the population dynamics
between the individual pigments was calculated. In case of initially exciting the chromphore
DBV 19A the population quickly moves to the bilin PEB 50/61C while after exciting PEB
82C the excitation is first transferred to DVB 19 A. Exciting each of the doubly bounded
chromphores PEB 50/61C and PEB 50/61D the excitation mostly goes to the other one while
they have the fastest energy transfer rate among other chromphores.
In conclusion, details of a combined MD, quantum chemistry and quantum dynamics
scheme have been reported and the approach has been applied to the PE545 aggregate. The
new insight might help to develop artificial pigment complexes in which long-lived quantum
coherences are present and might facilitate an enhanced excitation energy transport efficiency.

Acknowledgment Contributions from Carsten Olbrich, Johan Strümpfer and Klaus Schulten are gratefully acknowledged. This work has been supported by grant KL 1299/12-1 of
the Deutsche Forschungsgemeinschaft (DFG).
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Chapter 7
Summary
The aim of this thesis was to study the role of environmental vibrations in excitation energy
transfer among the pigments in LHCs of photosynthetic organisms. To this end, we used an
open quantum system approach to separate the system of interest (pigments) from the surrounding molecules (e.g., protein, solvent, and ions). According to this method, the influence
of the environment enters the excitonic system Hamiltonian explicitly. In order to calculate
the time-dependant Hamiltonian, molecular dynamics was required to obtain the coordinates
and partial charges trajectories of the complex. Subsequently, we used the time-dependant
Schrödinger equation for wave-packet dynamics, while, ensemble averaging was necessary to
get the correct population results. In addition, having the pigments transition excitation
energies of the pigments (also known as site energies), we calculated the autocorrelation
function followed by spectral density calculations. In EET studies, the spectral density is
a key parameter to measure the strength of the coupling to the environment and also to
evaluate the vibrational modes within the complex.
To validate our method, we used a two-site system model for which we generated the
site energies using a random number generator which produces a series of numbers decaying
exponentially. Therefore, we were able to build an effective Hamiltonian to calculate the
excitation dynamics. In addition, we considered that two sites have a fixed coupling. Alternatively, we used the HEOM in density matrix theory to generate the exact results. Firstly,
we showed that large number of samples and short time steps are needed to get the accurate
averaged spectral density. In the following, we calculated population dynamics after exciting one of the sites for different environmental coupling strengths (reorganization energies).
However, the ensemble-averaged wave packet approach is restricted to the high-temperature
limit and it is not able to produce the correct population dynamics at equilibrium according
97
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to the Boltzmann distribution. Moreover, the method does not produce the accurate population dynamics in the case of large environmental couplings. Other than these drawbacks, this
method is precise in estimating the energy pathway and producing the coherent dynamics.
In the following, we used this scheme to investigate the role of environment in the FMO
LHC. Four simulations were carried out. The complex was dissolved in two solvents, once in
water and once in water-glycerol mixture, at low (77K) and high (300K) temperatures. The
spectral densities were similar in the two solvents at high temperature. While at 77 K, the
solvent dynamics were too slow to equilibrate the FMO complex evenly in the solvent. The
later effect would have to be modelled as static disorder.
Moreover, we repeated the approach for the PE 545 LH complex. In order to observe
the influence of different types of vibrational modes in the FMO and PE 545 complexes,
which have different pigment types, we followed two additional strategies other than the
usual QM/MM calculations. In one case, we omitted the MM region (solvent and protein) in
excitation energy calculations and in the other case, we constrained the MM region during
the MD simulation and subsequently calculated the energies with the complete QM/MM
scheme. As the result, we observed that the presence of MM charges is necessary for the
PE 545 system to get the correct transition energy levels otherwise the energy levels will
be crossing. In addition, we observed that the origin of vibrational modes in the spectral
densities differ in FMO and PE 545 complexes. In FMO, they result from the environmental
dynamics while in PE 545 the origin of the modes is intramolecular. We showed that this
difference is due to the different electronic structures in bilins and BChls.
Additionally, we investigated the population dynamics and spectral densities in PE 545
complex for all the bilins. We showed how the energy transfers among the bilins when we
excite each one. Besides that, the spectral densities were different for DBV bilins in low
frequency region comparing to other bilins.
The method we have used in this work can be improved in several ways. For example, in
order to see the influence of the polarizability of the environment during the MD simulations
one can use a polarizable FF. In addition, it should be noted that the standard Langevin
thermostat is for a system of classical particles, while there are many studies about how to
include the quantum distribution of energy among the atoms [166, 167]. Another way which
can improve the method is to include the back reaction of the system to the environment
during excitation transfer. For this purpose, one needs to solve the coupled equations of
motions of the electronic and excitonic systems self consistently.
Other than the method improvement, this work can continued by doing the same studies

99
on other LH systems. As already mentioned in the introduction chapter, there are other
bilin-based, e.g. PE 555 or PC 645, as well BChl-based structures like LH1 and LH2. On
the other hand, it should be interesting to see how the environment plays role in LHCs with
chlorophyll pigment like LHCI and LHCII in photosystem 1 and 2, respectively [1].
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Appendix A
Supporting Information: Different
types of vibrations in PE 545 and
FMO antenna systems 1

Distribution of energy gaps
Before further analyzing the temporal relationships of the energy gaps (also called site energies) along the trajectory, we briefly mention the distribution of energy gaps as shown in
Fig. S1 together with their average values listed in Tab. S1 (see also insets of Fig.3). Energy
gaps of the PE545 pigments have been extracted from experiments and MMPol-based excited
state calculations and reported in Ref. 151. The experiment-based values for the energy gaps
of the DBV chromophores are slightly smaller than those for the PEB pigments. In the
present case, the difference between the DBV and PEB energy gaps is found to be larger
than the experiment-based values. Apparently the semi-empirical ZINDO/S is not sensitive
enough to accurately capture the differences of the bilin types and their environments, even
when the MMPol approach is employed as reported in Ref. 153. Unfortunately, higher-level
electronic structure calculations like single, double, and higher excitations in configuration
interaction calculations for 2.88 million vertical transitions (needed for 360, 000 snapshots
of 8 pigment molecules) are prohibitively expensive at the present time. We are, however,
1

Adapted with permission from the article by Mortaza Aghtar , Johan Strümpfer, Carsten Olbrich, Klaus
Schulten, and Ulrich Kleinekathöfer, “Supporting Information: Different Types of Vibrations Interacting with
Electronic Excitations in Phycoerythrin 545 and Fenna–Matthews–Olson Antenna Systems”J. Phys. Chem.
Lett. 2014, 5 (18), pp 3131–3137. DOI: 10.1021/jz501351p. Copyright
2014 American Chemical Society.
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Figure A.1: Distribution of excitation energy of each individual pigment. The vertical
dashed lines indicate the average value.
primarily interested in the fluctuations around the average positions of the energy gaps and
our prior results for the FMO complex indicate that the ZINDO/S approach yields reasonable
values for these fluctuations. Despite the shortcomings concerning the average positions of
the energy gaps, we proceed to analyze their fluctuations to obtain spectral densities.
Site
Excitation energies [cm−1 ]

DBV19A DBV19B
17131
17227

PEB82C PEB82D PEB158C
20246
19937
20777

PEB158D
20602

PEB50/61C
20559

PEB50/61D
21093

Table A.1: Average excitation energies of each individual pigment (site energies).

Autocorrelation functions
Fig. A.3 shows the autocorrelation function of the PE545 complex. For comparison, the
average autocorrelation function of the FMO complex in water at room temperature is also
displayed [145]. The fluctuation of the autocorrelation functions for the PE545 bilins is
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Figure A.2: Autocorrelation functions of the individual PE545 pigments (black) compared
to the average autocorrelation of the FMO complex (red) from a previous study [145].
larger than the fluctuation of autocorrelation functions for the bacteriochlorphylls in the
FMO complex. Moreover, the autocorrelation functions of the PE545 pigments, particularly
the DBV bilins, decay much slower than those of the average FMO pigments. For PEB 82C
and PEB 82D the autocorrelation functions have slightly larger values than the other PEB
chromophores in PE545. The PEB 50/61 pigments that are doubly linked have the smallest
autocorrelations.

104

Chapter A. SI: Vibrations in PE 545 and FMO antenna systems

4
PE545
FMO

-3

2

C(t) [10 eV ]

3

4
3
2
1

2

0
0

40

80

120

160

200

1

0
0

1000

2000

Time [fs]
Figure A.3:
complex.

