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2
General introduction

Biological photosynthesis forms an inspiring example for syn-
thetic solar cells. In order to study the functioning of light
harvesting in real time, both in natural and artificial setting,
ultrafast optical spectroscopy and supporting microscopic mod-
els are indispensable. This chapter introduces the general con-
cepts of photosynthesis and organic photovoltaics as well as the
spectroscopic and theoretical techniques used to study them.
As such, it lays the basis for the subsequent chapters.

2.1 Natural light harvesting

Solar energy has been sourcing life on earth since its very beginning, being har-
vested by photosynthetic bacteria, algae, and plants. Only relatively recently,
these natural light harvesters have witnessed the emergence of their synthetic,
man-made counterparts. In our quest for carbon-free energy resources, the sun is
arguably the most promising candidate,10 and as such the future energy economy
will benefit enormously from current efforts to optimize synthetic solar energy
capture. For the development of novel design strategies, there is a lot to learn
from the way nature has optimized light harvesting through a long history of evolu-
tion.11 This idea has motivated an intense research into photosynthetic complexes
going on for several decades already.12–14
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The general mechanism behind photosynthesis consists of the collection of
solar photons by molecular antennae and the subsequent transfer of the captured
energy towards reaction centers, where the energy is converted into chemical bonds
for long term storage.12 The underlying molecular machinery commonly consists
of densely packed coupled pigments (mostly chlorofylls or related chromophores)
embedded in protein environments. However, the specific structures are found to
take up a variety of different forms. Two of the best studied examples are the
photosynthetic systems from purple bacteria and those from green sulfur bacteria.
Purple bacteria are equipped with a conglomerate of ring-shaped protein-pigment
complexes that appear in two different sizes.15–17 The large variants, referred to
with the eloquent name Light-Harvesting complex 1 (LH1), enclose the reaction
center and presumably act as an energy transfer channel. The LH1 units are
surrounded by a multitude of smaller concentric ring pairs, called Light-Harvesting
complex 2 (LH2), where the absorption and transportation of solar energy takes
place.

In green sulfur bacteria, photons are captured by enormous molecular cylinders
called chlorosomes18, 19 (which are actually held together by noncovalent interac-
tions rather than a protein scaffold). The absorbed energy is then transferred to a
trimeric protein-pigment complex as a last step before it reaches the reaction cen-
ter. This trimer happened to be the first photosynthetic compound for which the
crystal structure, shown in Fig. 2.1, was determined.20, 21 Named after the scien-
tists responsible for these measurements, it is referred to as the Fenna-Matthews-
Olson (FMO) complex. Due to its structural simplicity, the FMO complex has
since remained the ideal system to study photosynthesis to ultimately become the
first light harvester for which the flow of energy between the coupled pigments
has been monitored in real time.22, 23

Originally, the transport of photosynthetic energy was considered to happen
diffusively through electronic excitations that hop from pigment to pigment (re-
ferred to as Förster resonance energy transfer). However, about a decade ago
optical experiments on the FMO complex displayed persistent beating signals in-
dicative of quantum effects taking place at time scales relevant to energy dynam-
ics.26 This observation stimulated the hypothesis that energy is transferred bal-
listically, in a much more versatile fashion than through diffusive motion (see also
chapter 1). Ever since, similar beating transients have been recorded for the LH2
ring27 and the reaction center of purple bacteria,28 as well as for light-harvesting
proteins from marine algae29 and higher plants,30 indicating that quantum effects
in photosynthesis are ubiquitous.

The encounter of quantum beats in light harvesters was not the first indica-
tion of the relevance of quantum mechanics to biology. In the late 1970s, Klaus
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Figure 2.1: Monomeric subunit of the FMO trimer. Shown are the pigments (yellow)
embedded in the protein scaffold (red). The figure is rendered with VMD,24 using the
structure file 3ENI.pdb (Ref. 25).

