
 

 

 University of Groningen

Spectroscopic signatures of excited state dynamics in organic materials
Tempelaar, Roel

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Tempelaar, R. (2015). Spectroscopic signatures of excited state dynamics in organic materials. [Thesis fully
internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/a9b33b5f-e9ca-41cc-9674-d83010a8615a


Spectroscopic signatures of excited state
dynamics in organic materials



Zernike Institute PhD thesis series 2015-18

ISSN: 1570-1530
ISBN: 978-90-367-8208-1 (printed version)
ISBN: 978-90-367-8207-4 (electronic version)

The work described in this thesis was performed at the Zernike Institute for
Advanced Materials, University of Groningen, The Netherlands.

Cover design contains porphyrin structure retreived from
https://commons.wikimedia.org/wiki/File:Porphyrin-3D-balls.png.
The background protein structure is taken from the RSCB Protein Data
Bank, file 3ENI.

Printed by Grafimedia, University of Groningen.

Copyright c© 2015 Roel Tempelaar

https://commons.wikimedia.org/wiki/File:Porphyrin-3D-balls.png


Spectroscopic signatures of excited state
dynamics in organic materials

Proefschrift

ter verkrijging van de graad van doctor aan de
Rijksuniversiteit Groningen

op gezag van de
rector magnificus prof. dr. E. Sterken,

en volgens besluit van het College van Promoties.

De openbare verdediging zal plaatsvinden op

vrijdag 30 oktober 2015 om 14.30 uur

door

Roel Tempelaar

geboren op 2 juni 1985
te Hengelo



Promotor
Prof. dr. J. Knoester

Copromotor
Dr. T.L.C. Jansen

Beoordelingscommissie
Prof. dr. G. Stock
Prof. dr. R. van Grondelle
Prof. dr. R. Broer



Contents

1 Prelude: Classical and quantum dynamics 11

1.1 Random walk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2 Quantum walk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3 Coherence and dephasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 General introduction 19

2.1 Natural light harvesting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2 Organic solar cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3 Excitations in organic materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.1 Frenkel exciton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.2 Vibronic coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4 Femtosecond dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.4.1 Ultrafast spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.4.2 Dynamical models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.5 Aim and outline of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Surface hopping modeling of two-dimensional spectra 35

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.2 Theory and numerical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2.1 Mixed quantum-classical dynamics . . . . . . . . . . . . . . . . . . . . . . . . . 39



6

3.2.2 Surface hopping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2.3 Two-dimensional spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3 Application to a dimer system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.4 Discussion and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.5 Appendix: 2D response functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4 Vibrational beatings conceal evidence of electronic coherence in
the FMO light-harvesting complex 57

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5 Two-dimensional spectroscopy of a dimer unveils the effects of
vibronic coupling on exciton coherences 73

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2.1 Vibronic excitons of a cyanine dimer . . . . . . . . . . . . . . . . . . . . . . . 77

5.2.2 Two-dimensional spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.2.3 Spectral signatures of inter-exciton coherence . . . . . . . . . . . . . . 83

5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.4 Appendix: Numerical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6 Laser-limited signatures of quantum coherence 95

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.4 Appendix: Numerical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

7 Mapping the evolution of spatial coherence through time-resolved
fluorescence 111

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

7.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121



7

7.4 Appendix: Numerical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

8 Coherent dynamics under high-temperature quantum
thermalization 125

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

8.2 Theory and numerical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

8.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

8.3.1 Weakly coupled dimer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

8.3.2 FMO-inspired dimer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

8.3.3 Strongly coupled dimer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

8.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

Bibliography 133

Publication list 153

Samenvatting 155

Klassieke en kwantummechanische toevalsbewegingen . . . . . . . . . . . . . . . . . 155

Van fotosynthese naar zonnecellen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

Het ontrafelen van ultrasnelle dynamica . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

Dit proefschrift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

Tot slot. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

Acknowledgements 165





Note: Throughout this thesis, h̄ = 1 is taken.
Hence, optical frequency and energy

are considered to be equivalent.





1
Prelude: Classical and quantum dynamics

Whether a dynamical process obeys classical or quantum me-
chanical rules can have a profound impact on the way the pro-
cess evolves. In this prelude chapter, the difference in behavior
between classical and quantum dynamics is demonstrated, em-
ploying the example of a continuous-time random walk. Based
on the walk trajectories, the quantum variant turns out to evolve
statistically faster than its classical analogue. This example
serves to illustrate the question if quantum effects might be in
play to optimize electronic energy transport in coupled molecu-
lar systems, which is addressed in the remainder of this thesis.

1.1 Random walk

At the end of the 19th century, Sir Francis Galton proposed a mechanical apparatus
currently known as the Galton box, bean machine, or quincunx. The device,
depicted in Fig. 1.1, consists of an upright board with a grid of pins whose function
it is to direct beans downwards. More specifically, each bean enters through a
funnel centered at the top of the box, and subsequently encounters a series of
pins where it can scatter either to the left or to the right with equal probability
(that is, 1/2). At the bottom, the beans are collected in bins. From probability
theory, it follows that the distribution of beans over the bins is given by a binomial
distribution. The primary objective of Galton’s apparatus was to illustrate that
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Figure 1.1: Bean machine, as originally illustrated by Sir Francis Galton.1

this frequency curve approaches a normal distribution with increasing number of
pin rows. However, it also serves as an insightful analogue of the random walk.

The random walk has been successfully applied as a model to describe a
wide variety of dynamical processes such as the movement of large molecules
through a solvent, the search pattern of animals, and the financial status of a
roulette player. In its simplest form, the random walk subdivides the dynamics
into randomly directed discrete steps in one dimension. This can be thought of as
a person periodically tossing a coin, and then stepping to the right upon heads,
or left upon tails. The evolution of such a person is completely equivalent to the
movement of beans through the Galton box, identifying the time with the number
of pin rows, and associating the person’s position with the bins.

In most cases, a more realistic scenario is one in which time is taken to be
continuous rather than discrete. According to this so-called continuous-time ran-
dom walk, there is a certain rate for stepping to the left or to the right, both
denoted as J. For an incremental time interval ∆t, the probability for occupancy
of position n then evolves according to

Pn(t + ∆t) = (1− 2J∆t) Pn(t) + J∆t Pn−1(t) + J∆t Pn+1(t). (1.1)

Note that, following this equation, the continuous-time random walk reduces to
its discrete time equivalent (e.g. the Galton box) by taking ∆t = 1 and J = 0.5.
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Eq. 1.1 can be cast in vector form as

~̇P = H~P, (1.2)

where the time index is dropped for convenience. Here, the matrix H is given by

Hn,m = −2J δn,m + J (δn,m+1 + δn,m−1), (1.3)

where it is assumed that the direction of movement is unbound. Eq. 1.2 has the
solution

~P(t) = eHt~P(0), (1.4)

which yields the probability distribution after a time t, given the initial distribution
~P(0).

Shown in Fig. 1.2a is the continuous-time probability distribution as a function
of position and time, for J = 0.5 (rates and time taken to be unitless). Here,
as initial condition it is assumed that Pn(0) = δn,0 (associating n = 0 with the
center position). This delta function gradually broadens with time, to eventually
take up a Gaussian-like profile. Importantly, the final distribution has remained
symmetrically peaked at n = 0, indicating that the maximum occupancy is still
found at the starting position. This situation is quite different from the case of
the quantum equivalent of the random walk, as is shown in the next section.

Figure 1.2: Continuous-time probability distribution of a random walk. a, The classical
probability remains bound to the initial position. b, The quantum probability branches
out, and quickly moves away from the origin.
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1.2 Quantum walk

Whereas classical objects can be considered as particles that occupy a well-defined
position, quantum objects instead propagate as waves, spreading out so as to de-
localize over different positions at the same time. Hence, the quantum analogue2

of the continuous-time random walk∗ is described by a wavefunction |Ψ(t)〉, which
is expanded in the local basis as

|Ψ(t)〉 =
∑
n

cn(t)|φn〉, (1.5)

where the basis state |φn〉 represents occupancy of position n. The evolution of
this wavefunction is governed by the time-dependent Schrödinger equation whose
solution is given by

|Ψ(t + ∆t)〉 = e−iH∆t |Ψ(t)〉. (1.6)

It should be noted that this equation is very similar to Eq. 1.2, as is the propagator
formed by the exponential with the quantum Hamiltonian given by

Hn,m = J (δn,m+1 + δn,m−1). (1.7)

Here, J represents the transfer integral of a local quantum state to one of its neigh-
bors. The quantum probability function follows from the wavefunction according
to Pn(t) ≡ |〈φn|Ψ(t)〉|2 = |cn(t)|2.

Although the equations of motion are very similar, the classical and quan-
tum walks behave rather differently. This is clearly seen in Fig. 1.2b, where the
continuous-time quantum walk is demonstrated for the same conditions as in
Fig. 1.2a, that is, J = 0.5, and cn(0) = δn,0. Whereas the classical walk tends to
remain close to the center position, the quantum analogue quickly divides into two
branches that move swiftly along the position coordinate with time. This is the
result of constructive and destructive addition of phase carried by the complex-
valued coefficients cn(t), leading to an accumulation of probability at the branch
edges, and leaving particularly little probability amplitude at the center position.

From Fig. 1.2, it is obvious that the quantum walk is a significantly faster
distribution mechanism than its classical colleague. For the latter, it is known that
the mean square displacement increases linearly in time, characteristic of diffusive
motion. The quantum case, on the other hand, has an associated quadratic
increase, which is referred to as ballistic motion. Whether a process is ballistic or

∗There is also a quantum analogue of the discrete-time random walk.3 Although its behavior
is very similar, the mathematical framework underlying this process is not trivially related to that
of the continuous-time quantum walk.
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diffusive in nature is therefore an important question that translates directly to the
process velocity, and when loss rates are in play, indirectly to process efficiency.

Quantum walks have received particular attention in the field of quantum
computing as a basis for quantum algorithms that significantly outperform their
classical equivalents.2, 4, 5 Although high-level quantum computing so far has not
been realized, quantum walk phenomena have already been observed in various
small-scale physical systems, such as trapped photons,6 atoms,7, 8 and ions.9 How-
ever, in practically all physical situations, it is reasonable to assume that processes
are not purely ballistic or diffusive. While the ballistic nature follows directly from
the quantum mechanical rules that apply to small scales, there is always an in-
teraction with degrees of freedom of the “environment” that act as to affect the
phases of cn(t), and as such disturb the interference pattern. As a result of this
dephasing, a process takes up a diffusive character.

1.3 Coherence and dephasing

The effect of dephasing is borne out most intuitively for the case of a quantum
ensemble. Instead of a wavefunction, ensembles are more conveniently described
using the density matrix formalism. Accordingly, a quantum state is defined by
the matrix ρ(t) whose elements are related to the wavefunction coefficients cn(t)
following

ρn,m(t) = cn(t)cm(t)∗. (1.8)

As mentioned before, a quantum state is different from a classical one in that
it allows for a simultaneous occupancy of multiple positions. The wavefunction
|Ψ(t)〉 is then said to consist of a coherent superposition of local basis states,
which in terms of Eq. 1.5 means that various coefficients cn(t) take up nonzero
values. As a result, the density matrix will have nonzero offdiagonal elements
ρn,m(t), (n 6= m), which are referred to as coherences.

According to the paradigm of quantum mechanics, a coherent superposition
can exist until the quantum system is subjected to a measurement. For a quantum
walker, the measurement of the position n results in a “collapse” of the wavefunc-
tion, such that all coefficients vanish except for cn(t). In the case of a quantum
ensemble, this is equivalent to a disappearance of the coherences ρn,m(t), (n 6= m).
When such a measurement is performed continuously, the quantum walk will rig-
orously reduce to its classical version.

In most physical cases, the disappearance of coherences does not occur as
abrupt as outlined above. Rather, coherences become partly destroyed during
some finite time interval. Oftentimes, superposition states are considered for
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Figure 1.3: Random walk probability distribution at time t = 20, for different values of
the dephasing time τ . Without dephasing (τ = ∞), the probability follows the terminal
distribution from Fig. 1.2b. With decreasing τ , the intensity in the wings diminishes to
accumulate around the center position. The incoherent (τ = 0) distribution approaches
a Gaussian.

molecular assemblies, for which the degree of such dephasing depends strongly on
the environment (e.g. gas, solvent, or protein), and external parameters such as
the temperature. Effectively, this dependence can be translated to a time constant
τ at which the off-diagonal elements of ρ(t) decay.

Shown in Fig. 1.3 are the quantum walk probability distributions after a time
t = 20, for different dephasing times τ . These distributions are calculated by
propagating the density matrix following the solution of the Liouville equation,

ρn,m(t + ∆t) = e−iH∆tρn,m(t)e iH∆t , (1.9)

which is time-integrated using a resolution ∆t = 0.1. Furthermore, after each in-
tegration step, a decay of coherences is realized through a multiplication of ρn,m(t)
with e−∆t/τ for all n 6= m. Fig. 1.3 shows a clear trend: with decreasing dephasing
time, the quantum probability distribution gradually transforms from the coher-
ent interference pattern into the Gaussian-like classical profile. Furthermore, the
degree of dephasing relates inversely to the velocity of probability transport.

The quantum walk outlined in this chapter is formally equivalent to a host
of physical phenomena that form topics of intense current research, and in most
cases, the competition between coherence and dephasing is at the focal point of
attention. In the field of quantum computing, dephasing is an undesirable factor
that should be minimized. For nano-scale molecular electronics, on the other hand,
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the overall performance is dictated by an intrinsic interplay between coherence and
dephasing. Here, coherence could enhance the transport velocity of electronic
excitations (as per Fig. 1.2), while the process directionality is determined by
thermodynamics which acts as a dephasing mechanism. This thesis addresses how
this interplay is manifested in spectroscopy of natural and artificial light-harvesting
systems.
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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-
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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.
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Recently, two-dimensional (2D) electronic spectroscopy has be-
come an important tool to unravel the excited state properties
of complex molecular assemblies, such as biological light har-
vesting systems. In this chapter, we propose a method for
simulating 2D electronic spectra based on a surface hopping
approach. This approach self-consistently describes the interac-
tion between photoactive chromophores and the environment,
which allows us to reproduce a spectrally observable dynamic
Stokes shift. Through an application to a dimer, the method is
shown to also account for correct thermal equilibration of quan-
tum populations, something that is of great importance for pro-
cesses in the electronic domain. The resulting 2D spectra are
found to nicely agree with Hierarchy of Equations Of Motion
calculations. Contrary to the latter, our method is unrestricted
in describing the interaction between the chromophores and the
environment, and we expect it to be applicable to a wide variety
of molecular systems.