Comparison of the average correlation functions of the PE545 and the FMO
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using the standard QM/MM coupling while for the dashed curves the point charges were
frozen. In the calculations leading to the dotted lines curves, the protein and water molecules
were already frozen during the MD simulation.
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Appendix B
From Atomistic Modeling to
Excitation Transfer and
Two-Dimensional Spectra of the FMO
Light-Harvesting Complex 1,2

Abstract
The experimental observation of long-lived quantum coherences in the Fenna-MatthewsOlson (FMO) light-harvesting complex at low temperatures has challenged general intuition
in the field of complex molecular systems and provoked considerable theoretical effort in
search for explanations. Here we report on room-temperature calculations of the excitedstate dynamics in FMO using a combination of molecular dynamics simulations and electronic structure calculations. Thus we obtain trajectories for the Hamiltonian of this system
which contains time-dependent vertical excitation energies of the individual bacteriochlorophyll molecules and their mutual electronic couplings. The distribution of energies and
couplings are analyzed together with possible spatial correlations. It is found that in con1

Reprinted with permission from the article by Carsten Olbrich, Thomas L. C. Jansen, Jörg Liebers,
Mortaza Aghtar, Johan Strümpfer, Klaus Schulten, Jasper Knoester, and Ulrich Kleinekathöfer, “From
Atomistic Modeling to Excitation Transfer and Two–Dimensional Spectra of the FMO Light–Harvesting
Complex”, J. Phys. Chem. B., 2011, 115 (26), pp 8609–8621. DOI: 10.1021/jp202619a. Copyright
2011
American Chemical Society.
2
My contribution to this manuscript was the calculation of the wave-packet dynamics for the FMO
complex.
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trast to frequent assumptions the site energy distribution is non-Gaussian. In a subsequent
step, averaged wave packet dynamics is used to determine the exciton dynamics in the system. Finally, with the time-dependent Hamiltonian linear and two-dimensional spectra are
determined. The thus obtained linear absorption lineshape agrees well with experimental
observation and is largely determined by the non-Gaussian site energy distribution. The
two-dimensional spectra are in line with what one would expect by extrapolation of the experimental observations at lower temperatures and indicate almost total loss of long-lived
coherences.

Introduction
In photosynthesis the energy of sunlight is converted into chemical energy. Light harvesting
and charge separation are the primary steps in this process. Specific pigment-protein aggregates, the so-called light-harvesting (LH) complexes, have the function of absorbing light
and transporting the energy to the photosynthetic reaction center (RC). Within the RC the
excitation is subsequently converted into charge separation [168]. Many of the structural and
functional details of these protein complexes have been elucidated already [24, 169, 170].
One of the extensively studied LH systems is the Fenna-Matthews-Olson (FMO) complex
of green sulphur bacteria [171]. For the bacterium Prosthecochloris aestuarii the crystal
structure was already solved three decades ago [116], the first time that this was achieved
for a pigment-protein complex. Meanwhile the structure has been characterized at atomic
resolution 1.9 Å [12]. Recently, the structure of the FMO complex of Chlorobaculum tepidum
has been determined as well [13]. Under physiological conditions, the FMO complex forms a
homotrimer consisting of eight bacteriochlorophyll-a (BChl a) molecules per monomer. The
existence of an eighth BChl molecule in the structure of each monomer has been shown only
recently [13]; many earlier studies refer to just seven BChls per monomer. The biological
function of the FMO trimer is to transfer excitation energy from the chlorosome, i.e., the
main LH antenna system of green sulfur bacteria, to the RC, which is embedded into the
membrane [171]. The optical properties of FMO complexes together with the experimental
and theoretical approaches were reviewed recently in great detail [171]. We note that the
photophysical investigations published thus far were performed on FMO trimers rather than
monomers. Nevertheless, additional studies of the monomeric system as performed here yield
insight into properties also of the trimeric arrangement.
A few years ago, using two-dimensional correlation spectroscopy the Fleming group re-
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ported evidence for coherent energy-transfer dynamics in FMO [19, 117]. Because of the
unexpectedly long coherence times of around 700 fs at 77 K, the findings provoked a large
number of further studies, both experimental and theoretical ones. By now, similar coherence
times have been shown to arise at higher temperatures [28] for the same FMO complex of
Chlorobaculum tepidum, for a photosynthetic complex of marine algae at ambient temperature [29] as well as in conjugated polymers [118]. It has been suggested that the long-lived
coherence is due to correlations of site energies fluctuations [172]. A few publications have
investigated the possible effect of correlated motions [31, 104, 173–178]. In earlier simulations
for LH systems combined with semiemperical electronic structure calculations, reported by
several of the present authors, we did not find spatial correlation in the time dependence
of the site energies [15, 61]. Alternative suggestions that the long-lived coherences originate
from interferences of different quantum pathways have been put forward recently [179, 180].
In this paper, we aim to give a parameter-free calculation of the excited-state dynamics
and the linear and two-dimensional spectra for FMO. Our method is based on a combination
of classical molecular dynamics (MD) and electronic structure calculations. Using MD one
can model complete LH systems [61, 94]. Nonetheless, MD simulations are neither able to
describe the optical properties of such systems nor the excitation transfer therein. For such
description, one has to couple electronic structure calculations to the classical simulations
[61, 88, 94, 96, 181, 182]. Even for semiempirical methods, the determination of the electronic
structure of the complete system over time is computationally expensive. Therefore, one usually adopts a subsystem-based approach in which the excitation energy for each individual
BChl is calculated separately. In addition to the individual excitation energies, one needs
to determine the electronic coupling between the subsystems. To record the effect of the
thermal fluctuations on the energy transfer dynamics and optical properties, the quantum
chemistry calculations of the excitation energies and the electronic couplings have to be performed along an MD trajectory [53, 61, 88, 94, 96, 183]. To calculate the vertical transition
energies of the BChl molecules involved in the LH systems, the semi-empirical Zerner Intermediate Neglect of Differential Orbital method with parameters for spectroscopic properties
(ZINDO/S) has been shown to be a good compromise between accuracy and computational
speed [182]. The ZINDO method is based on the Hartree-Fock framework but two-center
electron interaction integrals are neglected. ZINDO/S does not only denote a ground state
method but the approach does yield the excited states employing the Configuration Interaction Singles method (also called ZINDO/S-CIS) at the same time. In a recent study for
a LH2 system [61] we compared this method combined with the TrEsp approach for the
electronic coupling to other commonly used approaches. TrEsp is the abbreviation for the
method of transition charges from electrostatic potentials [60, 184]. The method has been
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applied to different light-harvesting systems before [185].
Non-linear spectroscopic experiments such as photon echo peak shift [186] and pumpprobe spectroscopy, permit the study of excitation dynamics. The emergence of two-dimensional
correlation spectroscopy (2D CS), first in the infrared [187] and later in the visible [19]. made
it possible to obtain very detailed information about the excitation dynamics in a system.
2D CS is closely related to the well known two-dimensional NMR COSY technique [188]
and basically relies on correlating the frequencies observed at one time with those that are
detected after a time delay. In this way the information is spread in two-dimensions and
the technique is particularly sensitive to fluctuations in the eigenfrequencies arising from
environmental fluctuations and exciton dynamics. 2D CS is therefore ideally suited for the
study of exciton transport in light harvesting systems [19, 117] and, as mentioned above, it
has been experimentally applied to LH complexes and the FMO system.
We will present simulations of the linear absorption, population transfer and two-dimensional
spectra of the FMO complex in an approach, without any free parameters, that combine MD
simulations, semi-empirical electronic structure calculations and spectral simulations. The
results do depend of course on the MD force field, and the semi-empirical parameterization,
but none of the two were adjusted to obtain agreement with the experiments that we will compare with. Previous studies either used average energies extracted from fits to the spectra at
low temperature or obtained from electronic structure calculations of the crystal structure.
To account for the environmental dynamics, previous studies typically assumed Gaussian
fluctuations of the site energies around the average. We will show that this assumption is
not justified.
For the spectral simulations we will employ the numerical integration of the Schrödinger
equation (NISE) scheme [80, 81]. The advantage of this scheme is that it allows the calculation
of spectra directly from trajectories of the Hamiltonian without assuming the Condon or
Gaussian approximations made in most other approaches [42, 189, 190]. In contrast to
density matrix approaches all time-dependent information is used directly without any prior
averaging. For example, transition dipole moment (TDM) changes arising due to non-Condon
effects are included as well as their fluctuations over time. These stated changes are usually
neglected in density matrix approaches. The largest drawback of our approach is that it can
only be applied in the high temperature limit, when the exciton bandwidth is not too large
compared to kB T . Recently good results were found for the OH-stretch vibration, where the
bandwidth is about 2 kB T [191].
The present contribution is organized as follows: In the next section the MD simulations
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Figure B.1: A: The FMO trimer with the protein structure in cartoon representation. B:
Shown are the eight BChls of one monomer together with the close BChl 8’ of the neighbouring monomer. C: The directions of the transition dipole moments between the ground state
and the first excited state within each monomer are depicted. Figures drawn using VMD
[147].
and the electronic structure calculations yielding the site energies, couplings, and transition
dipole moments are introduced. The respective results are discussed and compared to literature values. Exciton dynamics is the focus of section III, while linear absorption and
two-dimensional spectroscopy is studied in section IV. The paper ends with some concluding
remarks.