Schulten proposed that the navigation of migratory birds relies on a chemical reac-
tion occurring in the retina, involving an entangled electron pair.31 Interestingly,
the first mentioning of quantum biology traces back to Erwin Schrödinger, who
postulated in his book “What is life?” the philosophical idea that since molecules
obey quantum mechanics, so must living organisms as they are composed of
molecules.32 Still, quantum transport in photosynthesis is a somewhat unexpected
phenomenon. The involved protein-pigment complexes typically are embedded in
highly disordered environments,33 which expectedly results in a dephasing of the
electronic quantum excitation before transport takes place. Whether the observed
beatings signify ballistic motion, and if so, how the supporting interference effects
can survive the environment fluctuations, is thus an intriguing question.

Looking at the way nature has organized light harvesting could be highly
inspirational for the development of man-made analogues. In particular, studies
have reported on 100% quantum efficiency reached in bacteriochlorophyll photo-
oxidation in reaction centers,34, 35 opening up a thrilling prospect for the replication
of the responsible mechanism in man-made devices. However, it is important to
realize that biological complexes are not necessarily optimized in a way that is
desirable for synthetic solar cells. For living organisms, it is usually vital to prioritise
photoprotection mechanisms36 necessary for survival of their genes. Solar cells, on
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the other hand, have the sole purpose of reaching as high efficiencies as possible
over an extended time period.

2.2 Organic solar cells

Current state-of-the-art solar cell technology relies on inorganic materials such
as silicon. However, inorganic materials suffer from a number of disadvantages,
notably their expensive production procedure for which high temperatures and
ultra-clean vacuum conditions are necessary. In that respect, organic solar cells
form an attractive alternative. Organic molecules are abundant, have a small
ecological fingerprint, and generally are cheap and easy to process, which come
next to desirable material properties such as structural flexibility and low weight.37

Probably the most promising class of organic photovoltaics are heterojunctions
based on blends of conjugated polymers and fullerenes.38, 39 The great advantage
of organic heterojunctions is that they can be processed simply through ink-jet
printing or spin coating. Over the last decade, a tremendous scientific effort has
resulted in an increase of polymer:fullerene solar cell efficiencies to almost reach a
commercially feasible level.40–43 However, a further efficiency improvement seems
to be hindered by the low charge carrier mobilities resulting from the amorphous
structure of the blends, making their operation susceptible to loss mechanisms
such as charge recombination.44

A much higher structural order can be achieved through supramolecular chem-
istry: under suitable conditions, organic molecules self-assemble into specific mor-
phologies as a result of noncovalent interactions.45–47 This principle is at the
very basis of nature’s way to engineer sophisticated structures such as deoxyri-
bonucleic acid (DNA) and the aforementioned synthetic complexes. Synthetic
supramolecular assemblies that have received considerable attention are doubled-
walled molecular cylinders composed of amphiphilic cyanine dyes.48–50 Interest-
ingly, these cylinders are structurally very similar to the chlorosomes from purple
bacteria, supporting the idea that artificial photon antennae could be constructed
through supramolecular chemistry.

A crucial step in the operation of a solar cell is the formation of a separated
electron-hole pair out of an electronic excitation. For organic heterojunctions,
it has remained obscure how the electron and hole succeed in overcoming their
mutual Coulomb interaction. Recent studies have suggested that this process is
facilitated by delocalization of the initial photoexcitation,51, 52 implying that simi-
lar quantum effects are in play as those attributed to photosynthesis. This idea is
further substantiated by the observation of quantum beats in optical experiments
on polymers53 as well as heterojunctions.54 Interestingly, beats have also been
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recorded for double-walled cylinders,55, 56 suggesting the possibility to syntheti-
cally replicate the quantum effects found in natural light harvesters. However,
all these materials have in common that fluctuations in the environment are sub-
stantial,57, 58 reinforcing the question how quantum effects could survive on time
scales relevant to operation.