3.1 Introduction

Since its introduction, two-dimensional (2D) infrared spectroscopy has become a
well-established technique for studying dynamic phenomena such as fast chem-
ical exchange,82 vibrational energy transport,77, 83 and nonequilibrium dynamics
of proteins.80, 81 More recently, its equivalent in the ultraviolet and visible opti-
cal regime has rapidly gained popularity as a powerful probe for electronic pro-
cesses,23, 102, 103 and currently plays a vital role in the research on coherent energy
transport in biological systems such as the Fenna-Matthews-Olson (FMO) com-
plex.23, 26 However, the extension of 2D spectroscopy to the electronic domain has
introduced new challenges for spectral modeling. Notably, 2D electronic spectra
are characterized by a clear dynamic Stokes shift104 and signatures of thermal
equilibration of quantum populations. To account for these spectral features, the
interaction between the photoactive chromophores and the environment should
be described self-consistently, that is, the back action of the chromophores on
the environment should be accounted for. One way of doing so is by using the
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Hierarchy of Equations Of Motion (HEOM) method.97, 105–107 However, the appli-
cability of this method is restricted, e.g., it is exact only for Gaussian fluctuations
of the environment. The latter is a serious drawback, especially in the light of a
recent study on the FMO complex showing that these fluctuations have a marked
non-Gaussian nature.108

In this chapter, we formulate a method that self-consistently accounts for the
chromophore-environment interaction by using a surface hopping procedure.101

This procedure is implemented in the Numerical Integration of the Schrödinger
Equation (NISE) method,93, 109 in which the environment is represented by clas-
sical coordinates. In doing so, no restrictions are posed on the corresponding
classical trajectories, or on the interaction with the chromophores, providing the
ability to describe non-Gaussian fluctuations. As such, it is intended as an attrac-
tive complement to HEOM in simulating 2D electronic spectroscopy.

Since the very beginning, numerical models have been crucial to interpret mea-
sured 2D spectra, as these typically are complex and congested. The difficulty
here is that most molecular assemblies under investigation are too complicated
to fully evaluate in terms of quantum mechanics. To overcome this obstacle,
several methods have been developed that treat the environment stochastically,
that is, effectively using a density of states representation, limiting the explicit
quantum description to the chromophores. Examples are Redfield theory,89 cu-
mulant expansions,76 and stochastic Schrödinger and Liouville equations.107, 110

Among the latter is the widely used HEOM method, which has successfully been
employed to simulate 2D electronic spectra.107 All of these stochastic approaches
share the downside that they mostly rely on phenomenological spectral densities,
and that they provide little insight in the correlation between the chromophores
and the environment, which comes next to the requisite of Gaussian environment
fluctuations. In contrast, the NISE method represents the environment by clas-
sical coordinates whose trajectories are calculated using the Brownian oscillator
model,111 or through more elaborate molecular dynamics simulations.92 Such an
explicit parametrization can be used to advantage. In particular, it allows to de-
scribe correlated dynamics of the classical coordinates and the quantum system.
Furthermore, the coordinates can perform non-Gaussian fluctuations94 and non-
linearity in the quantum-classical interaction can easily be incorporated. At the
same time, detailed information on the dissipation of energy is readily available.

NISE has proven to be very effective as a basis for simulating 2D infrared spec-
tra,94, 95, 112 even for cases in which multiple dynamical processes are entangled. In
a recent study, this method has also been applied to model 2D electronic spectra
of the FMO complex.108 Nevertheless, implementations of NISE conventionally
treat the quantum-classical interaction inconsistently, neglecting the feedback of
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the quantum system on the classical coordinates. Accordingly, these coordinates
are assumed to always evolve on the potential energy surface corresponding to
the quantum ground state. This prohibits a description of the dynamic Stokes
shift. Moreover, it inevitably results into equally distributed quantum populations.
Such thermalization towards an infinite temperature Boltzmann distribution usu-
ally works quite well for 2D infrared experiments performed at room temperature,
but becomes increasingly problematic when probing higher energies.

The growing interest in 2D electronic spectroscopy calls for models that self-
consistently treat the quantum-classical coupling. There are ways to incorpo-
rate such coupling into NISE, while maintaining the advantages impart to this
method. An incorporation of this kind has successfully been carried out by Geva
and coworkers for different physical cases involving a quantum monomer.113, 114

When studying larger systems, a straightforward approach is to calculate the quan-
tum feedback according to Ehrenfest’s theorem,115 by using the weighted average
of the quantum energy potential. Such an implementation to the calculation of
2D spectra has recently been carried out.116 The downside of this mean-field
method is its violation of micro-reversibility, which may lead to incorrect ther-
malization,117 as well as its inability to properly describe the branching of quan-
tum states. In reaction to this shortcoming, several surface hopping approaches
have been introduced, aimed to incorporate the classical reaction to the quan-
tum branching phenomenon. A notable example is Tully’s fewest-switches surface
hopping (FSSH) procedure,101 that has gained popularity in molecular dynamics
calculations,118–120 and which is shown to bring about a relaxation of quantum
populations towards a Boltzmann distribution.121, 122

In this chapter, we complement NISE with FSSH. Through an application to
an electronic dimer system, we demonstrate that this leads to radical changes
in the resulting 2D spectra when compared with the original NISE method. A
dynamic Stokes shift is observable, as well as an intense growth of cross-peaks with
increasing waiting time. The latter results from correct quantum thermalization,
which is affirmed by accompanying population transfer calculations. Furthermore,
our results are shown to agree well with the outcome of the HEOM approach,
which is employed as a benchmark for spectral calculations.

This chapter is organized as follows. Sec. 3.2.1 introduces the generic model
for describing the dynamics of a quantum system and a classical environment,
including the self-consistent coupling between the two. In Sec. 3.2.2, this model
is utilized for a brief review of the FSSH algorithm. The implementation of this
algorithm in the calculation of 2D spectra is discussed in Sec. 3.2.3. Spectral
results for a dimer are demonstrated and analyzed in Sec. 3.3, while a comparison
is made with the HEOM method. Finally, Sec. 3.4 presents a discussion and
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summarizes the conclusions.

3.2 Theory and numerical methods

3.2.1 Mixed quantum-classical dynamics

The distinction between a collection of quantum degrees of freedom and the
environment is rooted in the renowned system-bath separation. In this chapter,
the system is assumed to consist of an assembly of interacting two-state quantum
units, where each unit is coupled linearly to a classical coordinate, to represent the
bath. As such, we follow a method that has served as a simplified representation
for complex condensed phase problems in a variety of studies.123 Shown in Fig. 3.1
is a schematic illustration of the setup. Each two-state unit is attributed a site
index n, and a transition energy ωn. Coupling of site n to bath coordinate xn is
manifested as a change of the transition energy ωn by the amount of Dnxn, where

Figure 3.1: Schematic illustration of the model used for mixed quantum-classical dy-
namics. Each site n corresponds to a quantum two-state unit with transition energy ωn.
This unit couples to a classical oscillator xn, which in turn interacts with a stochastic en-
vironment corresponding to a temperature T . Arrows indicate couplings, purely quantum
mechanical (Jn,m), quantum-classical (Dn), and classical-stochastic (γ).
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Dn is the coupling parameter. Interaction between sites n and m, denoted Jn,m,
results in a delocalization of quantum excitations. All of this is accounted for by
the familiar exciton Hamiltonian,

H =
∑
n

(ωn + Dnxn)B†nBn +
∑
n,m

Jn,mB†nBm, (3.1)

which describes the quantum system in the absence of an electro-magnetic field.

Here, the operator B
(†)
n annihilates (creates) an excitation at site n. Note that

the ground state is associated with the zero point of energy.
Since the classical coordinates xn are changing in time, the exciton Hamiltonian

is parametrically time-dependent, and so are its eigenstates |φk〉. The same holds
of course for the eigenenergies εk , which are considered time-fluctuating adiabats.
At every instant, the state of the quantum system can be expressed as an expansion
of adiabatic eigenfunctions, |Ψ〉 =

∑
k ck |φk〉. Its evolution is governed by the

time-dependent Schrödinger equation

|Ψ̇〉 = −iH|Ψ〉. (3.2)

This directly leads to an equation of motion for the expansion coefficients,101

ċk = −iεkck −
∑
l

~̇x · ~dk,l cl , (3.3)

where in the last term an inner product is taken of a vector representing the bath
velocities, ~̇x = (ẋ1, ẋ2, ... , ẋn, ...), and one describing the nonadiabatic coupling,

~dk,l ≡ 〈φk |∇~xφl〉. (3.4)

Eq. 3.3 can be evaluated numerically to obtain the quantum dynamics. How-
ever, instead of solving this equation, we follow the NISE approach,93, 109 which
is essentially equivalent, but practically different. The Hamiltonian H is assumed
constant during a small time interval ∆t, over which the wavefunction is propa-
gated as

|Ψ(t + ∆t)〉 = e−iH∆t |Ψ(t)〉. (3.5)

This is conveniently solved in the (local) site basis, which involves a Hamiltonian
diagonalization, but does not require an explicit calculation of the nonadiabatic
coupling vectors.

Generally, the bath coordinates describe classical trajectories directed by the
total of acting forces. NISE has the advantage of treating such trajectories explic-
itly without posing limitations. In this chapter, we restrict ourselves to coordinates
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evolving in harmonic potentials, but we stress that our method may be used equally
well for more general potentials. Following the Brownian oscillator model,76 the
situation of damped harmonic motion is complemented with a random fluctuat-
ing force to stochastically represent the effect of temperature. Accordingly, the
classical dynamics are governed by the Langevin equation

m~̈x = −k~x −mγ~̇x + ~F T + ~F Q. (3.6)

Each coordinate xn is associated with a mass m performing a damped oscillation
with friction and spring constants indicated by γ and k, respectively. For simplicity,
the parameters m, γ, and k are here assumed to be equal for all oscillators. The
Langevin equation is solved numerically using the Euler method with the same
time step ∆t as applied in the quantum propagation. The thermal contribution
~F T is considered a white random force and each vector component is drawn from
a normal distribution. In accordance with the fluctuation-dissipation theorem, the
width of this distribution is taken to be (2γmkBT/∆t)1/2 (Ref. 76).

The final term in Eq. 3.6, ~F Q, accounts for the back reaction of the quantum
system on the classical bath. This term was not incorporated in earlier implemen-
tations of NISE, yet it is required to self-consistently describe the system-bath
coupling. A general formulation of the so-called quantum force reads,

~F Q = −∇~x〈ψF|H|ψF〉 = −〈ψF|∇~xH|ψF〉, (3.7)

where the second equality follows from the Hellmann-Feynman theorem.124 The
quantum force derives from the potential energy associated with the state |ψF〉.
There is no unique way in which this “feedback state” can be assigned. This
topic was first touched upon by Ehrenfest,115 who stated that a quantum observ-
able weighted by the probability of its occurrence evolves identical to its classical
equivalent. Accordingly, the feedback state is set equal to the wavefunction |Ψ〉.
Such a mean-field implementation of the quantum force in the calculation of 2D
spectra is the topic of Ref. 116.

However an elegant and numerically inexpensive approach, this Ehrenfest
method falls short when significant branching of quantum states occurs. A proper
account of this branching is essential to achieve thermal relaxation of quantum
populations towards a Boltzmann distribution. In the following section, we outline
a surface hopping algorithm that incorporates quantum branching, and so does
reproduce the correct thermalization. In doing so, we present an alternative to
the Ehrenfest method that is somewhat more numerically demanding, but still
computationally feasible. The question of which method is best suitable is not
unambiguous125 and will be further addressed in Sec. 3.4.
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3.2.2 Surface hopping

Surface hopping, as originally introduced by Tully and Preston,126 employs the
intuitive idea that the classical bath coordinates always evolve on a single poten-
tial energy surface. Accordingly, two wavefunctions appear in the surface hop-
ping approach, which are referred to as “primary” and “auxiliary”. The primary
wavefunction provides a quantum mechanical description of the system, including
aspects such as phase and interference. It is nothing but the state |Ψ〉, whose
evolution is described by Eq. 3.2. The auxiliary wavefunction is a basis state cor-
responding to the potential energy surface as experienced by the classical bath,
hence, the state |ψF〉 appearing in Eq. 3.7. Surface hopping can be formulated
in any orthogonal basis, yet we assume such basis state to be adiabatic, i.e. an
instantaneous eigenstate of the Hamiltonian. In case the bath coordinates evolve
on the adiabat εk , the state |φk〉 is said to act as an auxiliary wavefunction in
providing quantum feedback. The quantum force then takes up the form

~F Q = −〈φk |∇~xH|φk〉. (3.8)

Nonadiabatic coupling affects the classical dynamics through an instantaneous
hopping of the auxiliary wavefunction |ψF〉 between adiabats. In 1990, Tully
proposed a method which allows such a state transition to happen anywhere
along the potential energy trajectories, provided that the nonadiabatic coupling is
nonvanishing.101 According to this FSSH algorithm, the probability for a transition
from state |φk〉 towards state |φl〉 is determined through

Pk→l = −2 ~̇x · ~dl ,k Re
( cl

ck

)
∆t, (3.9)

where ∆t is the integration time step used for the classical and quantum prop-
agation. At each step, a uniform random number 0 ≤ ξ < 1 is generated, and
the proposed surface hop is performed provided that the calculated probability is
large enough as compared with ξ. More explicitly, all possible terminal states l
are arranged in some (arbitrary) order, and the transition k → l is executed if∑

l ′≤l−1

Pk→l ′ < ξ <
∑
l ′≤l

Pk→l ′ , (3.10)

where sums are taken over all states except the initial one |φk〉. Nevertheless, the
auxiliary wavefunction usually will remain unaltered as typically

∑
l Pk→l � 1.