Site energy and electronic coupling calculations
Methods
Classical all-atom MD simulations were carried out at room temperature on the basis of the
trimeric crystal structure of Chlorobaculum tedium (PDB code: 3ENI). Starting from this
structure, two different simulations were carried out. The first one involved the full trimeric
structure with eight BChls per monomer as seen in vivo and in photophysical experiments;
the second simulation involved only one monomer to investigate the importance and differences between the monomeric and trimeric complex. In the following these simulations
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will be denoted as trimer and monomer simulation, respectively. During equilibration of the
monomer, the eighth BChl left the complex and, therefore, was removed from the simulation,
i.e., the analysis in this case is restricted to seven pigments. The weak bond of the eighth
BChl in a monomer explains why it was found so late in structural studies. The molecular
dynamics simulations explicitly included all atoms of the BChls, the protein scaffold and the
water molecules using the CHARMM force field including the TIP3P water model. The specific setups and simulation protocols are described in detail in Ref. 15. After equilibration,
trajectories were calculated with an integration step size of 1 fs, but frames were recorded
only every 5 fs. The total lengths of the trajectories were 300 ps for the monomer and 200 ps
for the trimer simulations.
In a subsequent step, the electronic properties of the multi-chromophore system were
calculated for each saved frame of the MD trajectory. The electronic properties thus calculated are the time-dependent site energies (differences between ground and excited state)
and transition dipole moments of the individual BChls as well as the electronic couplings
between them. The technical details of the calculations can be found in Ref. 61. To this
end, the ORCA code (University Bonn, Germany) [135] was employed in order to calculate
the energy gap between ground and first excited state, i.e., the Qy state, for all BChls in
the complex individually. Due to the large number of necessary calculations, we employed
the semiempirical ZINDO/S-CIS(10,10) method using the ten highest occupied and the ten
lowest unoccupied states, which has been shown to be a good compromise between efficiency
and accuracy [61, 96, 182]. To further increase the efficiency for the QM calculations, each
terminal CH3 and CH2 CH3 group as well as the pythyl tail were replaced by H atoms [56, 96].
This restriction of the quantum system has little influence on the results since the optical
properties of BChls are determined by a cyclic conjugated π-electron system. To account
for effects of the environment on the orbital energies, the point charges surrounding the
truncated BChl molecule stemming from the MD simulations within a cutoff radius of 20 Å
were included in the ZINDO/S-CIS calculations which, at the same time, yield the transition
dipole moments. In Ref. 61 the effect of varying the cutoff radius was discussed in more
detail.
Since in the FMO complex the minimum inter-pigment distance is 11 Å, the coupling
among the individual BChls is safely approximated by the Coulomb part only and given by
Vnm =

f X qIT · qJT
.
4π0 I,J |RIm − RJn |

(B.1)

In this method, the TrEsp approach [60, 184], one uses atomic transition charges qIT which

113
P
describe the transition density %(r) = I qIT δ(r − RIm ). The charges are localized at the
position RIm of atom I of the mth BChl. Experimentally, a transition dipole moment of 6.3
Debye [192] for BChl a was estimated. As described in the TrEsp procedure [60, 184] and to
match the experimental value on average, it is necessary to rescale the transition charges, as
extracted from the TDDFT/B3LYP data set in Ref. 60, by a factor of 0.728. The transition
charges are assumed to be constant. Solvent effects on the electronic coupling are taken into
account through a distance dependent screening factor f [? ]. A comparison of the effect of
different approaches can be found in Ref. 61.

Energies
As summarized in a recent review [171], there have been several studies aiming at the determination of the site energies of FMO. For Chlorobaculum tepidum several attempts have
been performed to extract the energies by fitting of the optical spectra [34, 193, 194] . In
another approach, the shifts of the site energies due to charged amino acids were calculated
based on the crystal structure using seven [34] or eight [16] BChls per monomer. B.2 and B.1
show the results of the present study. In contrast to the earlier investigations we are not just
obtaining a single value per site energy but a whole distribution, i.e., the density of states
(DOS) along the MD trajectory. Shown in B.2 are both the results based on the monomer
and the trimer simulations as calculated from 60000 and 40000 snapshots, respectively. For
the trimer simulation, the values have been averaged over the three monomers within the
trimer. The individual DOSs are broad, non-Gaussian distributions with a tail at the high
energy side. As can be easily seen, there are differences for the distributions from monomer
and trimer simulations. Obviously, the different environments and the varying flexibility of
the complexes show their influence on the site energies. In the monomer simulations one
finds more variation among the individual site energy distributions compared to the trimer
case, where the site energy distributions largely overlap. An exception is the DOS of BChl
7 and to some extent that of BChl 8. BChl 7, lying in the middle of the FMO monomers,
clearly has its DOS extending to the largest energies, which is especially prominent for the
trimer simulations and results from the charged environment. BChl 8 shows a DOS that is
similar to those of BChls 1 to 6 but slightly biased toward high energies. When looking at the
site energies calculated without surrounding point charges this small bias is retained. This
behavior can be explained by a slightly different average conformation of BChl 8 compared
to those of pigments 1 to 6. Shown in addition in B.2 are the energies based on the static
crystal structure neglecting environmental effects. These results have been obtained without
accounting for the MD point charges of the environment. In this case, the different energies
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of the various pigments are solely due to the non-equilibrium geometries of the BChls since
only the energy gap for the fixed X-ray structure is calculated without taking environmental
effects into account. These effects have been calculated previously by Adolphs et al. [34]
using electrochromatic shift calculations.

monomer
10

DOS [a.u.]

5

trimer

BChl 1
BChl 2
BChl 3
BChl 4
BChl 5
BChl 6
BChl 7
BChl 8

10
5

1.4

1.45

1.5

1.6

1.55

1.65

1.7

1.75

E0→Q [eV]
y

Figure B.2: DOS of the energy gaps from monomer and trimer simulations. The vertical lines
indicate the energy values obtained for the static crystal structure neglecting environmental
effects, i.e., without accounting for the MD point charges of the environment.

Since the DOSs are skewed, their peak position is not identical to their average position.
In B.1 we list both, peak and average positions, for monomer and trimer simulations. In
addition, the values for the crystal structure are listed. In the latter calculations no environmental effects are included and, therefore, the spectra lack corresponding shifts. In case
of the trimer, the spread of the crystal structure energies is larger than the spread of the
peak positions obtained for the dynamic structures, i.e., the environment makes some of the
BChls more similar with regard to their DOS.
Next, we compare our results with those of previous investigations. To this end, the literature values are shown in B.3 together with the averages of the presently calculated DOSs.
It can be seen that the present average values are somewhat lower than those calculated in
previous studies. This corresponds to a shift in all BChl site energies at the same time. On
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1
2
3
4
5
6
7
8

monomer
peak [eV] average [eV]
1.480
1.532
1.472
1.500
1.488
1.518
1.488
1.506
1.488
1.543
1.496
1.522
1.496
1.558
-

trimer
peak [eV] average [eV]
1.492
1.516
1.482
1.503
1.477
1.493
1.482
1.507
1.482
1.501
1.487
1.504
1,502
1.554
1.482
1.520

crystal [eV]
1.483
1.476
1.470
1.442
1.486
1.459
1.423
1.470

Table B.1: Peak postions and average energies of the DOS for the monomer and the trimer
simulation as well as for the crystal structure.
Vulto et al.
Renger et al.
Adolphs et al.: electrochromic shift
Schmidt am Busch et al.
present average
present average shifted by 42 meV

1.6

1.56

y

<E0->Q > [eV]

1.58

1.54
1.52
1.5
1

2

3

4

5

6

7

8

Site
Figure B.3: Comparison of averages for individual site energies based on the trimer simulations to the results from Vulto et al. [193], Renger and May [194], and results from electrochromatic shift calculations by Adolphs et al. [34] as well as recent results from Schmidt
and Busch et al. [16]. In addition, a shifted version of the present site energies is shown that
reproduces the peak value of the experimental linear absorption spectrum.