2.3 Excitations in organic materials

2.3.1 Frenkel exciton

In the 1930’s, Jelley and Scheibe independently discovered that the formation of
supramolecular structures results in an absorption spectrum that is dramatically
different from that of the constituent molecules.59, 60 This was the first indication
that interacting dyes in the condensed phase, referred to as aggregates, have
a unique collective optical response. For the linear chains of cyanine molecules
studied by Jelley and Scheibe, a narrow peak was found to occur on the low-
frequency side of the single-molecule absorption band. Aggregates experiencing
such a characteristic red-shift have since been referred to as J-aggregates (after
Jelley). However, there are also variants for which the absorption band is blue-
shifted, which are called H-aggregates.∗

Around the same time as Jelley’s and Scheibe’s discovery, Frenkel developed
a microscopic theory that paved the road towards understanding the collective
response as well as the difference between J-types and H-types of aggregates.61

Accordingly, optical interactions create molecular excitations that become delo-
calized over the aggregate as a result of resonant interactions (Coulomb coupling)
between the molecular sites. In a way, such excitations can be regarded as an
electron-hole pair that remain bound together, but which can pairwise “move”
through the aggregate. For the simple case of a homogeneous chain with nearest-
neighbor interactions only, such “Frenkel excitons” are described by the Hamilto-
nian

H = ε
∑
n

|en〉〈en|+ J
∑
n

(|en〉〈en+1|+ |en+1〉〈en|) (2.1)

with ε denoting the energy of a single-molecule excitation, J denoting the coupling
between neighboring molecules, and |en〉 representing the basis state where an
electron-hole pair is located at site n. (Note that this Hamiltonian is equivalent
to the one describing the quantum walk, Eq. 1.7.) The corresponding eigenstates

∗Here, H stands for “hypsochromic”, meaning a band shift to shorter wavelenghts.
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are found to be

|k〉 =
1√
N

∑
n

e ikn|en〉, k = 0,±2π/N, ... ,±π, (2.2)

where it is assumed that periodic boundaries apply (e.g., the aggregate is cyclic, or
sufficiently long so that boundary effects are irrelevant). The associated eigenen-
ergies are given by

Ek = ε+ 2J cos(k). (2.3)

The collective nature of Frenkel excitons readily follows from the energies given
by Eq. 2.3. As a result of the intermolecular coupling J, the degeneracy of the
single-molecule energies ε is lifted in order to generate collective optical resonances
at different frequencies. Moreover, when the transition dipoles associated with
the creation of a site excitation are taken to be parallel (as for a perfectly aligned
molecular chain), optical transitions from the aggregate’s ground state to these
collective excited state resonances suffer from destructive interference, except for
the k = 0 state for which the transition is constructively enhanced. This is where
J- and H-aggregates become distinguishable. For J-aggregates, the coupling J is
generally negatively valued, yielding a k = 0 state with energy ε − 2|J|. Hence,
the constructive resonance is red-shifted from the single-molecule energy ε. The
observed blue-shift for H-aggregates, on the other hand, is the result of positive
coupling, yielding Ek=0 = ε+ 2|J|.

Of course, the above example is an oversimplification. For an actual aggre-
gate, the molecular electronic excitations interact not only mutually, but also with
a variety of other degrees of freedom. For example, aggregates typically are em-
bedded in a solvent or a protein, which represents a locally and temporally varying
environment. This translates to position- and time-dependent fluctuations of the
single-molecule energies ε. As a result of such inhomogeneities, a Frenkel ex-
citon tends to localize on shorter segments of the chain. However, even when
aggregates become severely disordered, their H- or J-character oftentimes remains
clearly distinguishable.62

The description of the environment through fluctuations of ε is based on the
well-known system-bath division. The system consists of the primary degrees of
freedom (in this case, the site excitations |en〉), which are treated quantum me-
chanically. The remaining degrees of freedom are represented as a bath, which is
described through phenomenological, classical, and/or stochastic variables. Such
an effective description usually works quite well when the bath represents low-
frequency modes (with an associated energy typically smaller than kBT ). How-
ever, in some cases, this condition is not fulfilled, and additional degrees of freedom
have to be included in the quantum Hamiltonian.
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2.3.2 Vibronic coupling

In contrast to their inorganic counterparts, organic materials typically are soft,
meaning that vibrational degrees of freedom couple significantly to electronic ex-
citations. A great example of this is the pronounced vibronic progression appearing
in the absorption and fluorescence spectra of virtually all conjugated molecules,62

owing to the ubiquitous intramolecular vinyl-stretching mode with an associated
energy of about 1400 cm−1. For such a strongly-coupled high-frequency vibration,
a quantum description is required.63–66 Accordingly, the mode is represented as a
quantum harmonic oscillator

Hvib = ω0b†b, (2.4)

where ω0 denotes the vibrational energy, and b† and b represent the ladder oper-
ators for creation and annihilation of a vibrational quantum, respectively.