Determination of the hopping probabilities through Eq. 3.9 does, once again, not
require an explicit calculation of the nonadiabatic coupling vectors, thanks to the
chain rule ~̇x · ~dk,l = 〈φk |φ̇l〉. This factor turns out to produce both positive and
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negative probabilities. Any negative probability is considered unphysical, and is
set equal to zero.127

As shown in Ref. 101, Eq. 3.9 derives directly from the equation of motion
of the primary wavefunction |Ψ〉, given by Eq. 3.3. As such, the FSSH algorithm
assures that an ensemble average of the auxiliary wavefunction |ψF〉 statistically
reproduces the correct quantum populations |ck |2 as taken from |Ψ〉, while the
number of hops is minimized.101 However, conservation of energy might prevent
a state transition from occurring, thereby disturbing the statistical distribution of
the auxiliary wavefunction. In the course of a transition k → l , the total of quan-
tum and classical energy is conserved by changing the component of the velocity
~̇x in the direction of the nonadiabatic coupling vector ~dk,l , so that the change in
classical kinetic energy matches the difference in adiabats εl − εk (Refs. 101 and
128). When there is not enough initial kinetic energy available for this rescaling of
~̇x , the state transition is abandoned, being energy-forbidden. For such forbidden
hop, a sign change of the velocity component along the nonadiabatic coupling
vector is performed.127 In doing so, we conform to a vast majority of FSSH stud-
ies, although recognizing that some accounts are made for leaving the velocity
unchanged.129 The occurrence of forbidden hops induces a correct thermaliza-
tion of the quantum populations as derived from the auxiliary wavefunction. In
other words, the feedback state |ψF〉 does statistically approach the Boltzmann
distribution.121, 122

3.2.3 Two-dimensional spectroscopy

2D spectra are the result of four light pulses interacting with the quantum sys-
tem. Such a sequence of interactions can be formulated in six different Liouville
pathways, describing the evolution of a part of the quantum density matrix that
contributes to the optical response. These pathways are termed ground state
bleach (GB), stimulated emission (SE), and excited state absorption (EA), each
of which has a rephasing and a nonrephasing variant.78 The corresponding double
sided Feynman diagrams are presented in Fig. 3.2.

The interaction between light and the quantum system is described by the
Hamiltonian

Hint(t) =
∑

~µn · ~E (t)(B†n + Bn). (3.11)

For simplicity, the molecular transition dipoles ~µn are assumed to be time-indepen-
dent (Condon approximation). The light pulses are manifested by four temporal
delta peaks in the electric field E (t). As depicted in Fig. 3.2, these peaks are
associated with the times t = τ1, τ2, τ3, and τ4, while the intervals between
peaks are denoted t1, t2, and t3. During the coherence time t1, the density matrix
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Figure 3.2: Double sided Feynman diagrams illustrating the six Liouville pathways that
contribute to the 2D optical signal. Shown are the diagrams for ground state bleach
(GB), stimulated emission (SE), and excited state absorption (EA), where |g〉, |e〉, and
|f 〉 denote the quantum ground state and excitations in the singly and doubly excited
manifold, respectively. Dashed lines represent interactions with a light pulse. The arrows
on the left-side indicate the time-direction, and serve to specify the interaction times τ1,
τ2, τ3, and τ4, as well as the intervals t1, t2, and t3. The upper row shows the rephasing
diagrams, whereas the nonrephasing variants are demonstrated in the bottom row.

describes a coherence between the ground state |g〉 and a singly excited state |e〉
for all Liouville pathways. This is also the case during t3, except for EA, where
a coherence between |e〉 and a doubly excited state |f 〉 occurs. The latter is the
result of two excitations by light pulses, or in terms of the interaction Hamiltonian
Eq. 3.11, by double action of the creation operator. Throughout the waiting time
t2, the density matrix corresponds to a ground state population for GB, whereas
for SE and EA both populations and interstate coherences in the singly excited
manifold appear.

Calculation of 2D response is commonly performed through separate evalu-
ations of the pathways. In the current section, this procedure is complemented
with the surface hopping algorithm, using the theory of Secs. 3.2.1 and 3.2.2.
The first thing to note is that a proper reproduction of the dynamic Stokes shift
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requires every pathway to be addressed a unique Hamiltonian, and hence a unique
classical vector ~x to represent the environment. This vector is then propagated
alongside the density matrix ρ. However, in treating their mutual interaction
self-consistently, we uncover the limitations inherent to mixed quantum-classical
dynamics. For example, during t1, the density matrix typically consists of the
coherence

ρ = |e〉〈g |. (3.12)

The question as to how ~x should interact with this form of ρ is not trivial. In the
purely quantum picture, the environment takes part in the coherence rather than
interacting with it. However, once the environment is considered classically, such
coherent behavior is no longer maintainable.

Our approach is based on the simple assumption that a quantum coherence
does not provide feedback on the classical vector. Thus, throughout t1, ~x is
propagated as if interacting with the quantum ground state. Moreover, this as-
sumption is generalized to also apply for coherences between the singly and doubly
excited manifold, as well as interstate coherences. Consequently, only quantum
populations that occur during t2 deliver a nonvanishing feedback on the classical
environment. As shown in chapter 8, such an approximation is not too restrictive
as the interaction between the environment and coherences is strongly dominated
by dephasing effects. Furthermore, for most cases, populations determine the 2D
response to a great extent.

Still, there are several ways in which the abovementioned can be implemented.
Our choice of implementation is summarized as follows. For a given pathway, the
adiabatic populations are separated out, and propagated using distinct classi-
cal vectors. Such a pathway decomposition leads to the most desirable results,
probably because it best mimics the quantum-branching of the environment. It
essentially comes down to a division into sub-pathways, as is shown schematically
for nonrephasing stimulated emission (NR-SE) in Fig. 3.3. Each sub-pathway
(k , l) corresponds to the density matrix ρk,l interacting with the vector ~xk,l . The
division is taken so that at time τ2, right after the second light interaction, the
density matrix equals ρk,l(τ2) = |φk〉〈φl |, which can be a population (k = l) or
an interstate coherence (k 6= l) in the adiabatic basis at τ2. (Note that for ρk,l

and ~xk,l , the subscripts merely indicate the correspondence to a particular sub-
pathway.) The contribution of sub-pathway (k , l) to the total of NR-SE response
is determined by the weight factor

Ck,l ≡ 〈φk |Uk,l(τ2, τ1)µ(τ1)ρk,l(−∞)µ(τ2)|φl〉, (3.13)

which reflects the evolution of ρk,l prior to τ2. The initial density matrix
ρk,l(−∞) ≡ |g〉〈g | is acted upon by the transition dipole operators µ(τ1) and
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Figure 3.3: Decomposition of the NR-SE diagram into contributions from populations
|φk〉〈φk | and interstate coherences |φk〉〈φl | (k 6= l).

µ(τ2), coupling the ground state to the singly excited manifold, which derive from
the interaction Hamiltonian given by Eq. 3.11. Note that the time arguments τ1

and τ2 purely serve to indicate the interaction times. The propagator is given by

Uk,l(τ2, τ1) ≡ e
−i

∫ τ2
τ1

Hk,l dt
′
, (3.14)

and describes the quantum evolution during the coherence time t1. In the expo-
nent, a time-integral is taken over the Hamiltonian Hk,l as given by Eq. 3.1, which
depends on the vector ~xk,l . This vector is in turn integrated through Eq. 3.6, while
the quantum feedback is set to zero.

In the course of the waiting time t2, the adiabatic interstate coherences are
propagated as

ρk,l(t) = Uk,l(t, τ2)|φk〉〈φl |Uk,l(τ2, t) (k 6= l), (3.15)

while the vector ~xk,l again is integrated using ~F Q = 0. In contrast, the vector
~xk,k does experience a nonzero quantum force due to the population ρk,k . This
is realized through the surface hopping algorithm, following the procedure from
Sec. 3.2.2 applied in the singly excited manifold. While doing so, the primary
and auxiliary wavefunctions are initialized as |Ψ〉 = |ψF〉 = |φk〉 at time τ2.
Interestingly, the occurrence of two wavefunctions provides two ways of calculating
the optical response. The question as to which variant is the proper one will
not be addressed at this stage. Rather, we will evaluate 2D spectra using both
wavefunctions, and compare the outcome. Thus, the population is time-integrated
through

ρk,k(t) = US
k,k(t, τ2)|φk〉〈φk |US

k,k(τ2, t), (3.16)
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where the surface hopping propagator is given by

US
k,k(t, τ2) = e

−i
∫ t
τ2

Hk,k dt
′

(3.17)

when the primary wavefunction |Ψ〉 is employed for the spectral calculation, or

US
k,k(t, τ2) = |ψF(t)〉〈ψF(τ2)| (3.18)

when the auxiliary wavefunction |ψF〉 is used.
The above analysis provides all the necessary elements to formulate the generic

expression for the NR-SE optical response. This response is obtained by taking
the trace of the density matrix ρk,l at τ3. Summing over k and l then yields

RNR-SE(t3, t2, t1) = (3.19)∑
k,l

µ(τ2)Il(τ2)U
(S)
k,l (τ2, τ3)µ(τ3)µ(τ4)Uk,l(τ4, τ3)U

(S)
k,l (τ3, τ2)Ik(τ2)Uk,l(τ2, τ1)µ(τ1).

In this equation, the adiabatic identity matrix components Ik ≡ |φk〉〈φk | reflect
the pathway decomposition. Expressions for the other Liouville pathways are
derived in an analogues fashion. The results are formulated in Sec. 3.5. Fourier
transforming these response functions with respect to t1 and t3 yields the 2D
spectra for a specific waiting time t2.

3.3 Application to a dimer system

This section presents numerical results obtained through implementation of surface
hopping in the calculation of 2D spectra. The parameters are chosen so as to
typically represent electronic processes at room temperature, for which a detailed
balance for the quantum populations is of importance. At the same time, our
choice of parameters matches the regime of validity of HEOM, which is used as
a benchmark for our spectral calculations. Following Ishizaki and Fleming,106

HEOM is applied using a Debye spectral density while neglecting the Matsubara
frequencies. Hence, when taken in the semi-classical limit, the bath corresponds
to the overdamped Brownian oscillator model. Full details on the corresponding
simulation scheme are given in Refs. 107 and 116.

Firstly, we report that our method is found to successfully describe the dy-
namic Stokes shift for the case of a quantum monomer, something that was not
accounted for by conventional implementations of NISE. Both the amount of nu-
clear reorganization and the corresponding time scale are accurately reproduced.
However, for a detailed account, we refer to an implementation of the Ehrenfest
approach to 2D spectroscopy,116 since for a single quantum unit this approach
becomes equivalent to the surface hopping procedure.
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Contrary to the monomer case, evaluation of a dimer system challenges the
numerical method to reproduce the correct thermal equilibration. In the following,
2D spectra are calculated for a dimer of quantum units having electronic transition
energies of ω1 = 11 500 cm−1 and ω2 = 12 000 cm−1, respectively, and interacting
with a strength of J1,2 = 100 cm−1. Each quantum unit is coupled to a classi-
cal coordinate xn (n = 1, 2), with a uniform strength of Dn = 4200 cm−1nm−1.
The coordinates are propagated using Eq. 3.6, with m = 5 u (atomic units),
k = 1117.5 u ps−2, and γ = 50 ps−1. The thermal force is derived from a tem-
perature of T = 300 K. These parameters roughly correspond to the overdamped
Brownian oscillator model with a correlation time of about 0.22 ps, leading to an
inhomogeneous spectral broadening of 198 cm−1. Both the quantum system and
the classical coordinates are propagated using a time step ∆t = 2 fs. For this
step size, convergence is assured by subtracting the (constant) mean quantum
energy (ω1 +ω2)/2 inside the propagator, which is then corrected for after Fourier
transforming the response functions.

The resulting 2D spectra are shown as contour plots in Fig. 3.4, for zero
waiting time (top row), for t2 = 1.5 ps (middle row), and for t2 = 15 ps (bottom
row). As outlined in Sec. 3.2.3, surface hopping provides two ways of calculating
the nonlinear response. One way is through using the primary wavefunction,
by applying Eq. 3.17. The outcome of this approach is shown in the second left
column. Alternatively, the auxiliary wavefunction can be used, see Eq. 3.18, which
leads to the spectra shown in the third column from left. For comparison, the
utmost left column demonstrates the spectra obtained using the conventional NISE
approach, neglecting quantum feedback and without applying surface hopping at
all, while the outcome of HEOM is shown in the right column. In all cases, a
lifetime of τ = 1 ps is applied, merely to slightly smoothen the spectra. This
is incorporated in an ad hoc way by multiplying the response functions with the
relaxation factor Γ(t3, t2, t1) = exp(−(t3 + t1)/2τ). (The lifetime during t2 is
neglected to conveniently study spectral signatures of population transfer.) Each
plot is individually normalized to the maximum absolute value.

For t2 = 0, the two surface hopping procedures and the conventional NISE
method generate identical spectra. This comes as no surprise, since surface hop-
ping only affects the calculations throughout the evolution of quantum populations
during the waiting time. Furthermore, the surface hopping spectra can also not be
distinguished from the outcome of HEOM, indicating that, for the chosen param-
eters, the neglect or inclusion of quantum feedback during the coherence times
does not make a significant spectral difference. The t2 = 0 spectra are typical for a
dimer system. Two distinct peaks appear along the diagonal (solid line), stemming
from the two adiabatic states. In our calculations, the transition dipole vectors
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Figure 3.4: Real part of the calculated 2D spectra for a dimer system at waiting times
t2 = 0 ps (top row), 1.5 ps (middle row), and 15 ps (bottom row). Left column displays
results obtained using the conventional NISE method, neglecting quantum feedback. Re-
sults for the surface hopping approaches are shown in the second and third columns, where
the response is obtained through the primary and auxiliary wavefunctions, respectively.
The outcome of HEOM is demonstrated in the right column. Contours indicate levels
for every 10% of the maximum absolute value. This value is used to normalize each
spectrum. The labels I and II in the top-left plot indicate the two cross-peaks (see text).
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are taken to be equal, which in combination with positive electronic interactions
results in the wavefunction coefficients of the higher-energy state being mostly
in-phase. Consequently, the transition to this state is symmetry-favored, which
explains why the upper diagonal peak carries the bulk of the oscillator strength.
The lower-energy state has an asymmetric nature, and hence the corresponding
diagonal peak is optically weaker. Besides, two cross-peaks are observable, which
for convenience are labeled I and II in the left column. Note that peak I has a
negative intensity. This, and the fact that the t2 = 0 spectra are not symmetric
with respect to ω1 and ω3, is due to the EA contribution.∗

After a waiting time of 1.5 ps, spectral diffusion has completed. A significant
Stokes shift is observable for the spectra corresponding to the primary and auxiliary
wavefunctions, which nicely agrees with the shift predicted by HEOM. Beside that,
a growth of the cross-peaks is clearly apparent, for reasons that will be explained
later in the current section. This is especially the case for peak I, whose growth
is most pronounced for the HEOM spectrum. Of the other methods, only the
auxiliary wavefunction manages to approximately reproduce this peak. In contrast,
the conventional NISE approach is particularly lagging, as some negative intensity
is still visible here.

At t2 = 15 ps, convergence is reached for all spectra, as populations have
almost completely equilibrated. For this waiting time, HEOM and the auxiliary
wavefunction generate very similar results, that are in marked contrast with both
other approaches, especially when considering cross-peak I. The auxiliary wave-
function has realized a strong growth of this peak, causing its intensity to exceed
the higher-energy diagonal peak. Careful analysis reveals that this intensity is still
10% smaller than the value predicted by HEOM. In comparison, the result of the
primary wavefunction shows an improvement over the conventional NISE method,
be it marginal. Note that any differences between the methods are difficult to
extract from cross-peak II, which is rather weak overall.