blue shifting the present results by 42 meV, the peak position of the linear absorption spectrum can be reproduced (see below). This overall underestimate of the site energies results
from the semi-empirical ZINDO calculations. We note that even computational expensive
high-level quantum chemistry methods do not reproduce the correct energy gap [183]. The
site energy differences between BChls 1,2,3, and 5 agree quite nicely with the results by
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1
2
3
4
5
6
7
−
−10.78 0.47 −0.57 0.60 −1.67 −0.68
−4.26
−
3.19
0.75
0.16
0.97
0.54
0.61
3.50
−
−7.36 −0.02 −0.85 0.16
−0.29
0.76
−7.18
−
−7.44 −1.70 −6.28
0.50
0.14
−0.18 −9.40
−
7.87
0.20
−0.99
1.21
−0.89 −1.84 7.59
−
3.64
−0.79
1.11
1.75
−4.1
0.77
5.68
−

Table B.2: Intra-monomer average couplings from monomer structure in units of meV.
Upper triangle: intra-monomer couplings based on the monomer crystal structure. Lower
triangle: based on the monomer MD trajectory (grey background). Couplings with absolute
values above 1 meV are highlighted in bold.
Adolphs et al. [34] obtained using electrochromic shift calculations. For BChl 4 the shifted
version of the present energy lies in between those obtained in Refs.34 and 16. The largest
differences are found for BChls 6 and 7. In contrast to the previously discussed data set [34],
we calculated the average site energy of BChl 7 to be larger than that of BChl 6. On comparing the site energy distributions in B.2 and B.1, one finds that the DOS of BChl 7 has a
much longer tail than the other DOSs have; the difference between average and peak values
is larger than that of all other BChls. The additional pigment, BChl 8, has only been considered in one previous study so far [16]. Furthermore, in B.3 two additional energy sets from
the literature are shown. As can be seen there is quite a spread in energy for the different
sets. Nevertheless, for all sets, BChl 3 shows the lowest energy, i.e., excitation starting on
any of the pigments should finally end up to some degree at this chromophore.
We note that the difference between the DOS of BChl 7 to the other pigments is larger
for the calculations based on the trimer simulations than those based on the monomer simulations. In summary, there is considerable agreement with previous data sets for the site
energies, but there exist also significant differences. One has to keep in mind, that in the
present study we obtain whole distributions, while previous studies were based on fits to
spectroscopic data to seven BChls per monomer or on the static crystal structure.

Couplings
The couplings between the pigments shown in B.4 have been evaluated based on monomer
as well as trimer simulations. The normalized distributions of the various couplings were
deduced from the trajectories of the simulations. Let us first focus on the couplings from
the monomer simulations including 7 BChls yielding 21 couplings. Shown in B.4 are only
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Figure B.4: Density of couplings based on monomer and trimer simulations calculated using
the TrEsp approach. Shown are couplings with an average absolute value above 1 meV. The
sticks represent the corresponding values for the crystal structure conformation.

coupling distributions which on average have an absolute value above 1 meV. The sign of the
couplings depends on the charge distribution, i.e., on the dipole moments and their relative
orientation in the chromophores under consideration.
The largest absolute values of the couplings are around 10 meV. As can be seen, the
widths of the distributions vary; the coupling distributions at larger coupling strength have
a width of several meV compared to spreads of less than 1 meV for distributions exhibiting
weaker coupling. In contrast to the energy gap distributions, the coupling distributions are
more symmetric (albeit not always with a perfect Gaussian shape) and peak and average
values are rather close. The average values obtained from the crystal structure and the
monomer MD simulations are listed in B.2.
In contrast to other light-harvesting systems, for example, the LH2 systems of purple
bacteria, there is no symmetry in the FMO complex. Nevertheless, the numbering of the
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1
2
3
4
5
6
7
1
−
−10.78 0.47 −0.57 0.60 −1.67 −0.68
−
3.19
0.75
0.16
0.97
0.54
2 −9.96
3
0.44
2.91
−
−7.36 −0.02 −0.85 0.16
0.83
−6.18
−
−7.44 −1.70 −6.28
4 −0.50
5
0.56
0.06
−0.18 −7.86
−
7.87
0.20
0.93
−0.81 −1.65 6.92
−
3.64
6 −1.26
0.19
0.15 −5.23 0.58
4.09
−
7 −0.61
8
0.01
0.08
0.18 −0.14 0.50 −0.39 −0.65
0.41
0.09 −0.15 0.35 −0.90 −1.08
8B 2.60

8
8B
−0.01 3.17
0.07
0.46
0.22
0.08
−0.16 0.15
0.52
0.38
−0.48 0.93
−0.75 −1.08
−
0.49
0.45
−

Table B.3: Average intra-monomer couplings of the trimer structure in units of meV.
Upper triangle values based on the crystal structure. Lower triangle values based on the MD
trajectory.
BChls in the FMO complex is such that, at least for the average coupling values based on
the MD trajectory, the largest couplings are to BChls with neighbouring indices. For the
crystal structure values, only in the case of BChl 7, which is more or less surrounded by all
the other 6 BChls (see B.1), the strongest coupling of -6.3 meV is to BChl 4 instead of to
BChl 6, which is only 3.6 meV.
For some couplings, the crystal structure value is right in the middle of the distribution
from the MD trajectory, e.g. in case of coupling 5-6. For many BChl-BChl pairs the crystallographic structure coupling value is actually at the edge of the respective distribution. This
might be an indication that either the crystal structure conformation is not really an equilibrium conformation or that force field inaccuracies are leading to a slightly shifted equilibrium
conformation.
In the trimer system with 24 BChls there arise 276 couplings between the pigments.
Because of large spatial separations, many of these couplings are very small. The distribution
of intra-monomer couplings from the trimer simulations are also shown in B.4 and average
values are listed in B.3. As in case of the monomer simulation, almost all the couplings
with the largest absolute values are on the first secondary diagonal. As can be seen, there
are differences in the coupling values between monomer and trimer simulations. The most
prominent difference is between the coupling connecting pigments 1 and 2. In case of the
monomer simulations its average value is -4 meV while based on the trimer simulations
the coupling value is -10 meV. The discrepancy is due to the structural differences in the
two simulations and leads to rather different population transfer dynamics (see below). In
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Figure B.5: Scheme of the trimer complex and the included inter-monomer couplings:
The grey ellipses represent the single monomers A-C. There are two different 1-8 couplings
between different monomers. The red ellipse describes the coupling between pigment 1 and
the closest BChl 8 of a neighboring monomer (also depicted as 8B). Furthermore, the blue
ellipse describes the coupling between pigment 1 and the more distant pigment 8 of the third
monomer. Because of symmetry there is only one 1-1 coupling.

contrast to the monomer simulation, in the trimer simulation the monomer consist of eight
BChls. The absolute value of the coupling strength of the eighth BChl to the other seven
pigments within the same monomer is below 1 meV. As already indicated in B.1, the eighth
chromophore is actually closer to some of the BChls within the neighbouring monomers than
to those in its own monomer (see also B.5). Therefore we also added the coupling values of
a close monomer denoted here as BChl 8B. The coupling value of 2.6 meV between BChls 1
and 8B is, for the MD average values, only a factor of 1.5 smaller than that between pigment
6 and 7 and more than four times larger than the largest coupling between BChl 8 and
another pigment within the same monomer. Therefore an electronic excitation of a BChl 8
pigment will most likely be transferred to a neighbouring monomer rather than within the
same monomer.
The average values for the inter-monomer couplings extracted along the MD trajectory
are given in B.4 for the two different types of inter-monomer couplings indicated in B.5.
The same quantities based on the crystal structure are given in B.5. Only the mentioned
inter-monomer coupling between BChl 1 and BChl 8 is larger than 2 meV. Solely one of the
coupling between pigments, namely, between 7 and 8, has an average value slightly above
1 meV. All other couplings have absolute average values below 1 meV but there are many
of them. As a result, excitations from one monomer will eventually ”leak” to the other
monomers if not removed from the system beforehand.
The coupling values stated above have all been calculated using the TrEsp approach. A
very popular approximation for the coupling calculation is the point dipole approximation
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1
2
3
4
5
6
7
8
0.12 0.04 −0.07 0.08
0.29
0.19
0.11
2.60
0.18 −0.05 −0.31 −0.19 0.92
0.65
0.18
0.41
0.17 0.01 −0.33 0.70
0.57
0.28
0.49
0.09
0.04 0.06
0.08
0.24 −0.07 −0.05 0.24 −0.15
0.08 0.11
0.13 −0.01 0.22
0.01 −0.08 0.35
0.01 0.09
0.10
0.17 −0.17 −0.18 0.20 −0.90
0.04 0.03 −0.09 0.60 −0.20 0.01
0.71 −1.08
0.01 0.090 0.10 −0.10 0.16 −0.12 −0.28 0.45

Table B.4: Intermonomer couplings averaged over the MD trajectory in units of meV.
Upper triangle: couplings of monomer pairs of A-B, B-C and C-A. Lower triangle: couplings
of monomer pairs of A-C, B-A and C-B.