The creation of an electronic excitation (for example, following an optical in-
teraction) involves a redistribution of electronic charges. As a result of the altered
Coulombic potentials, there is a significant change in the equilibrium conforma-
tion of a molecule, which causes the molecule to reorganize structurally. Through
this process, electronic transitions couple to vibrational degrees of freedom. A
schematic representation of this vibronic coupling is shown in Fig. 2.2. In the
quantum harmonic oscillator model, the change in the vibrational potential mini-
mum upon electronic excitation translates to a shift in the vibrational coordinate
by some amount, hence, a replacement of the position expectation value 〈b + b†〉
by 〈b + b†〉+ 2λ. From this replacement, shifted creation and annihilation opera-
tors can be constructed according to b̃† ≡ b† + λ and b̃ ≡ b + λ. Here, the tilde
indicates that ladder operators are now associated with the electronically excited
state potential. Using these operators, the shifted vibrational Hamiltonian can be
formulated as

H̃vib = ω0b̃†b̃ = ω0b†b + λω0(b† + b) + λ2ω0. (2.5)

Vibronic coupling is commonly quantified through the square of λ, which is referred
to as the Huang-Rhys factor.68 Multiplied by the vibrational quantum, as in
the last term of Eq. 2.5, this factor yields the vibrational reorganization energy
associated with the electronic transition.

As a consequence of vibronic coupling, an electronic transition induces a mixing
of vibrational states. Accordingly, a molecule that initially resided in the vibrational
ground state can be promoted to a superposition of vibrationally excited levels
upon the creation of an exciton, where the probability of each level is given by
the overlap of the associated vibrational wavefunction with that of the original
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state. This phenomenon is known as the Franck-Condon principle.69, 70 For an
absorption experiment, electronic optical transitions are thus added with a fine
structure of vibronic levels manifested as a progression of peaks, each weighted
by the associated Franck-Condon factor.

The combination of vibronic coupling and resonant electronic interactions re-
sults in so-called polaronic Frenkel excitons: delocalized vibronic states in which
the electronic excitation is accompanied by a “cloud” of vibrationally distorted
molecules.63, 71, 72 Such excitons can be described by combining the vibronic

Figure 2.2: Schematic representation of vibronic coupling for the case of a single
molecule. Here, energy is represented in the vertical direction, with |g〉 and |e〉 in-
dicating the electronic ground and excited state manifolds, respectively. Each mani-
fold consists of a ladder of vibrational levels in a parabolic (harmonic) potential, sep-
arated by the quantum ω0. Vibronic coupling is manifested as a shift of the spa-
tial coordinate upon promotion from |g〉 to |e〉. The coordinate q relates to the vi-
brational ladder operators through q

√
ω0/2 = b† + b. Vertical arrows indicate opti-

cal transitions: absorption (blue) occurs from the lowest vibrational level in the elec-
tronic ground state to a variety of vibronically excited states, whereas fluorescence
(red) initiates in the lowest-energy (relaxed) vibronic state, and terminates in differ-
ent ground state vibrational levels. In each case, the optical transitions are weighted
with the overlap between initial and terminal vibrational wavefunctions (yellow). Figure
adapted from original by Mark Somoza (http://commons.wikimedia.org/wiki/File:
Phonon-energy-diagram.png), in turn based on Ref. 67.

http://commons.wikimedia.org/wiki/File:Phonon-energy-diagram.png
http://commons.wikimedia.org/wiki/File:Phonon-energy-diagram.png
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model defined in Eqs. 2.4 and 2.5 with the Frenkel model from Eq. 2.1 in or-
der to yield the Holstein Hamiltonian.73 Over the years, this Hamiltonian has
proven to be indispensable to unravel the polaronic states underlying the widely
varying absorption spectra found for organic materials.62

2.4 Femtosecond dynamics

2.4.1 Ultrafast spectroscopy

For many years, absorption spectroscopy has been the prevalent tool to probe
molecular excited states. Nevertheless, this technique has the disadvantage that
it only allows to interrogate a steady-state situation. More specifically, it maps
out transitions from a fully relaxed (that is, thermalized) ground state to optically
allowed adiabatic eigenstates (see also Fig. 2.2). A similar drawback applies to
steady-state fluorescence, where transitions from a relaxed excited state to dif-
ferent ground state levels are probed. Hence, these conventional spectroscopic
techniques do not provide an insight into the dynamics of molecular excitations.