Cross-peak dynamics is predominantly determined by the transfer of popula-
tion between adiabatic states. More specifically, cross-peak I reflects population
transfer from the higher to the lower-energy adiabat. Hence, the above spectral
observations indicate this transfer to be approximately equal for HEOM and the
auxiliary wavefunction, but strongly different for the remaining methods. This
indication is made explicit in Fig. 3.5a, by directly comparing the evolution of
peak I (markers) with the outcome of population transfer calculations (curves).
In the latter case, the quantum system is initiated in the higher-energy adiabatic

∗This follows from Fig. 1d of Ref. 130, considering that excitation to the lowest-energy singly
excited state is only weakly allowed and that the energy of the doubly excited state amounts to
the sum of both singly excited energies.
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Figure 3.5: a, Calculated transfer of population from the higher to the lower-energy
adiabatic state (curves), as a function of waiting time t2. Also shown is the intensity of
cross-peak I (markers), taken from simulated 2D spectra. Results are demonstrated for
the conventional NISE method (green) and for surface hopping using the primary (blue)
and auxiliary (red) wavefunction. The black curve indicates the Boltzmann factor, as
derived from the instantaneous adiabatic energies in the course of the surface hopping
calculations. Note that the peak intensities are rescaled so as to overlap the curves at
t2 = 1 ps and 15 ps. The corresponding scaling factors are reported in Tab. 3.1. b, Results
for cross-peak II and population transfer from the lower to the higher-energy adiabat.

state, after which the population of the other adiabat is monitored. For surface
hopping, the primary populations are shown (blue curve), derived from the wave-
function coefficients of |Ψ〉, as well as the auxiliary populations (red curve), which
follow from a statistical sampling of the auxiliary wavefunction |ψF〉. For compar-
ison, the Boltzmann factors are demonstrated (black curve), corresponding to the
lower adiabatic energy. Also shown are the primary populations following from the
conventional NISE approach (green curve). Unfortunately, adiabatic populations
cannot be calculated in the HEOM method, since in that case, information on the
quantum system and the environment are entangled in the hierarchy.

To determine the intensity of peak I, a slice of the corresponding (unnormal-
ized) 2D spectrum is taken, capturing the cross-peak extremum, which is then
smoothened and fitted to a Gaussian. The maximum absolute value of this Gaus-
sian is defined as the intensity, assuming the peak width to remain approximately
constant in time. This assumption is reasonable after a waiting time of 1 ps,
when spectral diffusion has fully broadened the spectra. Between 1 ps and 15 ps,
9 snapshots are analysed. The results are plotted alongside the calculated popula-
tions, while the peak intensities are rescaled and shifted vertically so as to exactly



52 Surface hopping modeling of two-dimensional spectra

overlap the population curves at t2 = 1 ps and 15 ps. The applied scaling factors
are reported in Tab. 3.1, together with the equilibration time scales tc , obtained
by fitting the population transfer curves and cross-peak intensities with the expo-
nential C1 + C2 exp(−t2/tc). A determination of the cross-peak time scale is also
carried out for the HEOM spectra.

Firstly, Fig. 3.5a demonstrates that a statistical sampling of the auxiliary
wavefunction approaches the Boltzmann factor, which agrees with earlier find-
ings.121, 122 In contrast, the primary wavefunction does not obey the correct equi-
libration, although showing an improvement over the infinite temperature popu-
lation (= 0.5) predicted by NISE. The Boltzmann factor exhibits a peculiar “dip”
around t2 = 0.5 ps. This stems from relaxation of the classical coordinates due
to quantum feedback, which (temporarily) diminishes the energy gap between
adiabats. As follows from Tab. 3.1, the population equilibration times do nicely
agree with the values of tc as derived from the spectral peak fits. The equilibra-
tion rates of NISE and the primary wavefunction are comparable, and significantly
slower than tc = 1.2 ps as obtained for the auxiliary wavefunction. Overall, the
peak intensities are rescaled by about the same factor, which indicates that the
transfer of population is appropriately reflected in peak I, and hence, that the
spectra corresponding to the auxiliary wavefunction reflect the correct equilibra-
tion towards a Boltzmann distribution. As was found in Fig. 3.4, the HEOM and
auxiliary spectra thermalize towards approximately the same equilibrium, although
it turns out that HEOM follows an even somewhat faster time scale of only 1.0 ps.

For completeness, the evolution of peak II is shown alongside the outcome
of population transfer calculations in Fig. 3.5b. However, this peak is generally
rather weak in intensity, leading to poor fitting results. Furthermore, in the light
of the above analysis, this peak does not contain any additional information.

Peak I Time scale tc Peak
Pop. transfer Peak rescaling

No feedback 2.3 ps 2.2 ps 2.3
Primary 2.6 ps 1.9 ps 2.0
Auxiliary 1.2 ps 1.2 ps 2.2
HEOM - 1.0 ps -

Table 3.1: Time scales, obtained by fitting the data from Fig. 3.5a to the exponential
C1 + C2 exp(−t2/tc). Also tabulated are factors used to rescale the cross-peak intensities
in this figure.
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3.4 Discussion and conclusion

Complex molecular assemblies, for which a full quantum-mechanical description
is computationally infeasible, can conveniently be modeled using mixed quantum-
classical dynamics. A limited set of degrees of freedom is treated quantum-
mechanically, and assumed to be interacting with a classical environment. Such
an approach is the basis of the NISE method, which has become a well-established
technique for calculating 2D infrared spectra. In this chapter, NISE is extended
with the FSSH algorithm, which provides a self-consistent description of the
quantum-classical interaction. Since FSSH is known for accurately reproducing an
equilibration towards a Boltzmann distribution in the quantum system, we expect
such combination to be particularly suitable for reproducing higher-energy/lower-
temperature processes. As such, we primarily aim at 2D electronic spectroscopy,
that has gained acclaim lately.

The implementation of surface hopping in NISE opens two ways for calculating
the nonlinear response, as it typically involves two different quantum wavefunc-
tions. One way is by using the “primary” wavefunction, which is the quantum
state whose evolution is governed by the time-dependent Schrödinger equation.
As an alternative, the “auxiliary” wavefunction can be used, which at any instant
corresponds to a single adiabatic eigenstate from which the quantum feedback on
the classical environment is derived. In Sec. 3.3, both ways are used to simulate 2D
electronic spectra for an electronic quantum dimer system at room temperature,
while the environment is modeled using two overdamped Brownian oscillators,
each linearly coupled to a single quantum unit. The spectral outcome is demon-
strated alongside results from the conventional NISE approach, without surface
hopping. Moreover, a comparison is made with HEOM, which accounts for ther-
mal equilibration on a quantum-mechanical basis. We have found that for nonzero
waiting time, NISE and the primary wavefunction both generate aberrating spec-
tra, while the outcome of the auxiliary wavefunction appears in good agreement
with the results of HEOM. The cross-peaks are shown to accurately indicate popu-
lation transfer between the adiabatic eigenstates. Our analysis further verifies that
the spectrum following the auxiliary wavefunction reflects the expected thermal
relaxation of populations towards a Boltzmann distribution.

In our implementation of NISE/FSSH, nonlinear optical response is evaluated
numerically by decomposing the contributing Liouville pathways in the adiabatic
basis, while branching the classical coordinates in replicas. Only the replicas
interacting with quantum populations experience a feedback force, and hence, only
for these cases a fully self-consistent treatment of quantum-classical interaction is
realized. This approximation is necessary as a consequence of the classical nature
of the bath coordinates. In chapter 8, it is shown that the neglect of quantum
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feedback is a rather good approximation for quantum coherences. Furthermore, for
the parameters under consideration here, coherences have a negligible effect on the
2D spectra. Another curiosity resulting from mixed quantum-classical dynamics
is the appearance of two wavefunctions, as formulated in the surface hopping
algorithm. Our results provide a clear indication that the auxiliary wavefunction
should be addressed for the optical response.

The combination of NISE and FSSH presented here offers the advantages
of both methods, at manageable computational costs. Notably, our procedure
does not restrict the classical trajectories in any way, and can easily be extended
to include nonlinear quantum-classical coupling as well as anharmonic classical
motion. In that sense, it forms an attractive complement to HEOM, which is
limited to Gaussian bath fluctuations. Furthermore, we expect it to be applicable
to larger molecular systems, for which HEOM becomes prohibitively expensive.
Another advantage of our procedure is the ease with which the transfer of energy
and population can be tracked, something that is generally complicated when the
environment is treated in a stochastic fashion. Finally, it allows non-Condon effects
to be incorporated straightforwardly. However, the question as to which numerical
method is most appropriate depends strongly on the physical situation at hand. For
example, the mean-field or Ehrenfest approach is found to outperform FSSH when
the observables of interest are of diabatic nature, rather than adiabatic.125, 129

Interestingly, various studies have aimed at combining such methods, leading to
hybrid procedures that have a broader range of applicability. A notable example
is the fusion of mean-field and FSSH.118, 131
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3.5 Appendix: 2D response functions

This appendix summarizes the response functions for all Liouville pathways that
contribute to 2D spectra, following the formalism of Sec. 3.2.3. Firstly, it should
be noted that the calculation of GB is performed according to the original NISE
method, since these pathways do not involve any excited state quantum popula-
tions. Hence, the response function for the rephasing variant is given by

RR-GB(t3, t2, t1) = µ(τ1)U(τ1, τ2)µ(τ2)µ(τ4)U(τ4, τ3)µ(τ3), (3.20)

whereas the nonrephasing signal follows from

RNR-GB(t3, t2, t1) = µ(τ4)U(τ4, τ3)µ(τ3)µ(τ2)U(τ2, τ1)µ(τ1). (3.21)

Rephasing and nonrephasing SE are given by

RR-SE(t3, t2, t1) = (3.22)∑
k,l

µ(τ1)Uk,l(τ1, τ2)Il(τ2)U
(S)
k,l (τ2, τ3)µ(τ3)µ(τ4)Uk,l(τ4, τ3)U

(S)
k,l (τ3, τ2)Ik(τ2)µ(τ2),

and

RNR-SE(t3, t2, t1) = (3.23)∑
k,l

µ(τ2)Il(τ2)U
(S)
k,l (τ2, τ3)µ(τ3)µ(τ4)Uk,l(τ4, τ3)U

(S)
k,l (τ3, τ2)Ik(τ2)Uk,l(τ2, τ1)µ(τ1),

respectively. EA involves the transition dipole operator µef that couples between
the singly and doubly excited manifold. The response functions are formulated as

RR-EA(t3, t2, t1) =
∑
k,l

µ(τ1)Uk,l(τ1, τ2)Il(τ2)U
(S)
k,l (τ2, τ3)Uk,l(τ3, τ4) (3.24)

µef (τ4)Uk,l(τ4, τ3)µfe(τ3)U
(S)
k,l (τ3, τ2)Ik(τ2)µ(τ2),

and

RNR-EA(t3, t2, t1) =
∑
k,l

µ(τ2)Il(τ2)U
(S)
k,l (τ2, τ3)Uk,l(τ3, τ4) (3.25)

µef (τ4)Uk,l(τ4, τ3)µfe(τ3)U
(S)
k,l (τ3, τ2)Ik(τ2)Uk,l(τ2, τ1)µ(τ1).

Note that in all cases, including the EA contributions, summations are taken over
all adiabatic states k and l in the singly-excited manifold.
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In biological light harvesting, solar energy is captured by photo-
synthetic antennae for subsequent storage into chemical bonds.
The remarkable efficiency reached in transferring the energy
between the collection and storage events recently has been
attributed to long-lived electronic coherence present in such
antennae systems. In this chapter, we present numerical sim-
ulations indicating that the spectroscopic transients that sup-
ported this hypothesis are not induced by electronic coherence,
but instead are caused by vibrational (nuclear) motion in the
electronic ground state potential. Besides emphasizing the sig-
nificance of such nuclear modes, our findings stimulate a re-
consideration of the role of electronic coherence in promoting
energy transfer in natural photosynthesis. Furthermore, they
require us to rethink how energy transfer efficiency is reflected
in spectral signals.

4.1 Introduction

The Fenna-Matthews-Olson (FMO) complex,21 connecting antennae to reaction
centers in green sulfur bacteria, plays a central role in the research focusing on
photosynthesis.132 In 2005, Brixner et al.23 succeeded in mapping out elec-
tronic couplings between the bacteriochlorophyll (BChl) subunits inside the FMO
complex of Chlorobium tepidum by means of two-dimensional (2D) electronic
spectroscopy. Using this four-wave mixing technique, which has been thoroughly
described elsewhere,133–135 the molecular sample is consecutively “excited” and
“detected”, and the couplings are manifested as cross-peaks in the 2D excitation-
detection spectrum. However, coherences between excited states existing during
the waiting time t2 (in between the excitation and detection events) also give rise
to cross-peak transients in the form of beating signals. Indeed, such signals were
discovered by Engel et al. when revisiting the FMO measurements a few years
later.26 Persistent small-amplitude beatings were presented and attributed to co-
herences between electronic states lasting for a surprisingly long time,26 suggesting
that quantum coherence is directly relevant to biological functioning. Accordingly,
electronic energy traversing the FMO complex performs versatile wave-like motion
instead of slow diffusive hopping. A subsequent study confirmed the existence of
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cross-peak oscillations surviving for at least 1 ps at 77 K.136 Similar beatings were
discovered in a variety of other biological systems,27–30 indicating that wavelike
behavior is an omnipresent biological phenomenon. Furthermore, the discovery
of oscillating transients in conjugated polymers53 and synthetic dimer systems137

extended the paradigm of robust quantum coherence to chemically bonded chro-
mophores.

The long lifetime associated with the electronic coherences has left researchers
puzzled, since even at cryogenic temperatures the spectral bandwidth of FMO pre-
dicts an electronic dephasing on the order of 100 fs,33 owing to fluctuations in the
environment. A variety of physical processes were proposed in which the environ-
ment somehow takes up an active role in conserving coherences between electronic
states. Correlated protein dynamics could account for the observed coherence
time,28 however, no traces of such correlation were found in full atomistic simula-
tions.108, 138 Other studies examined the effect of bath spectral densities,98, 99, 139

and electronic coherence surviving for several hundreds of femtoseconds at higher
temperatures were found for certain cases,99 but no conclusive explanation for
the picosecond lifetimes at 77 K was addressed. Recent findings direct towards
the importance of underdamped vibrational modes. When explicitly included in
the quantum Hamiltonian these modes were shown to dramatically enhance the
coherence time of electronically excited states.140, 141 The origin of this enhance-
ment lies in the coupling of vibrations to electronic transitions, resulting in vibronic
excitons.