1
2
3
4
5
6
7
8

1
2
3
4
5
6
7
8
0.14 0.06 −0.06 0.08
0.31
0.16
0.13
3.17
0.21 −0.03 −0.32 −0.23 0.99
0.63
0.28
0.47
0.19 0.04 −0.28 0.63
0.61
0.27
0.58
0.08
0.04 0.06
0.06
0.26 −0.10 −0.04 0.26 −0.15
0.08 0.12
0.15 −0.04 0.24 −0.00 −0.10 0.38
0.00 0.09
0.09
0.19 −0.20 −0.18 0.24 −0.93
0.04 0.05 −0.09 0.63 −0.22 0.03
0.81 −1.08
0.00 0.07
0.10 −0.12 0.17 −0.13 −0.31 0.49

Table B.5: Intermonomer couplings based on the crystal structure in units of meV. Upper
triangle: couplings of monomer pairs of A-B, B-C and C-A. Lower triangle: couplings of
monomer pairs of A-C, B-A and C-B.
(PDA). Recently we tested this latter and other methods to determine coupling values for
the LH2 system [61]. With 11 Å the minimum inter-pigment distance in the FMO complex
is even larger than in the B800 ring. Therefore for most couplings the values calculated
using the PDA are very similar to the values calculated using the TrEsp approach. The
distributions (data not shown) of the couplings are, however, up to twice as broad as in the
case of the PDA. Nevertheless, there are some couplings which show a significant difference.
As an example we mention the coupling between pigments 5 and 6; the TrEsp method yields
an average value of 6.92 meV compared to 9.17 meV obtained from the PDA. Adolphs and
Renger also tabulate coupling values calculated using different approaches and based on the
crystal structure. Our results for the intramonomer couplings for the crystal structure are
rather similar to the values by these authors [34] using the transition monopole approximation
with a value for the dielectric constant ε of two and the crystal structure. Actually, most of
the present values are slightly smaller than those reported earlier [34]. As discussed above,
the average couplings based on the MD simulations either for the monomer or the trimer
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system sometimes deviate strongly from those for the crystal structure. In all calculations
below, TrEsp coupling values have been used.

Spatial correlations
As mentioned in the Introduction, spatial correlations in the fluctuations of the site energies
have been suggested to underly the experimentally observed long-lived coherence of BChl
excitations in FMO. In a previous publication [15] several of us have analyzed these correlations based on the same MD and electronic structure data as employed in the present study.
Only weak atomic correlations were found. BChls 1 and 2 exhibit somewhat significant correlation in their atomic motion, but not in the fluctuation of their site energies [15]. Some
correlation between couplings appear for cases in which two BChl pairs share a common
partner. For example, there is a significant correlation between couplings 4-5 and 5-7, i.e., if
pigment 5 is moving, this imposes a change in the geometric relationship between pigments 4
and 7 and, therefore, causes a correlation between the two couplings. Nevertheless, only very
few couplings showed at the same time correlated fluctuations, large coupling values, and
broad distributions. If one of these criteria is not fulfilled, the effect of correlated couplings
is negligible. Only if two couplings are relatively large, have large fluctuations and have a
non-negligible correlation, will an effect in the dynamics be observed. This is not directly
visible from the correlation values since the distributions are normalized.

Transition dipole moments
The transition dipole moments (TDM) of the individual BChls determine the optical properties of the FMO complex. The direction of each BChl’s TDM is indicated in B.1. The
dipole moment of individual BChls are often assumed to be in the direction of the NB -ND
axis within the molecule [184]. In the present study the transition dipole moments have been
determined through ZINDO/S calculations as detailed in Methods. The absolute values of
the TDMs have been rescaled by a factor of 0.567 to a value of 6.3 Debye, when averaged over
all BChls, which corresponds to the experimentally measured TDM value [192]. The relative
TDM magnitudes of the individual BChls after this common rescaling are shown in the inset
of B.6. Pigments 1-6 have similar magnitudes of their TDM, namely, 6.39 ± 0.41 Debye.
BChl 8 has a slightly smaller value (6.19 ± 0.50 Debye) as has chromophore 7 (5.97 ± 0.54
Debye). These are only averages with non-negligible fluctuations as indicated by the standard deviations. We note that there is significant deviation between the average magnitude

Chapter B. Excitation Transfer and 2D Spectra of FMO

av. TDM [Debye]

122

Density of angles

0.3

0.2

Cryst. str.
MD

6.6
6.4
6.2
6
1

2

3

4

5

6

Site

0

2.5

5

10
7.5
Φ(NBND,TDM)

8

BChl 1
BChl 2
BChl 3
BChl 4
BChl 5
BChl 6
BChl 7
BChl 8

0.1

0

7

12.5

Figure B.6: Magnitude and angle distributions of the TDM. The inset shows the magnitude
of the transition dipole moment averaged over the trimer trajectory and the three monomers
as explained in the text. The main graph shows the corresponding distribution of angles (in
degrees) between the TDM and the NB -ND axis of the individual BChls (solid lines) together
with the values based on the crystal structure (doted sticks, open squares) .

of the transition dipole moments based on the MD simulations and the corresponding crystal
structure data (also rescaled to an average value of 6.3 Debye).
In addition to the magnitude of the dipole moments, the orientation of the TDM is of
importance. The deviation of the TDM direction from the NB -ND axis has previously been
discussed [184]. As can be seen in B.6 the values fluctuate between 0° and 10°. Concerning
this property, pigments 1, 4, and 7 behave similarly. Also the pigment triple 2, 5, and 6 and
the pigment pair 3 and 8 behave similarly in regard to the distribution of deviation angles.
Though high precision calculations of the direction of the TDM are certainly of importance,
this example shows that one should not forget in carrying out such calculations that there is
quite a spread along a trajectory due to thermal fluctuation.
Supplementary to TDMs stemming from the ZINDO/S calulations, one can compute
TDMs using predefined transition charges from the TrEsp approximation (see section about
couplings). Compared to the distributions in B.6 the deviations of the directions from the
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NB -ND axis are Gaussian distributed between 0° and 5° with a peak maximum at around
2.2°(data not shown). The averaged magnitude is quite similar to that in the inset of B.6.

Excitation dynamics
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Figure B.7: Population dynamics based on the monomer simulation. Shown is the population decay from the respective initially excited chromophore in a monomer, i.e., the decay
shown results from calculations with seven different initial conditions.