Molecular processes take place on a wide variety of time scales. Significant
structural changes, for example the folding of proteins, typically happen on the
order of milliseconds.74 On the other end of the spectrum are electronic processes.
For example, the flow of electronic energy through photosynthetic complexes is
found to occur within several picoseconds,23, 75 while interesting dynamics is al-
ready observed on the femtosecond scale.26–30 Although a sufficiently high time
resolution to experimentally address such “ultrafast” phenomena is challenging
to realize, a great improvement in laser technology has opened up the possibil-
ity to do so. Methods relying on ultrafast laser pulses currently allow to resolve
dynamics down to femtoseconds. As the resulting optical signals are composed
of multiple light-matter interactions through sequenced pulses, these methods are
referred to as nonlinear spectroscopy.76

One of the most widely used nonlinear optical techniques is pump-probe spec-
troscopy. Following this method, a short “pump” pulse excites a molecular sample,
after which a “probe” pulse monitors the subsequent response. By varying the
delay between pump and probe, the molecular evolution can be mapped out in
time. Moreover, independently changing the pump and probe frequencies allows
to unravel energy pathways. For example, the pump pulse can be tuned in reso-
nance with a high-energy chromophore, from which down-hill energy transfer to
neighboring chromophores can be tracked by probing at lower frequencies.

For pump-probe spectroscopy, there is an inevitable competition between time-
resolution and frequency-resolution. This competition derives from the principle
that time and frequency are Fourier transform related, hence a laser frequency
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Figure 2.3: Impression of 2D spectroscopy. Four ultrashort pulses interact with a molec-
ular sample in order to generate a nonlinear optical signal (green). The first two-pulses
(both depicted in yellow) constitute the excitation event, whereas the third and fourth
pulse (in yellow and red, respectively) correspond to detection. For a detailed account on
the various possible 2D spectroscopy setups, see Ref. 78.

bandwidth scales as the inverse of its time duration. An elegant way to get
around this limitation is provided by two-dimensional (2D) spectroscopy.77 This
method (illustrated in Fig. 2.3) consists of four pulses, tuned to be as short as
technically possible, where the first two pulses jointly excite the sample while the
third and fourth pulse act as a means of detection. By varying the interval between
the pulses within these pairs, excitation and detection energies can be recovered.
However, the great advantage of this approach is that the resolution of the waiting
time, the interval between the second and third pulse, is not compromised.

The creation of ultrashort pulses remains technologically quite challenging,
although great progress has been made over the last two decades. In 2D spec-
tral experiments, a finite pulse duration results in an effective filter that narrows
the frequency range over which processes can be resolved.79 Perhaps for that
reason, the first successes of 2D spectroscopy were achieved in the infrared op-
tical domain, where it is easier to cover relatively large frequency ranges despite
limited pulse control. Amongst these successes are studies on a large span of
infrared-active processes, such as protein folding,80 hydrogen bonding,81 chemical
solute-solvent complexation,82 and vibrational energy transport.77, 83 Electronic
transitions, however, correspond to visible or ultraviolet wavelengths. The first
extension of 2D spectroscopy to this optical domain traces back to 1998.84 Since
then, 2D “electronic” spectroscopy gradually gained popularity, and today is an
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unbeaten tool to study the functioning of complex molecular systems such as
light-harvesting complexes85, 86 and synthetic optoelectronic materials.54, 87