The aforementioned mechanisms account for the observed spectral beatings in
terms of coherences in the electronically excited state. However, it is also possible
that the environment itself is the main contributor. Underdamped vibrations give
rise to spectral modulations that reflect coherences occurring in the electronic
ground state.100, 142–144 In contrast to electronic coherence, such “nuclear motion”
does not have a trivial connection to energy transfer. The BChl subunits of FMO
feature a wealth of Raman-active vibrational modes in the same range as the
beat frequencies between electronic levels (0-350 cm−1).33, 145 These modes were
originally discarded in the experimental interpretation as they couple only weakly to
electronic transitions. Nevertheless, the combination of this vibronic coupling and
electronic interactions between the BChl subunits can significantly enhance the
intensity of vibrational beatings.144, 146 Hence, the question whether the observed
coherences are electronic or purely-vibrational in origin has remained an open one.

In this chapter, we provide strong indications that nuclear cross-peak beatings
dominate over electronic coherent oscillations in FMO. This is demonstrated by
comparing their respective contributions to simulated spectra, in which both the
relevant electronic and nuclear degrees of freedom are treated nonperturbatively.
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An overview of the applied numerical methods is provided in the next section.
The subsequent section presents and discusses simulated 2D spectra of the FMO
complex, and in the penultimate section our conclusions are summarized.

4.2 Model

Calculations have been performed in the vibronic exciton model using the parame-
ters of FMO from Chlorobium tepidum.23, 25 The Fenna-Matthews-Olson (FMO)
protein forms a trimer of identical complexes. Neglecting the minor interaction
between these monomer units,108 seven bacteriochlorophyll (BChl) subunits23 are
treated as two-level electronic systems for each complex. Furthermore, coupling
of the electronic transition to an intramolecular mode ω0 is treated quantum-
mechanically for each BChl subunit. This is formulated by the Holstein Hamil-
tonian,73 which can be expressed as the sum of a diagonal and an offdiagonal
operator,

H(t) = Hdiag(t) + Hoffdiag. (4.1)

The diagonal operator is formulated in second quantization as

Hdiag(t) =
∑
n

(
εn + ∆n(t)

)
c†ncn + ω0

∑
n

b†nbn + ω0

∑
n

(
λ(b†n + bn) + λ2

)
c†ncn.

(4.2)

Here, the first summation describes the electronic transition energies of the BChl
units, with the electronic (Pauli) creation and annihilation operators given by c†n
and cn, respectively. The transition energies are subdivided in a static (average)
contribution εn and a fluctuating contribution ∆n(t). The applied average energies
are identical to those reported earlier,23 and are summarized as diagonal elements
in Tab. 4.1. The fluctuating contributions represent the total of low-frequency
modes other than ω0. Their trajectories are subject to Gaussian noise and obey
the correlation function

〈∆n(t)∆m(0)〉 = δn,mσ
2e−t/tc . (4.3)

In our calculations, the width of the fluctuations is taken to be σ = 75 cm−1,
which is a typical value for the FMO complex at a temperature of 77 K.23, 140 The
correlation time was set to tc = 140 fs, a value that is concordant with atomistic
modeling.108 The fluctuating contributions to the transition energies form the
primary source of electronic dephasing.

The second term in Eq. 4.2 accounts for the vibrational energy due to the
mode ω0, with the associated ladder operators b†n and bn, while the final term
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BChl 1 2 3 4 5 6 7
1 12 420 -106 8 -5 6 -8 -4
2 -106 12 560 28 6 2 13 1
3 8 28 12 140 -62 -1 -9 17
4 -5 6 -62 12 315 -70 -19 -57
5 6 2 -1 -70 12 460 40 -2
6 -8 13 -9 -19 40 12 500 32
7 -4 1 17 -57 -2 32 12 400

Table 4.1: BChl site energies and interactions applied in our calculations. All values are
given in units of cm−1, and are identical to those reported in Ref. 23.

accounts for vibronic coupling quantified by the Huang-Rhys (coupling) factor λ2.
Fluorescence line narrowing experiments on FMO have revealed the two strongest
coupling modes at frequencies of 117 and 185 cm−1, each of them having a
coupling factor roughly given by λ2 = 0.05.33, 145 Using this coupling constant,
both modes have been considered separately in our simulations, while a comparison
is drawn to the purely electronic case where λ2 is set to zero. As in Refs. 140, 144,
and 146, no damping of the vibrational mode is taken into account. The actual
dephasing time of the intra-molecular vibrations of the BChl subunits is in the order
of a few picoseconds,33 leading to a coherence decay of the nuclear wavepackets
on this timescale. Consequently, also electronic coherences are expected to decay
somewhat faster than in our calculations (see also chapter 5).

The offdiagonal contribution to the Holstein Hamiltonian includes the excitonic
interactions between the BChl units,

Hoffdiag =
∑

n,m 6=n

Jn,mc†ncm. (4.4)

Values taken for the couplings Jn,m are summarized in Tab. 4.1, and are equal to
the interaction strengths reported in Ref. 23.

Due to vibronic coupling, the vibrational basis undergoes a spatial shift upon
electronic excitation. In our calculations, vibrational quanta are always described
in their respective eigenbasis, that is, “unshifted” (denoted ν) in the electronic
ground state, and “shifted” (denoted ν̃) in the electronic excited state. The full
vibronic basis set is notorious for its impractical scaling with the total number of
BChl units and the size of the vibrational ladder. Similarly to Refs. 140 and 147,
we have applied the single-particle approximation64, 148 in order to keep the nu-
merical expenses manageable. Accordingly, the (electronic) ground state manifold
is spanned by the purely-vibrational excitations |νn〉, where the superscript n refers
to the BChl unit at which the vibration is localized. Note that the vacuum state
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|0〉 forms a special case in this respect, being independent of n: all BChl’s are
completely unexcited. The (electronic) singly-excited manifold is composed of the
states |ν̃n〉, in which site n is vibronically excited with a corresponding vibrational
state ν̃, whereas the bi-exciton manifold is described using the double excitations
|ν̃n, µ̃m〉. For each manifold, basis states are included involving a total of zero
and one vibrational quanta.

Following the Numerical Integration of the Schrödinger Equation method92, 93

the evolution of the quantum wavefunction is governed by

|Ψ(t + k∆t)〉 = U(t + k∆t, t)|Ψ(t)〉, (4.5)

with the propagator given by

U(t + k∆t, t) =
k−1∏
l=0

exp
(
− iH(t + l∆t)∆t

)
, (4.6)

where
∏

denotes the time-ordered operation from the left with increasing l . In our
simulations, an integration time-step of ∆t = 5 fs is used, while fast-oscillating
contributions due to high-energy diagonal entries of the Hamiltonian H(t) are
accounted for by subtracting a constant from these diagonal values, and applying
the corresponding phase shift afterwards to the wavefunction. Since the Hamil-
tonian is time-dependent, this integration scheme in its simplest form involves a
matrix diagonalization at every time step through calculation of the exponent in
the propagator. This is prohibitively expensive, especially in the bi-exciton mani-
fold. Nevertheless, the fact that all time-dependency is contained in the diagonal
contributions Hdiag(t) has allowed us to use an approximate scheme instead. In-
spired by a recently proposed approach,149 which relies on the Trotter formula,
the exponents inside the product of Eq. 4.6 are further subdivided according to

exp
(
− iH(t + l∆t)∆t

)
(4.7)

≈ exp
(
− iHoffdiag∆t

)
exp

(
− iHdiag(t + l∆t)∆t

)
.

Here, the first exponent on the right-hand side is static in time, and can be calcu-
lated a priori. The second exponent is calculated at every instant, but is computa-
tionally inexpensive since the corresponding Hamiltonian is in diagonal form. This
approach has been applied to all propagation schemes in the singly and doubly-
excited manifolds. Another approximation applied to keep the calculations feasible
is the neglect of a feedback force of the wavefunction on the environment in the
propagation scheme, leading to a thermalization towards evenly distributed quan-
tum populations. As shown in chapter 8, this is a good approximation in studying
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BChl (n) 1 2 3 4 5 6 7
µxn 0.74 0.86 0.20 0.80 0.74 0.14 0.50
µyn 0.56 -0.50 -0.96 0.53 -0.66 0.88 0.71
µzn 0.37 0.11 0.21 0.28 -0.16 -0.46 0.50

Table 4.2: Vector components of the applied transition dipole moments150 in the molec-
ular frame (given in arbitrary units), taken from the RCSB Protein Data Bank, file 3ENI.25

coherent cross-peak beatings. Effects due to improper population relaxation have
been corrected for by a fitting procedure reported below.

Spectra are obtained through a Monte Carlo averaging over uncorrelated dis-
order trajectories (∆n). Each member of the ensemble of FMO complexes is
assumed to initiate in the vacuum state |0〉. Interaction with an (impulsive) light-
pulse, whose polarization is indicated by α, is described by the Hamiltonian

Wα = −
∑
n

~µn · ~eα(c†n + cn), (4.8)

where the unit vector ~eα indicates the polarization direction. As the Condon
approximation is reasonable for FMO,108 the transition dipole moments ~µn are
assumed to be constant in time. Their vector components are taken from the
RCSB Protein Data Bank, file 3ENI,25 and are summarized in Tab. 4.2. Shown

Figure 4.1: Illustration of the FMO complex of Chlorobium tepidum with each bacteri-
ochlorophyll molecule represented by a different color.
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in Fig. 4.1 is the associated molecular structure, rendered using VMD24 (the
illustrations shown in Fig. 4.4 have also been rendered using this software).

The linear absorption spectrum follows from a Fourier transform of the linear
response function, given by

R linear(t) =
∑

α=x ,y ,z

〈0|WαU(t, 0)Wα|0〉. (4.9)

The Fourier transform is limited to 1 ps, a time span over which R linear(t) has
sufficiently decayed. The spectrum has been slightly smoothed by convolving the
response function with an exponential having a 1/e decay time of 5 ps. Linear
spectra, averaged over 50 000 disorder trajectories, are shown in Fig. 4.2a, together
with a stick spectrum depicting the transition dipole strengths of the purely-
electronic eigenstates as a function of the eigenenergies. In the latter case, vibronic
coupling has been omitted (λ = 0), and dynamic disorder has been disabled by
setting ∆n(t) = 0 for all n and t.

Two-dimensional (2D) spectroscopy is the result of four subsequent light-
matter interactions divided by the time intervals t1, t2, and t3. The corresponding
Liouville pathways, describing the evolution of the molecular density operator as
a result of these interactions, are summarized by six double-sided Feynman dia-
grams.76 Two of those diagrams, for rephasing and nonrephasing ground state
bleach, are depicted in Fig. 4.4b. For the rephasing variant, the associated non-
linear response function is given by

RR−GB(t1, t2, t3) =
∑
α,β,γ,δ

Aα,β,γ,δ (4.10)

〈0|WαU†(τ1, 0)WβU†(τ3, τ1)WδU(τ3, τ2)Wγ |0〉.

Here, the time label τ1,2,3 denotes the instant after time interval t1,2,3 has taken
place. Note that in Eq. 4.10, propagation of the (stationary) vacuum state is omit-
ted. In this expression, a summation is performed over the polarizations α, β, γ
and δ. Assuming an isotropic sample of FMO species and parallel polarized light-
pulses, this summation reduces to 21 different configurations with corresponding
weight constants Aα,β,γ,δ as is described in detail in Ref. 151. Expressions of the
response functions corresponding to the other diagrams are given by Eq. 11 of
Ref. 92. 2D spectra are obtained through a two-dimensional Fourier transform
of the response functions with respect to t1 and t3. Similarly to the linear spec-
trum, the Fourier transforms are truncated after 1 ps, and a smoothing has been
applied using an exponential with a 1/e decay of 5 ps over both times t1 and
t3. Spectra have been calculated at 5 fs intervals up to a maximum waiting time
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of 2 ps, while an average is taken over 10 000 disorder trajectories. Represen-
tative absorptive spectra (at t2 = 400 fs) are shown in Fig. 4.2b, using a linear
coloring for the purely-electronic representation (contours indicate 5% intervals)
and using an arcsinh coloring for both the purely-electronic case and the vibronic
models. For the arcsinh colorings, the 2D spectra are transformed according to
Iarcsinh(ω1,ω3) = arcsinh(1000∗ [I (ω1,ω3) + .02]) after which a linear coloring has
been applied following the depicted color scheme. Here, I (ω1,ω3) represents the
normalized 2D spectrum, with ω1 and ω3 as the excitation and detection frequen-
cies, respectively. The prefactor of 1000 and 2% shift of the baseline allow to
highlight the differences occurring at the exciton 1-3 cross-peak.

Spectral traces shown in Fig. 4.3a are taken from the total 2D spectra at an
excitation energy of 12 350 cm−1 and a detection energy of 12 113 cm−1, which
correspond to the average first and third lowest eigenenergies, respectively, of the
singly-excited purely-electronic Hamiltonian. Additionally, traces are shown taken
from 2D spectra of disorder-free FMO complexes, using ∆n(t) = 0. In this case,
spectra have been homogeneously broadened using a width of 13 cm−1, and the
traces are taken at slightly different energies of 12 364 cm−1 and 12 116 cm−1, cor-
responding to the disorder-free energy level diagram (shown as sticks in Fig. 4.2a).
Calculations of disordered 2D spectra at different waiting times are sampled from
distinct starting trajectories to avoid artificial beatings appearing in the traces due
to undersampling. A biexponential fit is subtracted from each trace individually
in order to correct for non-oscillatory contributions due to spectral diffusion and
population transfer.136 Additionally, a moving average smoothing has been per-
formed, where each trace point is replaced with the average of the neighboring
data points to a maximum distance of 10 fs. The power spectra shown in Fig. 4.3b
are obtained from (unsmoothed) traces by taking a fast Fourier transform over
the waiting time up to 2 ps. The results are freely shifted vertically for the ease
of demonstration. For the traces shown in Fig. 4.4, the same procedure is applied
as in Fig. 4.3a. Traces corresponding to the total nonrephasing signal and the
rephasing pathways associated with vibrational (ground state bleach) and elec-
tronic wavepackets (stimulated emission and excited state absorption) are taken
from calculations of the associated diagrams. (Resulting curves are freely shifted
vertically for the sake of clarity.)