The dynamics of the electronic properties along the room-temperature MD trajectory can
be used to describe the effect of the environment on the exciton dynamics. This is sometimes
called a ground-state classical path description since the MD trajectory is a ground state
trajectory based on classical dynamics, i.e., it does not include the dynamics on excited
electronic states. Nevertheless, this procedure is expected to yield a rather useful description
for excitation energy transfer processes. For charge transfer scenarios this might be less
accurate since a moving charge influences a classical MD simulation much more than a rather
localized excitation. For the present purpose one may first determine the spectral density and
then compute exciton dynamics and optical spectra [61, 94]. Here we employ an alternative
strategy and use the time-dependent site energies of the pigments and their couplings in a
wave packet calculation [80, 81, 85, 86, 195] employing the NISE approach. In this approach
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the evolution of the wavefunction is calculated by solving the time-dependent Schrödinger
equation for the fluctuating Hamiltonian. As this cannot be done directly time is divided into
short time intervals during which the Hamiltonian can be assumed to be constant. The timeindependent Schrödinger equation is then solved successively for each time interval providing
the solution of the time-dependent Schrödinger equation as long as the short time intervals
are brief enough. This implies that the actual fluctuating Hamiltonian is used directly in
determining the exciton dynamics and no assumptions on the nature of the spectral density
or density of states is made. The averaging of the fluctuations is achieved by averaging over
multiple starting configurations along the trajectory. For calculating the exciton dynamics
this was done assuming that the excitation was initially localized on one of the sites. The
exciton dynamics was determined using the complete trajectory length available, i.e., 300 ps
for the monomer and 200 ps for the trimer simulations with 5 fs time steps between snapshots.
The calculations of 1000 fs length were repeated with starting times 100 fs apart in order to
average over sufficient starting configurations of the bath. This sample rate is chosen because
temporal correlation of the individual site energies is negligible after 50 fs.
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Figure B.8: Same as in B.7 based on the trimer simulation. The line style distinguishes the
three monomers.
Before analyzing the population dynamics in the FMO complex we want to emphasize
once more that the present calculations are based on room-temperature MD simulations.
Many previous results for the excitation dynamics in the FMO complex are based on model
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assumptions for a spectral density and often have been performed at 77 K [31, 173–179].
This lower temperature in previous studies lead to less dephasing in the excitation dynamics
compared to the one shown below. To illustrate the resulting population dynamics we excited
individual pigments in the FMO monomer. In B.7 the corresponding population decay is
shown for the initially excited chromophore. In case that BChl 1 is excited, 50 % of the
excitation remains at this pigment for 1000 fs while for BChl 4 it remains there only for
100 fs. The time difference agrees with the coupling values resulting from the monomer
simulation as seen in B.4. The coupling to pigment 1 is small while the largest coupling is
found to chromophore 4. Interestingly, the situation changes when performing the same kind
of simulations for the trimer, as shown in B.8. Of course, in case of the trimer simulations
there are three different population decays for initially exciting a specific pigment in one of the
three monomers. The three respective curves are seen to be similar but not identical. With
sufficient sampling, these curves should become identical. In the trimer case the population
transfer away from the initially excited pigments 1 or 2 is much faster than in case of the
monomer simulations. As can be seen in B.8 and discussed above, the coupling between
BChl 1 and 2 is lower by a factor of 2.5 in the monomer case leading to slower population
transfer from the initially excited BChl 1 to BChl 2 in the same monomer and vice versa.
Furthermore, one single coherent oscillation is observed in the population transfer from BChl
1. Initially exciting BChl 8 leads to the slowest transfer to the other pigments. Transfer from
the other chromophores proceeds at similar speed in the cases of monomer and trimer. The
difference between monomer and trimer simulations is partly due to the different long-time
limits imposed by the theory. The wave packet simulations employed here implicitly include
a high-temperature limit, i.e., in the thermodynamics limit all sites are equally populated.
Since the number of sites in the monomer and trimer case are different in the different
simulations, also the long-time populations of the two different simulations are not the same.
In vivo, the FMO complex is supposed to transfer excitation energy from the chlorosomes
to the reaction center. This motivates one to take a closer look at energy transfer in this
direction. In B.9 the population transfer from site 1 to site 3 is shown, i.e., in the simulation
site 1 was initially excited and the population increase at site 3 was monitored. The same
is shown for the transfer from site 6 to 4. The population transfer is fitted with a function
assuming direct transfer between the pairs: P (t) = A(1 − exp(−t/T1 )). The transfer times T1
for the transfer between site 1 and 3 is 58 fs and between 4 and 6 is 29 fs. The deviation in the
initial parts of the fit is due to the actual involvement of intermediate steps. The long-time
decay observed for the 6 to 4 transfer arises because the population is first transferred quickly
between those sites and only slowly to other sites in the complex. If one knows the number
of intermediate steps the transfer can be treated using Poisson statistics [196]. Instead of
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Figure B.9: Population transfer across the FMO complex trimer over the three monomers.
Shown as solid line is the increase of population on sites 3 and 4, respectively. The dashed
lines indicate the corresponding fits. BChls 8’ and 8” belong to neighbouring monomers.

attempting to construct a complex model for the transfer, we will here simply make the
observation that the transfer across several BChls within the FMO complex and involving
BChls 1 to 7 is predicted to be very quick within our model with transfer times below 100
fs. Though BChl 7 has the largest average energy, it is nevertheless involved in some of the
energy transfer pathways. Initially exciting BChl 6, for example, leads to roughly the same
excitation on chromophores 5, 6, and 7 after 1 ps. In case BChl 1 is initially excited, basically
no excitation energy goes through BChl 7.

In addition to the intra-monomer dynamics discussed, transfer from BChl 8 of the three
different monomers to BChl 3 in a specific monomer is displayed in B.9. The fastest transfer
between BChls 8 and 3 does not take place within one monomer, but between different
monomers with a transfer time T1 of about 1.4 ps. As mentioned above, the coupling of this
pigment to the other BChls in the same monomer is smaller than that to one of the other
two neighbouring monomers. This is due to the spatial organisation of the BChls in the
FMO complex as already indicated in B.1. Inter-monomer transfer is mainly due to BChl 8;
transfer away from BChl 8 in B.8 is mainly caused by transfer to a neighboring monomer.
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Spectroscopy
Linear absorption and two-dimensional spectra were calculated for the FMO trimer using
the NISE approach [81], describing the exciton dynamics in the same way as in the previous
section. To calculate the response functions governing the linear and two-dimensional spectra
we employed a recently developed sparse matrix algorithm [191] including the split operator
propagation scheme for propagating two-exciton states [197]. This sparse scheme was only
applied during the coherence times (t1 and t3 ), while the exact one-exciton Hamiltonian was
propagated during the waiting time (t2 ). This scheme was developed for treating coupled
three level systems, i.e., systems where two-exciton states with double excitation on the
same site are also allowed. Here, this third level was effectively eliminated by adding a large
artificial anharmonicity moving the third level far away from the off-site two-eciton states
[198]. The spectra were calculated for 100 ps of the trimer trajectory with 5 fs between
the snapshots and for the full 300 ps of the monomer trajectory. The spectral calculation
was repeated with starting times 50 fs apart resulting in a total of 1975 samples for the
two-dimensional spectra for the trimer. In case of the monomer the calculation was repeated
100 fs apart resulting in a total of 2988 samples. For the linear absorption the sample times
were 5 fs apart resulting in a total of 19360 samples for the trimer and 59744 samples for
the monomer. The coherence times were sampled using 5 fs intervals up to 640 fs for both
monomer and trimer. Furthermore, the waiting time was probed with 25 fs intervals up to
1000 fs. Orientational averaging was performed by averaging over the 21 unique molecular
frame polarization directions and adding those up with the proper weight factors to obtain
the parallel and perpendicular polarization spectra [199]. Finally, the 2D CS spectra were
obtained by a double Fourier transform of the coherence times into the two frequency axes
ω1 and ω3 .
In B.10 the linear absorption spectra are shown. The monomer as well as the trimer
spectra contain one peak with a long tail stretching to higher frequencies. In both cases the
position of this peak is at 12020 cm−1 (1.49 eV), i.e., close to the typical position of the
single site energies (see B.2). The overall peak shape also resembles the single site DOS.
The full-width-half-maximum (FWHM) of the absorption peak is 320 cm−1 (40 meV) for the
trimer and 391 cm−1 (49 meV) for the monomer. For the FMO complex of Chlorobaculum
tepidum the linear absorption at room temperature was measured by Freiberg et al. [200].
The experimental absorption peak is at 12350 cm−1 (1.53 eV) and the FWHM of the spectrum
is 448 cm−1 (56 meV). As in the calculated spectrum a tail stretching to higher frequencies
is observed, which indicates that the non-Gaussian site energy distribution that we find is
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Figure B.10: Linear absorption spectrum for FMO at room temperature calculated for the
trimer (black solid line) and monomer (red solid line) along with the experimental data for
the monomer (dashed line) extracted from Freiberg et al. [200].

real. To obtain the same peak position for both, the simulated and the experimental spectra,
one could introduce a common shift for all site energies of 42 meV as discussed above. Both
the simulated and the experimental widths are smaller than the typical width of the DOS of
about 525 cm−1 (62 meV). This means that the spectrum is narrowed due to exchange and
motional narrowing effects. To analyze this in more detail we calculated the spectra in the
static limit, where the effect of motional narrowing is neglected. We found that the linear
spectra are comparable in width to the DOS, leading to the conclusion that the narrowing of
the spectrum is due to fast fluctuations of the site energies. This is further supported by the
observation that the delocalization length according to the definition of Thouless [201] is only
1.4 for the monomer and 1.6 for the trimer indicating that the excitations are predominantly
localized.
The bandwidth in the discussed spectra is about 60 meV, which corresponds to kB T
for a temperature of 700 K. This value implies that one needs to be concerned with finite
temperature effects. For the linear spectra temperature effects should not be significant,
however, since the spectral dephasing time (∼30 fs) is shorter than the population transfer
times. As stated in Introduction, previous simulations of the exciton transfer for the OH-
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stretch vibration, where the bandwidth is about 2 kB T [191], found good agreement with
experiment.

Figure B.11: The 2D correlation spectroscopy spectrum with parallel polarization and
different waiting times of the monomer. To amplify weak features, the contours are plotted
at equidistant (10%) intervals of arcsinh(10×S), where S is the signal normalized to the peak
height for waiting time zero.