Fig. 2.4 provides a schematic illustration of how a 2D spectral signal de-
rives from different contributing molecular transitions. For two noninteracting
molecules (panel a), peaks appear exclusively at the diagonal, signifying that ex-
citation energy is always detected at the site where it was first created. This
is different when sites are interacting (panel b); peaks appear at cross-locations
between the diagonal features. Furthermore, more peaks might emerge as a result
of coupling to additional degrees of freedom (panel c). Adding to this variety
of molecular transitions, there are several different molecular processes that con-
tribute to the optical signal detected through 2D (as well as pump-probe) spec-
troscopy. These processes are associated with different “pathways” a molecular
sample can traverse. In any case, it is reasonable to assume that the molecules ini-

ω3

ω
1

J

ω3

ω
1

J

ω3

ω
1

a b c

Figure 2.4: Illustration of how a 2D spectral signal derives from the underlying molecular
transitions. Energy level diagrams are shown at the top, and the associated 2D spectra are
shown at the bottom, where the excitation and detection axes are denoted as ω1 and ω3,
respectively. a, Two nondegenerate uncoupled chromophores result in two peaks at the
spectral diagonal (dash), located at the associated molecular transition energies. b, With
the inclusion of resonant interactions, the chromophores attain a common ground state
(black level). Cross-peaks emerge in the corresponding 2D spectra, indicating coupling
between the two excited state levels, and excitation transfer between them. c, Addition
of an extra level to the ground state manifold significantly complicates the spectral signal.
Now, detection can leave the molecule in two different level, giving rise to a doubling of
spectral peaks. This trend is typical of vibronically coupled aggregates.
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tially reside in the ground state. Upon the excitation (or pump) event, molecules
are promoted to the excited state. Following the most intuitive pathway, called
stimulated emission (SE), the subsequent detection (or probe) event brings the
molecules back to the ground state, inducing the emission of an optical signal
that carries the excited state fingerprint of the sample. Following an alternative
pathway, called excited state absorption (EA), molecules are further excited to
higher-lying states upon detection. The latter can thus be considered as a cas-
cade of two absorption events. Perhaps the most curious pathway is called ground
state bleach (GB). This pathway derives from the principle that once a molecule
is excited, it can no longer absorb from the ground state. Accordingly, there is
a bleaching component added to the spectroscopic signal, which does not reflect
dynamics from the excited state, but from the ground state instead. (A more tech-
nical account on these pathways is given in Sec. 3.2.3, including the associated
Feynman diagrams.)

2.4.2 Dynamical models

The potential of conventional absorption spectroscopy to unravel molecular ex-
cited states has relied greatly on supporting theoretical models. This is even more
so in case of ultrafast spectroscopy. As mentioned in the last section, 2D and
pump-probe measurements consist of superimposed signals associated with three
different excitation manifolds. The resulting spectra commonly are rich in con-
gested features, rendering their interpretation challenging. Models complementing
such measurements require both a basis to describe the molecular excitons, and
an adequate framework to account for the excitonic evolution in time. In Sec. 2.3,
a brief outline is given of the exciton basis tailored to organic materials. There, it
was also touched upon the necessity of making a system-bath distinction in order
to keep model calculations feasible. This distinction becomes particularly impor-
tant for dynamical simulations, for two reasons. First, time-dependent numerical
methods are typically much more computationally demanding than steady-state
calculations. Second, as it turns out, the treatment of the bath impacts profoundly
on the dynamics observed in the quantum system.

In the simplest class of dynamical models, the bath is described stochastically
through transfer rates between quantum states. Amongst these are the Pauli mas-
ter equation,88 Redfield theory,89 and the Haken-Strobl-Reineker model.90 Their
attractive numerical costs comes with a number of disadvantages. Rates provide
very limited information on the microscopic processes underlying the transfer of
quantum excitations, or on the dissipation channels for energy (and the asso-
ciated effects such as bath reorganization). Furthermore, they do not account
for correlations between degrees of freedom of the quantum system and/or the
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environment.