Beating maps shown in Fig. 4.5 are created by taking for each 2D spectral
position a fast Fourier transform with respect to the waiting time up to 2 ps.
Before doing so, a biexponential fit is subtracted from each spectral point as a
function t2 to correct for non-oscillatory contributions. The maps represent the
Fourier transform amplitudes (in arbitrary units) corresponding to the reported
frequencies.
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4.3 Results and discussion

The vibrational modes in FMO couple only weakly to electronic transitions, and
as such, their effect on the optical properties can be expected to be weak. Shown
in Fig. 4.2a are calculated linear absorption spectra, including vibronic coupling
as well as in the purely-electronic representation, together with the experimental
outcome.23 Apart from the good agreement between theory and measurements,
this figure underscores the small effect of the weakly-coupled vibrational modes on
linear spectroscopy. Seemingly, the typical Huang-Rhys factors in FMO also do not
substantially affect the 2D spectra. Nevertheless, nonlinear colorations commonly
used to visualize the small-amplitude beatings in the experiments on FMO26, 136
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Figure 4.2: a, Experimental linear absorption23 (dash), together with spectra calculated
in the purely electronic representation (solid black), and in the vibronic exciton model
involving a 117 cm−1 (yellow) or a 185 cm−1 (red) vibrational mode. The stick spectrum
represents the electronic states underlying the absorption band. b, Calculated absorptive
two-dimensional spectra at 77 K for a waiting time of 400 fs. Due to the small vibronic
coupling constant, the linearly-spaced contour plots for the purely electronic and vibronic
models are practically identical (electronic outcome shown in the left panel). However, an
arcsinh coloration26, 136 reveals differences at the cross-peak locations (shown in remaining
panels). Markers indicate the exciton 1-3 cross-peak from which the quantum beat signals
were extracted in experiments.26, 136
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Figure 4.3: a, Traces of the 1-3 cross-peak for different numerical models. Coupling
to the 185 cm−1 mode leads to intense periodic beatings at the cross-peak location (red
trace). For the 117 cm−1 mode, similar modulations are apparent, although weaker in
amplitude (yellow). For purely-electronic spectra, oscillations dephase within a single
period (black). This is reflected in the power spectra shown in b which are compared
with the relevant electronic (gray dashes) and vibrational transitions (red and yellow dash).
Whereas the electronic power spectrum is completely featureless, the vibronic spectra have
dominant contributions at exactly the vibrational frequencies. For comparison, the power
spectrum of a disorder-free complex (purely-electronic) is also shown, which nicely reflects
the predicted electronic transitions (solid gray).

still expose several differences. Shown in Fig. 4.2b are representative 2D spectra
at 400 fs waiting time for the vibronic models including 117 and 185 cm−1 vibra-
tions and for the purely-electronic representation. An arcsinh coloration26, 136 is
applied, demonstrating differences particularly at the marked area. The markers
indicate the cross-peak from which the experimentally observed beatings were first
extracted.26, 136 From the electronic stick spectrum shown in Fig. 4.2a (calculated
using average values for the electronic transition energies) this spectral location
is expected to indicate the correlation between excitons 1 and 3.

In Fig. 4.3, we present a power-spectrum analysis of the exciton 1-3 cross-peak.
Bearing in mind the spectral overlap of adjacent cross-peaks between other exci-
ton pairs, beatings measured here are expected to contain multiple components.
This is substantiated by simulations of a disorder-free FMO complex: clearly re-
solvable features are present in the corresponding power-spectrum at transition
frequencies between excitons 1-2 (170 cm−1), 1-3 (240 cm−1), 1-4 (330 cm−1),
and 2-3 (90 cm−1). In all other calculations presented in this chapter, site energy
fluctuations are incorporated through the over-damped Brownian oscillator model
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Figure 4.4: a, Rephasing and nonrephasing contributions (black traces) to the 1-3 exci-
ton cross-peak for the 185 cm−1 vibronic exciton model. In differentiating the rephasing
trace into contributions from electronic (purple) and vibrational (blue) wavepackets, it be-
comes evident that beatings manifested in that signal are entirely induced by vibrations,
contributing through ground state bleach (GB) signals. b, Feynman diagrams correspond-
ing to GB pathways associated with exciton 3 (e3). This excited state is largely localized
on a single BChl subunit (denoted n), and couples to the ν = 1 vibrational state confined
to the same site. As such, vibrational coherence appears at rephasing cross-peaks (at
excitation and detection energies of −E3 and E3 − ω0, respectively, where E3 represents
the energy associated with e3), whereas it contributes to diagonal beatings (at E3, E3)
for nonrephasing spectra. As a reference, the excitation time t1, waiting time t2, and
detection time t3 are shown on the right. (Continued on the following page.)
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Figure 4.4: (Continuation.) c, Electronic contribution differentiated into stimulated
emission (SE) and excited state absorption (EA) signals. A single-component beating
due to inter-exciton coherence is manifested in stimulated emission, lasting for several
hundreds of femtoseconds. This oscillation is partly cancelled by out-of-phase motion
present in excited state absorption. The latter contains additional beating components
due to a variety of exciton pairs. Overall, the beat amplitudes are not competitive with
those of purely-vibrational coherences (see panel a).

to account for modes in the environment other than the 117 cm−1 or 185 cm−1

vibrations. In doing so, no correlations between fluctuating sites are taken into
account.152 For the purely-electronic representation, these fluctuations lead to a
fast dephasing of exciton coherence. No clear signs of inter-exciton beatings are
to be found in the power spectrum, and the corresponding trace does not exhibit
a pronounced oscillatory behavior. This is quite different for the exciton 1-3 cross-
peak dynamics found for the vibronic models with ω0 = 117 cm−1 and 185 cm−1.
In both cases, clear single-component beatings are manifested that continue to
last well beyond 1 ps. According to the power spectra, the corresponding peri-
odicities match exactly the associated vibrational frequencies ω0, which strongly
suggests nuclear motion as the origin of the observed cross-peak beatings.

In contrast to 2D spectroscopy experiments, the great advantage of spectral
modeling is that it allows to dissect a beating signal into electronic coherences
(contributing through stimulated emission and excited state absorption) and co-
herences due to vibrations in the electronic ground state (manifested as ground
state bleach signals). Such has been carried out for the 185 cm−1 vibronic model
in Fig. 4.4a. From this figure, it is evident that ground state bleach beatings
due to nuclear wavepackets are entirely responsible for the modulations in the
total signal. Weak oscillations become apparent in the stimulated emission signal
upon a close examination of the electronic spectral beatings in Fig. 4.4c, last-
ing for several hundreds of femtoseconds, in concord with earlier reports,153, 154

but these transients are partly cancelled by anti-phased oscillations appearing in
excited state absorption. A number of studies have shown a dependency of the
electronic coherence time on the chosen model for the environment fluctuations
other than ω0 (Refs. 139, 99, and 98). Another recent study showed a possi-
ble significance of two-particle states to simulated spectra of FMO-inspired dimer
systems, although the effect is probably weak as the substantial diagonal disorder
in combination with the weak vibronic and electronic couplings experienced by
the BChl’s in FMO results in a negligible vibrational distortion field (or polaron
radius).72 Overall, considering the great difference in intensity between the elec-
tronic and vibrational beatings, already at very early waiting times, we expect the
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predominance of vibrations to be maintained even upon reasonable variations in
the electronic coherence time and amplitude.

Fig. 4.4a additionally verifies an important experimental observation, namely
that beatings are present exclusively in the signal where the molecular sam-
ple rephases between the excitation and detection interactions.136 Although it
was originally argued that this demonstrates the involvement of electronic co-
herences,136 a simple analysis based on Feynman diagrams shown in Fig. 4.4b
demonstrates that this behavior is also to be expected for ground state nuclear
wavepackets for a weakly coupled system such as FMO. It should be noted that
the lack of purely vibrational beatings in the nonrephasing spectra was also found
for a cyanine dimer (see chapter 5), despite the much stronger couplings found
for this system.

Very similar trends are shown by the 117 cm−1 vibronic exciton model, namely
that marginal vibronic coupling results in predominant vibrational beatings appear-
ing in the rephasing signal. Nevertheless, the corresponding beat amplitudes are
significantly weaker than those associated with ω0 = 185 cm−1. There are two
main reasons for this discrepancy. First, the intensity enhancement of vibrational
transients depends on the value of ω0 relative to the exciton splitting.146 The
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Figure 4.5: Beating maps at frequencies of 117 cm−1 and 185 cm−1 for the vibronic
exciton models including ω0 = 117 cm−1 and 185 cm−1, respectively. In both cases, the
beating map reveals strong oscillatory behavior concentrated in a stripe region parallel to
the diagonal. Markers indicate the exciton 1-3 cross-peak.
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second reason lies in the beating maps presented in Fig. 4.5. As shown here, for
both the 117 and 185 cm−1 vibronic models, the strongest oscillations in the two-
dimensional spectra roughly are concentrated in diagonally elongated bands lying
a single vibrational quantum below the diagonal. As such, the 185 cm−1 band
happens to overlap stronger with the 1-3 cross-peak location. The latter could
also explain the differences in the 1-3 cross-peak transients presented in different
experimental reports on FMO.26, 136 From our calculations, multiple Raman-active
modes are expected to contribute to the cross-peak dynamics, yet the 185 cm−1

mode dominates in facilitating persistent oscillatory motion. Such appears to be
in concord with the earliest measurements on FMO, where a strong component
was revealed at this frequency.26 This leads us to propose that the experimentally
observed beatings reflect vibrational coherences present in the electronic ground
state potential.

A series of 2D spectroscopic experiments conducted on modified FMO com-
plexes were explained as a confirmation of the existence of long-lived electronic
coherence.155 For FMO complexes with inhomogeneously deuterated BChl’s, as
well as complexes with altered hydrocarbon tails, spectral beatings were found
that were identical to those of the native complex, and this correspondence sup-
posedly cannot be reconciled with vibrational modes associated with the hydrogen
atoms or the hydrocarbon tail. Nevertheless, a recent study assigned the 117 and
185 cm−1 modes to both the pyrrole rings and the central Mg atoms of the BChl
subunits,156 which could explain the insensitivity of the corresponding vibrational
beatings to such chemical modifications. A spectroscopic investigation of such
modification at the level of single BChl subunits could shed a revealing light on
this discussion.

4.4 Conclusion

When coherent oscillations were first discovered in 2D spectra of FMO, it was
argued that vibronic coupling provides the conditions for robust coherence among
electronic states.26 In this chapter, we presented vibronic exciton simulations of
entire FMO complexes, indicating that the vibrations themselves dominate the
dynamics in 2D spectroscopy. Hence, the observed beatings do not reflect coher-
ences occurring in the electronically excited manifold. This does not invalidate
the relevance of vibronic coupling to electronic processes. Recently, it has been
clearly shown that vibronic coupling profoundly impacts on transfer rates of elec-
tronic energy,147 and for FMO it was suggested that energy transfer has been
optimized through a tuning of the vibrational frequencies to match the gap en-
ergies between excitons.157 Nevertheless, the competition between electronic and
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vibrational transients inevitably occurs in 2D spectral measurements of vibronic
systems142, 143 (see also chapters 5 and 6). It is therefore interesting to experimen-
tally assess molecular complexes exhibiting long-lived beatings through techniques
that solely probe electronic coherence. An interesting candidate in this respect is
time-resolved fluorescence spectroscopy, as is shown in chapter 7.

The necessity of quantum coherence for transport efficiency is an open question
in its own right.158 However, rather than discarding the concept of coherent
energy transfer, our findings revoke a reconsideration of how optimized energy
flows are reflected in 2D spectroscopy. It is possible that the spectral enhancement
of these nuclear modulations actually goes hand-in-hand with efficient electronic
transport.144 In that case, coherent beatings do not reflect electronic dynamics per
se, but still come out as a consequence of efficient energy transfer through resonant
nonadiabatic coupling. Joint experimental and theoretical studies on both complex
biological systems and small tractable molecules (such as presented in chapters 5
and 6) pave the road towards applications of such transfer mechanisms in man-
made systems.
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The observation of persistent oscillatory signals in multidimen-
sional spectra of protein-pigment complexes has spurred a de-
bate on the role of coherence-assisted electronic energy trans-
fer as a key operating principle in photosynthesis. Vibronic
coupling has recently been proposed as an explanation for the
long lifetime of the observed spectral beatings. However, pho-
tosynthetic systems are inherently complicated, and tractable
studies on simple molecular compounds are in demand to fully
understand the underlying physics. In this chapter, we present
measurements and calculations on a solvated molecular homod-
imer with clearly resolvable oscillations in the corresponding
two-dimensional spectra. Through an analysis of the various
contributions to the nonlinear response, we succeed in isolat-
ing the signal due to inter-exciton coherence. We find that
while calculations predict a prolongation of this coherence due
to vibronic coupling, the combination of dynamic disorder and
vibrational relaxation leads to a coherence decay on a timescale
comparable to the electronic dephasing time.