The 2D CS spectra with parallel polarization of the monomer and trimer are shown in B.11
and B.12 for a representative subset of waiting times. Since no excited state absorption can
be recognized, only one peak is observed, originating from ground state bleach and stimulated
emission. Experimentally such peak was detected (also for Chlorobaculum tepidum) above the
main peak at lower temperatures [28]. The excited state absorption decreases in experiment
with increasing temperature and is almost gone at 277 K. The magnitude and position of the
ground state bleach and stimulated emission peak is a signature of strong exitonic coupling
and delocalization [180, 202]. The present spectra thus demonstrate that excitations at
300 K are predominantly localized, in agreement with the delocalization length discussed
previously. For the linear absorption, the peak position in the calculated 2D CS spectra
is at lower energies than in the experiment [28] and the line width is a bit narrower. It is
noteworthy that the trimer spectrum is narrower than the monomer spectrum demonstrating
that the trimer is more ordered. Comparing the shape obtained for the monomer in a 300
K simulation for a waiting time of 400 fs with that observed at the same waiting time but
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Figure B.12: The 2D correlation spectroscopy spectrum with parallel polarization and
different waiting times for the trimer. The contours are plotted as in B.11.

at 277 K, the calculated spectrum has more pronounced wings, which is typical for faster
site energy fluctuations. The difference might simply arise since the higher temperature in
the simulation results in faster fluctuations or it can be an indication that the fluctuations
caused by the dynamics in our molecular dynamics simulations are too fast.
We extracted the frequency integrated anisotropy from the 2D CS spectra as shown in
B.13. This anisotropy is a frequently used measure of the orientational motion or population
transfer [81, 203]. For the extraction, we fitted the anisotropy to a biexponential function
with offset. For the monomer we found decay constants 55 fs and 240 fs, and for the trimer
we found 50 fs and 420 fs. Apart from a bump at 300 fs for the trimer and at 600 fs for
the monomer with heights of these bumps smaller than the error bars in the simulation
results, there is no indication of coherent oscillations. The obtained time scales compare well
with the time scales typically found in population transfer analysis. The anisotropy decay
is completely attributed to exciton transfer between different sites, since the BChls are not
reorienting significantly on the sub-picosecond time scale. This attribution is also supported
by calculating the anisotropy from the autocorrelation of the TDM as given by equation 9 in
Ref. 204. For the trimer the anisotropy decays to below 0.1 within a picosecond, indicating
that the average excitation at this time is delocalized over more than two units. If only two
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Figure B.13: Calculated polarization anisotropy of the peak in the 2D correlation spectroscopy spectra at different waiting times for monomer (red, solid line) and trimer (black,
solid line), along with biexponential fits (dotted lines). In addition, the calculated anisotropy
from the autocorrelation of the transition dipole moments (dashed lines) is shown.

units are involved the anisotropy cannot decay below 0.1, unless the molecules rotate into the
third dimension not spanned by their initial transition dipole moment vectors. In contrast,
the monomer anisotropy never decays below 0.1. The faster decay in the trimer is a direct
reflection of the fact that the population dynamics is faster than in the monomer.
The diagonal peak intensity for the parallel and perpendicular polarization directions
is given in B.14. The intensities were extracted near the peak maximum at ω1 /2πc =
ω3 /2πc =12000 cm−1 . The peak for the parallel polarization is particularly sensitive to
population transfer. The anisotropy in the perpendicular polarization spectra remains constant on the time scale shown, while the anisotropy in the parallel polarization spectra exhibit
biexponential decays similar to those observed in the anisotropy decay. Neither of the peaks
exhibit signatures of coherent oscillations.
Finally, we extracted the absolute value of the off-diagonal intensity taken 150 cm−1 below
the peak (see B.15). This particular point is chosen for comparing with the off-diagonal point
examined by Engel et al. [28]. At this point no cross peak is resolved at room temperature,
but a hidden cross peak between two BChl a chromophores might affect the spectrum. For
the parallel polarization no oscillations can be resolved. The decay behavior is again typical
for population transfer. For the perpendicular polarization a weak damped oscillation is
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Figure B.14: The diagonal peak intensity of the 2D correlation spectroscopy spectra at
different waiting times for the monomer (red) and the trimer (black). The solid lines are
biexponential fits with an offset.

observed. The oscillation is slightly larger for the trimer, but longer lived for the monomer.
Attempts to fit the oscillations reveal that the dominant frequency is 136 cm−1 in both cases.
In particular for the monomer it is, however, difficult to obtain a unique fit and due to the
level of noise we refrain from attributing significance to the oscillations. We do, however, note
that the dominant frequency coincides with the 160 cm−1 frequency experimentally observed
at lower temperature [28].

Conclusions
In this study we have performed simulations of the exciton dynamics and optical spectra
for the FMO complex starting from MD simulations and employing quantum chemistry
calculations to generate a time-dependent exciton Hamiltonian. Simulations were performed
for both a single FMO monomer and a trimer. Interestingly, in the monomer simulations, an
eighth BChl, only recently found in a new crystal structure, did not form a stable complex
with the rest of the protein. The main monomer simulations were therefore carried out with
only seven BChls. The MD trajectories at room temperature show the thermal fluctuations
of the atoms within the protein and the BChl molecules.

Off-diagonal Absolute Value Signal [a.u]
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Figure B.15: The absolute value of the off-diagonal peak intensity of the 2D correlation spectroscopy spectra at different waiting times. Taken at ω1 /2πc=12000 cm−1 and ω3 /2πc=11850
cm−1 . The monomer data is given in red and the trimer data in black. The full lines are fits.