The drawbacks associated with rate-based methods are in part overcome by
mixed quantum-classical models. Accordingly, the quantum system is propagated
using the time-dependent Schrödinger equation (following Eq. 1.6), using an ap-
propriate Hamiltonian that depends parametrically on coordinates representing the
environment, which in turn follow classical trajectories in time. Very often, the
resonant interactions between quantum sites is taken to be time-independent, and
the classical coordinates are included as fluctuations of the site energies, so that
for each molecule n, ε is replaced with ε + ∆n(t). The environment is then fully
characterized by the correlation functions of ∆n(t), which describes the expec-
tation value of the product ∆n(0)∆n(t) as a function of t. The fluctuations in
∆n(t) induce nonadiabatic coupling between excited states, resulting in excitonic
transfer dynamics. Besides, site fluctuations are primarily responsible for the line-
shapes observed in the associated spectra, through spectral peak broadening and
motional narrowing.

Arguably the most elementary form of a classical bath description is the over-
damped Brownian oscillator.76, 91 Accordingly, the correlation function obeys
〈∆n(0)∆n(t)〉 = σ2

ne−t/τn , where τn is the bath correlation time, and σn rep-
resents the standard deviation of the fluctuating coordinate. On a more rigorous
level, the trajectories of ∆n(t) are extracted from large-scale molecular dynamics
simulations. However, in many cases, valuable insights in the dynamics observed
in ultrafast spectroscopy can already be obtained by the use of simple classical
bath models.

Alongside the classical dynamics, the time-dependent Schrödinger equation is
solved by numerical integration, assuming the Hamiltonian to remain constant
throughout an integration step (hence, assuming this step to be small compared
to fluctuations in the classical environment). Referred to as Numerical Integra-
tion of the Schrödinger Equation (NISE),92, 93 this propagation scheme has been
successfully applied to simulations of 2D infrared spectroscopy.92, 94, 95 The asso-
ciated computational costs scale roughly as N3, with N as the number of quantum
degrees of freedom, which allows for modeling of relatively complex molecular sys-
tems.96 Nevertheless, this method has certain limitations that become particularly
restrictive when considering visible and ultraviolet frequencies. In its neglect of
a reaction of the quantum subsystem onto the environment, it does neglect bath
reorganization effects, and results in a quantum thermalization towards infinite
temperature.

There are dynamical models that reproduce a correct quantum thermalization
while accounting for bath reorganization effects. The most prominent examples
are the (second-order) cumulant expansion76 and the Hierarchy of Equations Of
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Motion (HEOM) method.97 HEOM in particular has fastly gained popularity as
a modeling tool for 2D electronic spectroscopy.98–100 Here, the quantum density
matrix ρ is propagated using a Liouville equation which couples ρ to a hierarchy
of auxiliary matrices to represent the bath. This method is formally exact under
the assumption that all bath modes are harmonic. However, it is often not trivial
to extract details on the bath and quantum excitations from the hierarchy. Its
hierarchical approach is also not compatible with molecular dynamics simulations.
But perhaps the most restrictive disadvantage of HEOM is its unattractive scaling
of the computational costs with the number of quantum degrees of freedom,
limiting its application to relatively small molecular systems.

2.5 Aim and outline of this thesis

Realization of the next generation of photovoltaic devices will benefit enormously
from our understanding of the femtosecond dynamics of photosynthetic complexes,
as well as their synthetic analogues. For a variety of such molecular systems, quan-
tum beatings have been observed in 2D spectroscopy, which could be indicative
of quantum coherence as an optimization principle. However, as explained in
Sec. 2.4.1, 2D spectral signals are induced by a large span of physical processes,
rendering such observations extremely difficult to interpret. For example, as differ-
ent electronic excitation manifolds contribute to the nonlinear response, quantum
beatings could also arise from coherent superpositions of vibrational levels in the
electronic ground state, which have no direct relevance to optoelectronic per-
formance. This thesis aims to elucidate how electronic excited state coherence
is manifested in nonlinear spectroscopy, whether beatings observed in photosyn-
thesis can unambiguously be attributed to such coherence, and how a numerical
framework can be constructed to sufficiently support such findings.