5.1 Introduction

Recent advances in ultrafast nonlinear spectroscopy have revived the discussion on
the role of quantum dynamics in biological photosynthesis.29, 159, 160 The exten-
sion of two-dimensional (2D) spectroscopy to the visible range84 has allowed light-
harvesting complexes to be investigated in great detail,23, 30 revealing electronic
energy transfer between the coupled pigments.23, 102 The observation of long-
lasting oscillatory features in 2D spectra of the Fenna-Matthews-Olson (FMO)
complex26 has stimulated the hypothesis that this transfer happens coherently.
In this picture a coherent superposition of excited states, responsible for the ob-
served oscillations, samples the most efficient route towards the reaction centre
in a more rapid way than would be possible by diffusive, incoherent excitation
energy transfer. This idea found further support in a subsequent series of mea-
surements that showed spectral beatings for cryptophyte algae29 and Photosystem
II protein complexes,161 indicating that coherent behavior in biological systems is
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ubiquitous. For FMO, the oscillations were found to persist for hundreds of fem-
toseconds at ambient temperatures and even up to a few picoseconds at 77 K
(Ref. 136). In contrast, the measured spectral linewidths predict electronic de-
phasing times at 77 K hardly exceeding 100 fs (Ref. 33), owing to rapid, stochastic
variations in the environment, and coherences between excitons are expected to
decay roughly on this timescale. The long coherence times could be explained by
correlations between the fluctuating electronic site transition energies, but these
are not concordant with recent molecular dynamics simulations.138, 162

Over the last year, several independent publications alluded to vibronic cou-
pling as an explanation for long-lived spectral beatings.140, 141, 144 Coupling of elec-
tronic transitions to an underdamped vibrational mode may result in inter-exciton
coherences with strong intra-pigment character, that is, consisting of wavepackets
in different vibrational levels on the same chromophore. Due to the inherent corre-
lation of these levels, such coherences will experience an extended dephasing time.
For FMO, the Huang-Rhys factors are very small, suggesting that the correspond-
ing photophysics is primarily electronic in nature, yet calculations using a vibronic
exciton model nevertheless predicted an inter-exciton dephasing on the order of
picoseconds.140 As such, vibronic coupling acts as a mechanism to conserve elec-
tronic coherence. Earlier even, vibronic coupling combined with dynamic disorder
was theoretically shown to possibly lead to enhanced transport in cyanobacterial
light-harvesting proteins.147

Vibronic coupling is an omnipresent phenomenon,62 both in synthetic and bi-
ological systems, yet in the context of ultrafast spectroscopy it forms a relatively
unexplored area. For FMO, several Franck-Condon active vibrations are found
with frequencies in the range of 0 to 350 cm−1 (Refs. 33 and 145). Similar low-
frequency phonons contribute to the observed dynamics of retinal proteins involved
in vision.163, 164 There, the importance of vibronic coupling follows intuitively from
the structural change experienced by the chromophores, implicating a number of
highly delocalized skeletal modes needed for isomerization. In photosynthetic ag-
gregates, on the other hand, no such explicit connection to the biologically relevant
energy transfer process is present. The above-mentioned accounts on FMO sug-
gest an effect of vibronic coupling on exciton coherences, but these theoretical
efforts remain to be reinforced with specific experimental verification. The main
difficulty is that biological molecules are typically too complicated to allow for
an unambiguous interpretation of spectral beatings. In the purely electronic rep-
resentation alone, the 2D spectrum of a pigment complex contains a multitude
of congested diagonal and off-diagonal peaks. Only very recently, coherent os-
cillations have been investigated in the context of small synthetic aggregates.137

However, even for such simple molecules, vibronic coupling automatically gives
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rise to additional oscillating coherences of ground state vibrational wavepackets
that might overlap with excited state features.142, 144, 165 Studies aimed at dis-
entangling vibrational and excitonic coherences in such cases have focused on
limiting examples of purely vibrational and electronic excitations, and have not
led to a consensus method for their distinction in measurements, without loss of
generality.143, 166

In this chapter, we present a joint experimental and theoretical study on the
effect of strong vibronic coupling on coherences between excitons. Measurements
are performed on a theoretically tractable homodimer with well-separated spec-
tral features. Certain distinctions must be made between this model system and
photosynthetic pigment complexes. In the latter case, the pigments are also iden-
tical, albeit more weakly coupled, and frequently possess static disorder in the
site energies set by the environment, which renders such complexes inherently
asymmetric. The homodimer presented here does possess symmetry with respect

A: 19 730 cm−1

B: 18 300 cm−1

C

Energy (103 cm−1)
18 19 20 21 22

0

0.2

0.4

0.6

0.8

1 Experiment
Calculated

Absorption (a.u.)a b

Figure 5.1: a, Chemical structure of the biscyanine compound (teal/blue balls represent
carbon/nitrogen atoms, hydrogen atoms not shown). A cartoon depiction of the two types
of interactions primarily contributing to the photophysics of the dimer is shown below: the
chromophores interact via excitonic coupling J, while each subunit experiences vibronic
coupling as depicted by the displacements between the S0 and S1 vibrational potentials.
b, Measured (solid curve) and calculated (dashed) absorption spectrum of the compound,
together with the calculated stick spectrum depicting the transitions contributing to the
lineshape. Also shown is the laser spectrum (filled blue area), used to acquire the 2D
spectra.
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to interchange of both chromophores, however local dynamic fluctuations in the
environment will act to break this symmetry producing an inhomogeneous distri-
bution of site energies. The measured spectral peaks are found to exhibit clear
periodic beatings. Most of these peaks consist of overlapping features, however,
via the accompanying calculations in the vibronic exciton model, we are able to
assign the spectral contribution stemming from a coherence of the two most radi-
ant excited states. The theoretical model elucidates how inter-exciton coherence
is enhanced in time through a mixing with vibrational degrees of freedom, and
our comparison to measured data allows us to investigate such enhancement in a
realistic molecular system.

5.2 Results and discussion

5.2.1 Vibronic excitons of a cyanine dimer

The results presented in this chapter are obtained for a dimer of identical indo-
carbocyanine molecules covalently bound via two butyl chains,167 studied at room
temperature. The corresponding molecular structure is depicted in Fig. 5.1a. The
linear absorption spectrum of the monomer subunits (see Fig. 5.2) features a
pronounced vibronic progression due to strong coupling of the S0-S1 electronic
transition to a C-C stretching mode in the polymethine chain.168 In the dimer
compound, electronic interactions cause a delocalization of the vibronic excitations
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Figure 5.2: Measured absorption spectrum of the monomer (solid curve). The dashed
line represents the spectrum calculated using the vibronic exciton model (see Sec. 5.4 for
details).
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over the two monomers, leading to polaronic Frenkel excitons.62, 73, 169 These ex-
cited states depend critically on the molecular geometry, notably the distance and
relative angular orientation between the subunits, which are calculated to be 10 Å
and 15 degrees in vacuum.170 Shown in Fig. 5.1b is the experimental linear ab-
sorption spectrum of the dimer (solid curve), which in turn is determined by the
total contribution of collective excited states. The linear absorption measurements
of both the monomer and dimer are well reproduced using the vibronic exciton
model as formulated by the Holstein Hamiltonian,73 which is evaluated using the
two-particle approximation64, 148 (details given in Sec. 5.4). The best agreement
between calculations and experiments is found using an excitonic coupling strength
of 800 cm−1, while the vibronic coupling is described using a vibrational frequency
of 1220 cm−1 and a Huang-Rhys factor of 0.58. The solvent is incorporated by
coupling the electronic transition energies of the individual chromophore subunits
to a coordinate, which performs Gaussian-stochastic fluctuations corresponding to
an exponential correlation function76 with a standard deviation of 500 cm−1 and
a decay time of 40 fs. The calculated linear absorption of the dimer is shown as
dashes in Fig. 5.1b (a fit to the monomer variant is shown in the Fig. 5.2).

From the calculated stick spectrum, shown in Fig. 5.1b, it is evident that there
is a great number of transitions underneath the broad linewidth of the absorption
spectrum. Nevertheless, two excited states are easily recognized as carrying the
bulk of the oscillator strength. The most absorbant of the two is located around
19 730 cm−1 (red stick), the second at 18 300 cm−1 (blue stick). These states,
which will be referred to as A and B, respectively, are expected to dominate the 2D
spectra even more, since in that case peak intensities are determined by roughly the
oscillator strength squared. We note that a third strongly radiant state resides in
the blue tail of the spectrum. As will be shown later on, this state has a negligible
contribution to the spectral dynamics studied in this chapter. The high intensity
of states A and B can be understood from Fig. 5.3, which shows a selection of
the corresponding wavefunction coefficients in the local basis. Instead of disorder-
averaged values, cases are shown where the electronic transition energies of the
sites are homogeneous (top row), and where these energies are detuned with
respect to each other (bottom row). For the moment restricting our attention
to the homogeneous case, we observe that each vibrational band is occupied by
a wavefunction that is symmetrically delocalized over both sites. This leads to
constructive interference for the oscillator strength, similar to what is observed
for a purely electronic dimer (usually referred to as superradiance171). Fig. 5.3
also shows the characterization of state C, located in the low-energy tail of the
absorption spectrum, which in contrast is only weakly absorbing since it consists
of “dark” antisymmetric wavefunctions.
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Figure 5.3: The effect of energy fluctuations on states A, B and C. Tables summarize the
calculated wavefunction coefficients as a function of the chromophore site (horizontally)
and the number of vibrational quanta (vertically). For each cell, the background color
emphasizes the sign of the coefficient being positive (red) or negative (blue). When the
S0-S1 transition energies of the sites are equal (homogeneous, top row), states A and B are
both composed of symmetric wavefunctions inside the vibronic bands. When the energy
of site 1 is lowered by 500 cm−1 (detuned, bottom row), both states tend to localize on
the same pigment. As such, states A and B perform correlated fluctuations when subject
to disorder. Only coefficients are shown of single-particle basis states including 0 and 1
phonons (see Sec. 5.4 for details).

To a good approximation, states B and C reduce to a symmetric and anti-
symmetric pair in the 0-phonon band. When the site energies of the dimer are
subject to a detuning, these states tend to localize on opposite pigments, that is,
B and C become trapped at the higher- and lower-energy site, respectively. Much
like B, state A also reduces to a symmetric wavefunction, but mainly localized in
the 1-phonon band. Interestingly, detuning causes this wavefunction to become
trapped on the same site as was found for state B. In the dynamic picture, the
pigment transition energies fluctuate with respect to each other, and in this pro-
cess the homogeneous case (top row), where states A and B are both delocalized,
and the detuned case (bottom row), where states A and B are localized on the
same pigment, will interchange. As such, both states will fluctuate in a corre-
lated fashion, and hence their mutual coherence is expected to be robust against
homogeneous dephasing. This is verified by Fig. 5.4, which shows the calculated
A-B coherence for the dimer in the dynamic solvent environment (red-blue curve).
A corresponding 1/e decay time of 80 fs is found; well beyond the homogeneous



80 A dimer unveils the effects of vibronic coupling on exciton coherences

0 20 40 60 80 100 120
−1

−0.5

0

0.5

1

In
te

ns
ity

 (a
.u

.)

t2 (fs)

Figure 5.4: Temporal enhancement of inter-exciton coherence. Shown are calculated
coherences between states A and B (red-blue), states A and C (red), and states B and C
(blue) as a function of time t2. As states A and B fluctuate in a correlated fashion, their
mutual coherence experiences an extended dephasing time.

dephasing time, which is experimentally predicted to be roughly 40 fs (Ref. 170).
In marked contrast, due to trapping at opposite sites, the A-C and B-C pairs
do not experience such a correlation, and the calculated coherences decay within
the homogeneous dephasing time (red and blue curve, respectively). It should be
noted that the coherences reported here can not be referred to as purely electronic
or vibrational, but rather as vibronic, since the electronic and vibrational degrees
of freedom have become nontrivially mixed.

5.2.2 Two-dimensional spectroscopy

The temporal enhancement of the A-B coherence due to vibronic coupling is
consistent with the theoretical predictions made in Refs. 140 and 141, despite
the differences in excitonic and vibronic coupling. Moreover, the cyanine dimer
considered here forms the perfect model system to experimentally address these
predictions, given that the strong couplings lead to well-resolved crosspeaks, and
that states A and B dominate the nonlinear response. Both of these aspects are
immediately borne out in the experimental 2D correlation spectrum (at waiting
time t2 = 0) shown in Fig. 5.5a. Here, ω1 and ω3 denote the excitation and
detection energies, respectively. Two positive peaks are present along the diagonal,
which appear at the same frequencies as in the linear absorption. These correspond
to the ground state bleach (GB) and stimulated emission (SE) contributions due
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Figure 5.5: Signatures of inter-exciton coherence in 2D spectroscopy. a, Measured real-
valued correlation spectrum (at t2 = 0) with grey horizontal line indicating the region
from which the dynamics (shown in b) are extracted (contour lines at 5% intervals). b,
Spectrally resolved slice of the experimentally obtained correlations between pumping at A
and recording the nonrephasing signal at other frequencies. The frequency corresponding
to peak X is indicated by the horizontal line. c, Calculated analogue of b. d, Both the
experimental (solid curve) and numerical (dashed) trace of X exhibit the same periodicity
as the calculated A-B coherence (red-blue curve).

to states A and B. Between both diagonal features we observe two crosspeaks.
The one above the diagonal is almost completely masked by two negative peaks
stemming from excited state absorption (EA), of which the most prominent is
denoted by X in Fig. 5.5a. In the 2D spectra measured at different waiting times,
we find multiple oscillating features with dramatic beatings continuing for about
70 fs following excitation (see Fig. 5.6 for a series of experimental 2D spectra).
This is especially so at X, where the signal changes sign with a period of roughly
23 fs.

The 2D spectra have been acquired using the laser pulse depicted in Fig. 5.1b.
This laser spectrum somewhat mitigates the prevalence of signals associated with
the large transition dipole of state A by only weakly overlapping with that peak,
while enhancing the relative contribution of peak B. Through calculations on elec-
tronic dimers, Kjellberg and coworkers have demonstrated that at waiting times
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Figure 5.6: (Continuation.) Total absorptive 2D spectra for biscyanine. First/third and
second/bottom rows demonstrate measured and calculated results, respectively. Selected
waiting times t2 are indicated for each experimental-numerical pair. (Calculations have
been performed with a 2 fs resolution. Accordingly, the simulated spectra are shown for
actual waiting times of 36 and 46 fs instead of 35 and 45 fs, respectively.) Contours
drawn at 5% intervals.

exceeding the pulse duration, realistic pulse envelopes mostly act as a frequency
filter in 2D spectra.79 Even in the presence of vibronic coupling, the expected
effect of the pulse spectrum is mainly the suppression or enhancement of spectral
peaks. This is supported by accompanying calculations in the impulsive limit,
which clearly demonstrate the essential features apparent in the experiments (a
comparison to the measurements is included in Fig. 5.6). Notably, the intense dy-
namics at peak X are conspicuous in both in the measured and calculated spectra.

In Ref. 146, it has been shown for weak excitonic and vibronic coupling that the
conservation of coherence due to mixing with vibrational degrees of freedom works
optimally when the vibrational quantum is resonant with the splitting between
electronic energies. Such is the case for FMO, where an underdamped bath mode
with an energy of 185 cm−1 matches the splitting between the lowest-energy
pigment and one of its neighbors.140 However, all molecular systems that fulfill
this resonance criterion share the problem that most excited state coherences
considerably overlap with contributions to the 2D spectra arising from vibrational
wavepackets. In the biscyanine dimer a similar overlap occurs, since the 1220 cm−1

mode roughly bridges the energies between states A and B (which will be referred
to as ωA and ωB), leading to intense oscillations due to ground state phonons at
the excitonic crosspeak positions. These observations reinforce that one should
be extremely careful in the assignment of spectral beats, even with well-separated
spectral features as in the present dimer system. This point is of even greater
importance in the case of more complicated (biological) molecules, where the
broad diagonal peaks typically undergo periodic lineshape modulations due to low-
frequency vibrations172, 173 that can easily be mistaken for coherent oscillations due
to excitons.