In subsequent semi-empirical quantum chemical calculations along the MD trajectory,
the effect of thermal fluctuations on ground and first excited state of the BChl molecules was
calculated. We found that the gaps between first excited state and ground state, denoted
as site energies, show similarities and differences with previous studies. The distributions of
calculated site energies show rather broad non-Gaussian fluctuations which are much broader
than the splitting between individual site energies; the distributions also exhibit pronounced
blue tails. The distribution widths of the intra-monomer and inter-monomer BChl couplings
are roughly proportional to the absolute value of the couplings. In a previous study we
already showed that at ambient temperatures no relevant spatial correlation could be found
in the site energies or the couplings [15].
Based on the results from the electronic structure calculations, we were able to parametrize
a time-dependent model of coupled sites. The solution of the Schrödinger equation in this
model revealed the excitation energy transfer within the FMO complex as well as optical
properties. Due to the different coupling values in the monomer and trimer results, especially between BChls 1 and 2, the exciton dynamics based on monomer and trimer MD
simulations were found to differ significantly. Within the trimer the coupling between the
pigments 1 and 2 is so large that faint coherent oscillations are observed despite the fluctuating environment. This observation may be connected to the experimentally observed
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coherences at room temperature [28]. In general the population transfer between different
states was faster in the trimer due to larger couplings and narrower site energy distributions.
One can therefore expect coherent oscillations to be larger in the trimer than those already
observed in the monomer.
Transfer between individual chromophores, whether directly or indirectly connected by
strong couplings, occurs on time scales below 100 fs. Interestingly, although the 8th BChl
is situated closest to the chlorosome baseplate [? ], indicating that it could be the first
pigment to receive excitation from the chlorosome, it has the slowest transfer rate to any
other pigment. The role of 8th BChl may thus only be to assist excitation transfer between
FMO monomers within the trimer and not to directly receive excitation from the chlorosome.
Optical properties of the FMO monomer and trimer complex were determined. For the
monomer the simulated peak position of the linear absorption is only about 3% off the experimental value and the width is 15% narrower than the observed width. The skewed shape
of the experimental absorption line shape is well reproduced by the simulation. The skewness originates from the non-Gaussian distribution of the individual site energies. The overly
narrow line width may be a result in the simulations from inaccuracies in the force field
parameters, use of ground-state classical path dynamics, undersampling of protein conformations, neglect of polarization effects, low sensitivity to fluctuations in the environment, errors
in site energies based on the semi-empirical ZINDO/S method or too fast environmental fluctuations resulting in too much exchange narrowing. Furthermore, the TrEsp couplings are
based on fixed transition charges and have been mapped onto dynamical structures which
might also change the effect of exchange narrowing. On the positive side we note that the
calculated 2D CS spectra show no distinct features just as in the experimental counterparts
at 277 K. In the absolute value of the off-diagonal intensity taken 150 cm−1 below the peak,
very small oscillations are visible, which might be connected to what is seen in experiment at
lower temperatures. To establish a clearer connection one would have to repeat simulations
at lower temperatures. Here we considered the energy transfer through the FMO complex at
room temperature. At lower temperatures the transfer mechanism is surely different as the
magnitude and speed of the dynamics of the environmental will be smaller and slower.
From our simulations we find that even though little coherent population transfer between
sites is observed in the FMO complex at room temperature the overall excitation transfer is
very efficient with transfer times across the complex of only 100 fs. The transfer is predominantly occurring through the individual monomers which can be thought of as individual
energy transfer channels due to small couplings between sites in different monomers. The
transfer is more efficient in the naturally ocuring trimer than in the monomer due to smaller
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energy fluctuations and larger couplings. The reason that the transfer, even though incoherent, can be highly efficient is that the site energy fluctuations are very fast, resulting in
non-adiabatic population transfer occurring every time the site energies of coupled sites are
close, which happens on a 100 fs time scale.
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Different Types of Vibrations Interacting with Electronic Excitations in Phycoerythrin 545
and Fenna–Matthews–Olson Antenna Systems. J. Phys. Chem. Lett., 5: 3131–3137, August
2014.
[4] Mortaza Aghtar, Johan Strümpfer, Carsten Olbrich, Klaus Schulten, and Ulrich Kleinekathöfer.
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[129] P. Heřman, U. Kleinekathöfer, I. Barvı́k, and M. Schreiber. Exciton scattering in
light-harvesting systems of purple bacteria. J. Lumin., 94&95:447–450, 2001.
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[171] M. T. Milder, B. Brüggemann, R. van Grondelle, and J. L. Herek. Revisiting the optical
properties of the FMO protein. Photosynth. Res., 104:257–264, 2010.
[172] P. G. Wolynes. Some quantum weirdness in physiology. Proc. Natl. Acad. Sci. USA,
106:17247–17248, 2009.
[173] P. Rebentrost, M. Mohseni, and A. Aspuru Guzik. Role of Quantum Coherence and
Environmental Fluctuations in Chromophoric Energy Transport. J. Phys. Chem. B,
113:9942–9947, 2009.
[174] Ahsan Nazir. Correlation-Dependent Coherent to Incoherent Transitions in Resonant
Energy Transfer Dynamics. Phys. Rev. Lett., 103:146404, 2009.
[175] Francesca Fassioli, Ahsan Nazir, and Alexandra Olaya Castro. Quantum State Tuning
of Energy Transfer in a Correlated Environment. J. Phys. Chem. Lett., 1:2139–2143,
2010.
[176] P. Nalbach, J. Eckel, and M. Thorwart. Quantum coherent biomolecular energy transfer
with spatially correlated fluctuations. New J. Phys., 12:065043, 2010.
[177] G. R. Fleming, S. Huelga, and M. Plenio. Focus on Quantum Effects and Noise in
Biomolecules. New J. Phys., 12:065002, 2010.
[178] Darius Abramavicius and Shaul Mukamel. Exciton dynamics in chromophore aggregates with correlated environment fluctuations. J. Chem. Phys., 134:174504, 2011.
[179] D. Abramavicius and S. Mukamel. Quantum oscillatory exciton migration in photosynthetic reaction centers. J. Chem. Phys., 133:064510, 2010.
[180] A. G. Dijkstra, T. L. C. Jansen, and J. Knoester. Localization and coherent dynamics of
excitons in the two-dimensional optical spectrum of molecular J-aggregates. J. Chem.
Phys., 128:164511, 2008.
[181] R. C. Walker, I. P. Mercer, I. R. Gould, and D. R. Klug. Comparison of basis set
effects and the performance of ab initio and DFT methods for probing equilibrium
fluctuations. J. Comput. Chem., 28:478–480, 2007.

162

BIBLIOGRAPHY

[182] M. C. Zwier, J. M. Shorb, and B. P. Krueger. Hybrid molecular dynamics-quantum
mechanics simulations of solute spectral properties in the condensed phase: evaluation
of simulation parameters. J. Comput. Chem., 28:1572–1581, 2007.
[183] J. Linnanto and J. Korppi Tommola. Quantum chemical simulation of excited states
of chlorophylls, bacteriochlorophylls and their complexes. Phys. Chem. Chem. Phys.,
8:663–667, 2006.
[184] T. Renger. Theory of excitation energy transfer: from structure to function. Photosynth. Res., 102:471–485, 2009.
[185] M. E. Madjet, F. Müh, and T. Renger. Deciphering the influence of short-range electronic couplings on optical properties of molecular dimers: application to ”special pairs”
in photosynthesis. J. Phys. Chem. B, 113:12603–14, 2009.
[186] W. P. de Boeij, M. S. Pshenichnikov, and D. A. Wiersma. Chem. Phys. Lett., 253:53,
1996.
[187] P. Hamm, M. H. Lim, and R. M. Hochstrasser. Structure of the amide I band of
peptides measured by femtosecond nonlinear-infrared spectroscopy. J. Phys. Chem. B,
102:6123, 1998.
[188] R. R. Ernst, G. Bodenhausen, and A. Wokaun. Principles of nuclear magnetic resonance in one and two dimensions. Oxford University Press, New York, 1995.
[189] L. Z. Sharp, D. Egorova, and W. Domcke. Efficient and accurate simulations of twodimensional electronic photon-echo signals: Illustration for a simple model of the FennaMatthews-Olson complex. J. Chem. Phys., 132:014501, 2010.
[190] B. Palmieri, D. Abramavicius, and S. Mukamel. Interplay of slow bath fluctuations and
energy transfer in 2D spectroscopy of the FMO light-harvesting complex: benchmarking
of simulation protocols. Phys. Chem. Chem. Phys., 12:108–114, 2010.
[191] T. L. C. Jansen, B. M. Auer, M. Yang, and J. L. Skinner. Two-dimensional infrared
spectroscopy and ultrafast anisotropy deca y of water. J. Chem. Phys., 132:224503,
2010.
[192] R. G. Alden, E. Johnson, V. Nagarajan, W. W. ParsonC. J. Law, and R. G. Cogdell.
Calculations of Spectroscopic Properties of the LH2 Bacteriochlorophyll: Protein Antenna Complex from Rhodopseudomonas acidophila. J. Phys. Chem. B, 101:4667–4680,
1997.

BIBLIOGRAPHY

163

[193] Simone I. E. Vulto, Michiel A. de Baat, Robert J. W. Louwe, Hjalmar P. Permentier,
Tatjana Neef, Mette Miller, Herbert van Amerongen, and Thijs J. Aartsma. Exciton
Simulations of Optical Spectra of the FMO Complex from the Green Sulfur Bacterium
Chlorobium tepidum at 6 K. J. Phys. Chem. B, 102:9577–9582, 1998.
[194] Th. Renger and V. May. Ultrafast Exciton Motion in Photosynthetic Antenna Systems:
The FMO-Complex. J. Phys. Chem. A, 102:4381–4391, 1998.
[195] M. Kobus, R. D. Gorbunov, P.H. Nguyen, and G. Stock. Nonadiabatic vibrational
dynamics and spectroscopy of peptides: A quantum-classical description. Chem. Phys.,
347:208–217, 2008.
[196] D. A. Deranleau. General solution of the pseudo first-order rate equations for consecutive reactions with identical rate constant. Experientia, 38:661–662, 1982.
[197] A. Paarmann, T. Hayashi, S. Mukamel, and R. J. D. Miller. Nonlinear response of
vibrational excitons: Simulating the 2DIR Spe ctrum of liquid water. J. Chem. Phys.,
130:204110, 2009.
[198] D. Abramavicius, B. Palmieri, D. V. Voronine, F. Sanda, and S. Mukamel. Coherent
multidimensional optical spectroscopy of excitons in molecular aggregates; quasiparticle
versus supermolecule perspectives. Chem. Rev., 109:2350–2358, 2009.
[199] R. M. Hochstrasser. Two-dimensional IR-spectroscopy: polarization anisotropy effects.
Chem. Phys., 266:273–284, 2001.
[200] A. Freiberg, S. Lin, K. Timpmann, and R. E. Blankenship. Exciton dynamics in FMO
bacteriochlorophyll protein at low temperatures. J. Phys. Chem. B, 101:7211–7220,
1997.
[201] D. J. Thouless. Electrons in disordered systems and the theory of localization. Phys.
Rep., 13:93, 1974.
[202] L. D. Bakalis and J. Knoester. Pump-probe spectroscopy and the exciton delocalization
length in molecular aggregates. J. Phys. Chem. B, 103:6620–6628, 1999.
[203] S. Woutersen and H. J. Bakker. Resonant intermolecular transfer of vibrational energy
in liquid water. Nature, 402:507, 1999.
[204] Y.-S. Lin, P. A. Pieniazek, M. Yang, and J. L. Skinner. On the calculation of rotational
anisotropy decay, as measured by ultrafast polarization-resolved vibrational pumpprobe experiments. J. Chem. Phys., 132:174505, 2010.