The ambiguity surrounding the interpretation of quantum beatings is exem-
plary of 2D electronic spectroscopy as an emerging technique, for which adequate
theoretical models are still under development. None of the existing models offers
the combination of an explicit bath treatment, low computational costs, and cor-
rect quantum thermalization necessary to properly describe the asymptotic behav-
ior of electronic processes. This deficiency forms the primary motivation of chapter
3. Here, a novel mixed quantum-classical method is proposed that fulfils all of
the above requisites. The method combines NISE with Tully’s fewest-switches
surface hopping,101 an algorithm that is well-established in the fields of molecular
dynamics and quantum chemistry. For quantum coherences contributing to spec-
tral signals, it turns out that surface hopping can not be applied unequivocally.
In such cases, a conventional NISE propagation scheme is practiced, effectively
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adapting a high-temperature approximation. Through accompanying calculations
using HEOM, the accuracy of the proposed method is demonstrated for a weakly
coupled molecular dimer. Chapter 3 additionally serves to introduce the theoretical
formalism used to describe 2D spectroscopy.

As mentioned in Sec. 2.1, the natural light harvester for which persistent quan-
tum beatings were first demonstrated is the FMO complex. In chapter 4, spectral
simulations are presented based on the Holstein model, where coherent superpo-
sitions can exist between electronic excited states as well as between vibrational
levels in the ground state potential. In comparing their respective contributions to
2D spectroscopy, it is shown that vibrations are predominantly responsible for the
observed beatings. As such, the beatings are not indicative of coherence-assisted
ballistic energy transport through this photosynthetic complex. The findings of
this chapter also emphasize the uncertainty of interpreting 2D spectral measure-
ments without supporting models in which sufficient quantum degrees of freedom
are included.

Photosynthetic complexes as well as organic photovoltaics typically are struc-
turally rather complicated, consisting of a great number of interacting degrees of
freedom. This significantly complicates the interpretation of experiments support-
ing the functional role of quantum coherence in the operation of such systems.
Already for the FMO complex, which is known to be “idealistic” in terms of sim-
plicity, the electronic and vibrational modes of the constituting pigments results
in a nontrivial competition between oscillating spectral contributions, as demon-
strated in chapter 4. Moreover, the manifestation of coherent beatings has not
been thoroughly assessed even for simple molecular systems. This forms the basis
of chapter 5, which presents such a model study based on a cyanine dimer, which
exhibits well-resolvable spectral features even at room temperature. Through
a comparison between theory and experiment, beatings are shown to represent
coherences between collective electronic excited states. Furthermore, it is demon-
strated that vibronic coupling could act as to correlate such excitons, resulting in
a prolonged dephasing time of the associated coherences.

Part of recent efforts to distinguish between excited state electronic and
ground state vibrational beatings has focussed on recognizing characteristic pat-
terns through which beatings appear in 2D spectra. Chapter 6 evaluates such
distinction criteria under circumstances when the molecular bandwidth exceeds
the spectral range of the applied laser pulses. Through experiments and calcula-
tions on another cyanine dimer, it is shown that the resulting beating intensities
are affected to the extent that the characteristic patterns become unrecognizable.
Due to the technical constraints hindering the generation of near-impulsive laser
sequences, such spectral distortions are expected to apply to some of the light
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harvesters, and virtually all photovoltaic aggregates.
In the end, all of the difficulties summarized above follow from the principle

that in 2D and pump-probe spectroscopies three excitation manifolds are mapped
onto each other. Were it possible to eliminate EA and GB pathways, leaving only
the SE contributions, the dynamics of (singly) excited excitons could be probed
unequivocally. Chapter 7 shows that the possibility to do so is offered by time-
resolved fluorescence, a technique analogous to 2D spectroscopy. Although it does
not yield the supreme time resolution and universal applicability of the latter, it
allows to dynamically map out the coherent delocalization of an exciton through
the time-dependent ratio of vibronic spectral peaks. This method is expected to
be particularly suitable for J-type and H-type aggregates, amongst which are a
host of the prototypical candidates for organic photovoltaics.

In chapter 3, a high-temperature approximation was proposed for coherences
as a part of the surface hopping-based simulation scheme for 2D spectroscopy.
Through a comparison to HEOM, the accuracy of this approximation is demon-
strated in chapter 8. These findings support the accuracy of the method outlined
in chapter 3, and reinforce the conclusions drawn in the remaining chapters of this
thesis.