5.2.3 Spectral signatures of inter-exciton coherence

For the spectral window studied here, our calculations have indicated contributions
from purely vibrational coherences to be dominant in the rephasing signal, in
marked contrast to the nonrephasing (NR) spectra, where ground state phonons
only contribute significantly in the diagonal region. Particularly the NR signal
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at peak X is to a great extent determined by excited states. This peak results
from pumping at state A, as it is located at ω1 = ωA. Shown in Fig. 5.5b is
the t2-dependent “slice” of the measured nonrephasing signal, spectrally resolved
in ω3 and corresponding to excitation at ωA. Different oscillating contributions
are clearly apparent in this spectral slice, which are well accounted for by the
numerical reproduction shown in Fig. 5.5c. The probe frequency of X corresponds
to ω3 = 17 900 cm−1, and is indicated by the solid and dashed lines in the
experimental and calculated slices, respectively. The time series of these line
profiles are shown in Fig. 5.5d, and essentially indicate the amplitude of X as a
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Figure 5.7: Decomposition of the different pathways contributing to peak X. a, Calcu-
lated nonrephasing (NR) trace of peak X for a homogeneous dimer (black), together with
the contributions from GB (green), SE (red) and EA (blue). Also shown is the correspond-
ing A-B coherence (red-blue). b, Calculated NR-EA correlation spectrum. Arrow points
the feature that predominantly contributes to X, and which indicates the A-B coherence
via the pathway of the system’s density operator illustrated in c. In this pathway, D0̃

denotes the doubly excited state involving a total of zero phonons.
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function of t2. For this amplitude, the agreement between the measurements and
calculations is strong for a waiting time up to about 70 fs, and in both cases we
observe a pronounced oscillation with a frequency of approximately 1400 cm−1.
From the close resemblance of the 17 900 cm−1 probe frequency to the energy
of state C (recall Fig. 5.1), one might expect this beating to arise from the A-C
coherence. However, the oscillator strength of C is simply too small for this state
to significantly contribute to the 2D spectrum. Instead, peak X very accurately
indicates the A-B coherence, as is already hinted at by the agreement between
the observed oscillation frequency and the A-B splitting. For comparison, the
calculated A-B coherence is also shown in Fig. 5.5d (red-blue curve), and is in
good agreement with the measured and calculated traces.

The fact that peak X serves as an indicator of the A-B coherence is demon-
strated numerically in Fig. 5.7. Panel a shows the total NR trace at X (black
curve), together with the NR contributions from GB (green), SE (red) and EA
(blue), for a homogeneous dimer. The SE and EA signals clearly oscillate with
the same frequency, in contrast to the GB contribution that exhibits a beating
pattern with a different periodicity. This beating is generally too weak to signif-
icantly contribute to the total NR trace, which is predominantly determined by
the EA signal. Unlike the other reported calculations, the results presented in
this figure have been calculated through a sum-over-states approach (see Sec. 5.4
for details), which allows to include only specific states. This has been employed
to demonstrate that the NR-EA signal is determined almost solely by states A
and B (red-blue curve). In other words, peak X serves as an accurate measure
of the A-B coherence. Further analysis has shown that this coherence is mainly
contributing through the NR-EA pathway illustrated in Fig. 5.7c, giving rise to
the feature highlighted in Fig. 5.7b. Note that, while the peak energy of the tran-
sition from A to the doubly-excited state D0̃ is calculated to be on the red of our
experimental spectral window, the width of that transition and its large transition
dipole moment nevertheless lead to its presence under these excitation conditions.
The analysis in Fig. 5.7 additionally demonstrates that the higher-energy state,
while strongly present in the blue tail of the linear absorption spectrum, does not
yield a significant contribution in the vicinity of X, even in the impulsive limit.

The enhancements in coherence times due to vibronic coupling have been
discussed so far in relation to completely undamped modes.140, 141, 146 Also in our
theoretical model, the vibrational levels are assumed to be entirely correlated. The
reason for the calculated A-B coherence having a dephasing time of 80 fs, instead
of the super-picosecond timescale predicted for FMO in Ref. 140, is the strong
disorder present in the model. While FMO at 77 K has a characteristic disorder
width of about 60 cm−1 (Ref. 23), the biscyanine compound is surrounded by
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room temperature fluctuations as strong as 500 cm−1. Even so, the calculations
overestimate the experimental A-B coherence time as measured at peak X. A
plausible explanation for this discrepancy is a fast relaxation pathway occurring
for the 1220 cm−1 vibrational mode. This idea is supported by the fact that, in the
measured 2D spectra, no oscillations are found after t2 = 100 fs (Ref. 170). Were
the vibration conserved, ground state vibrational wavepackets would continue to
contribute beating signals for extremely long times. An additional indication of
vibrational relaxation is provided by pump-probe measurements, which do not
show the robust oscillations one would expect from an undamped phonon.170

5.3 Conclusion

The signatures of vibronic coupling in multidimensional spectroscopy have drawn
great interest lately, in particular to interpret oscillatory transients observed for
light-harvesting complexes26, 29, 136, 161 that persist much longer than predicted
electronic dephasing times.33 For such molecular systems, where vibronic coupling
acts in concert with electronic interactions, the vibronic exciton model forms an
indispensable tool to understand the underlying dynamical processes. In this chap-
ter, we demonstrate the first direct application of this model to experimental 2D
spectra on a homodimer system. The importance of such a comparative study of
measured results and the expected response based on calculations becomes imme-
diately evident: even in a strongly coupled system where 2D spectral features are
well-resolved, a multitude of dynamic contributions overlap in a nontrivial way. In
particular, oscillatory signals associated with ground state vibrational wavepackets
are strongly present at excitonic crosspeak locations, as was already emphasized
by earlier studies.142–144, 165, 166 Using numerical predictions, we nevertheless man-
aged to accurately extract the coherence between the two most radiant states of
the homodimer system through excited state absorption features.

This study impacts on the recent theoretical studies on FMO,140, 141, 144, 146

which have suggested that vibronic coupling to an undamped mode acts to cor-
relate excited states, as an explanation of long-lived coherences observed as off-
diagonal beats in experiments. Our calculations show for the two strongest ab-
sorbing excitons that the dephasing effect of site disorder is negated by a local-
ization on the same pigment. It should be noted that the resulting long-lived
coherence largely reflects the dynamics within this single pigment, and hence the
relation of the corresponding spectral beatings to energy transfer is far from trivial.
Moreover, the experimental results show a coherence decay on the order of the
homogeneous dephasing time, which likely has contributions from the relaxation
of the associated vibrational mode. Hence, this chapter highlights that while vi-
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bronic enhancement of dephasing times can occur, its operation depends on the
system-bath coupling and robustness of the vibration, which is strongly dependent
on the molecular system in question.

5.4 Appendix: Numerical methods

Calculations in the vibronic exciton model are based on the Holstein Hamiltonian.73

In second quantization, this Hamiltonian is given by

H(t) = ε1(t)c†1c1 + ε2(t)c†2c2 + J(c†1c2 + c†2c1) (5.1)

+ ω0b†1b1 + ω0b†2b2 + ω0

∑
n=1,2

c†ncn
[
λ(b†n + bn) + λ2

]
.

The first two terms describe the time-dependent electronic transition energies εn(t)

of both chromophores (n = 1, 2) constituting the dimer. Here, c
(†)
n represents the

electronic annihilation (creation) operator. The third term in Eq. 5.1 accounts
for excitonic interaction between chromophores 1 and 2 through the coupling
parameter J. What follows are two terms describing the vibrational energy, where
b†n and bn represent the ladder operators and ω0 is the vibrational quantum.
The penultimate term accounts for coupling of electronic excitation to the mode
ω0. The square of the corresponding coupling constant, λ2, is the Huang-Rhys
factor,68 and is directly related to the vibrational reorganization energy.

The applied values for all parameters are summarized in Tab. 5.1. The values
for φ and J are consistent with estimates based on calculations of the equilibrium
molecular geometry using Hyperchem v. 7, determined using the MM+ pack-
age.170 The Hamiltonian given by Eq. 5.1 allows to describe the ground state
manifold as well as the singly- and doubly-excited manifolds. In the latter case,

Parameter Symbol Value
Twist angle φ 15◦

Av. electronic transition energy ε0 18 190 cm−1

Excitonic coupling J 800 cm−1

Vibrational quantum ω0 1220 cm−1

Huang-Rhys factor λ2 0.58
Solvent standard deviation σ 500 cm−1

Solvent correlation time tc 40 fs

Table 5.1: Model parameters used for the biscyanine compound. The same values were
applied for the monomer spectra, with the exception of ε0 being adjusted to 18 350 cm−1.
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the bi-exciton binding energy is neglected, as is typically done for Frenkel excitons
in organic materials.

Dynamic disorder due to the solvent environment is accounted for through
stochastic fluctuations of the electronic transition energies εn(t). As such, the
transition energies are formulated as the sum of an average term and a fluctuating
contribution,

εn(t) = ε0 + xn(t) (n = 1, 2). (5.2)

The average energy ε0 is taken to be equal for both chromophores. The trajectory
described by xn(t) is subject to Gaussian stochastic noise and obeys the correlation
function

〈xn(t)xn(t + τ)〉 = σ2e−τ/tc , (5.3)

where σ and tc represent the standard deviation and correlation time of the fluc-
tuations, respectively. This is at times referred to as the overdamped Brownian
oscillator model. Values for σ and tc were selected based on the agreement with
the linear spectrum and the signatures of spectral diffusion in the 2D spectra.
The applied correlation time of 40 fs is typical for molecules in a methanol envi-
ronment.112, 174 In all calculations, convergence has been assured with respect to
sampling over disorder trajectories. In the vibronic exciton model presented here,
the vibrational mode ω0 is taken to be undamped, since no coupling to the envi-
ronment is incorporated. As such, we conform to the majority of numerical studies
dealing with the Holstein Hamiltonian.62, 140 Our motivation for the neglect of
vibrational damping lies in the fact that no direct measure of such damping is
provided by the linear and nonlinear spectra, leading to an arbitrariness in the
choice of damping parameters.

The basis set corresponding to the electronically unexcited manifold consists
of the states

|g1, ν1; g2, ν2〉, (5.4)

where gn indicates chromophore n residing in the electronic ground state, and νn
represents the corresponding vibrational state. In Eq. 5.1, the ladder operators b†n
and bn refer to the vibrational potential pertaining to the electronic ground state.
Vibronic coupling through λ effectively causes a spatial shift of the vibrational
potential upon electronic excitation. As such, it is convenient to introduce shifted

ladder operators b̃
(†)
n ≡ b

(†)
n + λ and a corresponding vibrational basis ν̃n. The

shifted vibrational states are related to the unshifted ones by Franck-Condon over-
lap factors, fν̃n,ν′n ≡ 〈ν̃n|ν

′
n〉 (Ref. 175). Employing the shifted vibrational basis for
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electronically excited chromophores, the one-exciton manifold is fully described by
the local states

|e1, ν̃1; g2, ν2〉, |g1, ν1; e2, ν̃2〉, (5.5)

where en denotes an electronic excitation at site n. Finally, the doubly-excited
manifold is spanned by the states

|e1, ν̃1; e2, ν̃2〉. (5.6)

For each excitation manifold, the number of basis states is limited by setting a
maximum for the total number of vibrational quanta involved, denoted as νmax.
More specifically, ν1 + ν2 ≤ νmax for the unexcited basis, ν̃1 + ν2 ≤ νmax or
ν1 + ν̃2 ≤ νmax for the singly-excited basis, and ν̃1 + ν̃2 ≤ νmax for the doubly-
excited basis. In our simulations, convergence is reached by setting this vibrational
cut-off to νmax = 3. Note that Eq. 5.5 corresponds to the basis which is referred
to as the two-particle approximation in the literature,64, 148 notwithstanding that
it provides a complete description rather than being an approximation in both the
monomer and dimer cases.

For the exciton characterization in Fig. 5.3, only coefficients are shown of
basis states with zero vibrational quanta in the electronic ground state (so-called
single-particle states, for which ν2 = 0 or ν1 = 0 in Eq. 5.5). Moreover, only
the zeroth and first phonon bands are demonstrated. Fig. 5.8 shows an extended
version of the exciton characterization, including all single-particle states, of which
the total contribution to excitons A, B and C is indicated between parentheses.
All reported coefficients have been sampled over 500 000 disorder realizations.

An incident optical field ~E (t) interacts with the dimer system through the
Hamiltonian

Hint(t) =
∑
n=1,2

~E (t) · ~µn(c†n + cn). (5.7)

The chromophore transition dipoles are given by

~µ1 = µ ı̂, ~µ2 = µ(̂ı cosφ+ ̂ sinφ), (5.8)

where ı̂ and ̂ represent unit vectors in the molecular frame, and φ is the inter-
chromophore orientational twist angle. All linear and nonlinear spectra are calcu-
lated in the impulsive limit, setting ~E (t) = ~E δ(t − τi ), where τi denotes the time
at which the optical interaction takes place. Integrating over the molecular frame
orientation with respect to the laboratory frame, the total dipole operator can be
formulated as

µ(τi ) ≡
∑
n

µEn (c†n + cn), (5.9)



90 A dimer unveils the effects of vibronic coupling on exciton coherences

−0.33

0.44

−0.04

0.02

−0.33

0.44

−0.04

0.02
Vi

br
at

io
ns

State A (60%)

3

2

1

0 −0.62

−0.22

0.08

−0.02

−0.62

−0.22

0.08

−0.02

State B (87%)

0.68

−0.12

0.03

−0.01

−0.68

0.12

−0.03

0.01

H
om

ogeneous

State C (96%)

−0.30

0.24

−0.10

0.05

−0.31

0.57

−0.02

0.00

State A (58%)

1 2

3

2

1

0 −0.45

−0.32

0.08

−0.02

−0.71

−0.13

0.07

−0.02

Site

State B (84%)

1 2

0.83

−0.09

0.02

−0.00

−0.50

0.13

−0.04

0.01

D
etuned

State C (97%)

1 2

Figure 5.8: Extension of the exciton characterization shown in Fig. 5.3. Of all the (two-
particle) basis states only the single-particle coefficients are shown, of which the total
contribution to the excited states is depicted between parentheses.

where the effect of the electric field is contained in the constant µEn , and the time
index τi purely serves as a reference to the interaction event.

Initially, the dimer is assumed to reside in the vacuum state |0〉 ≡ |g1, 0; g2, 0〉.
This assumption can be made regarding that ω0 � kBT at room temperature.
Interaction with an optical pulse at τi = τ1 couples the vacuum state to the
singly-excited manifold, resulting in the wavefunction |Ψ(τ1)〉 = µ(τ1)|0〉. The
subsequent quantum dynamics is governed by the time-dependent Schrödinger
equation, which is solved using discrete time steps ∆t following the Numerical
Integration of the Schrödinger Equation (NISE) method.92, 93 Accordingly, the
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wavefunction at time τ1 + k∆t is given by

|Ψ(τ1 + k∆t)〉 = U(τ1 + k∆t, τ1)µ(τ1)|0〉, (5.10)

with the propagator

U(τ1 + k∆t, τ1) =
l=k∏
l=1

exp
(
− iH(τ1 + l∆t) ∆t

)
. (5.11)

Convergence of this integration scheme is obtained using a time step of ∆t = 2 fs.
(Fast oscillating contributions are accounted for by subtracting the constant value
ε0 from the diagonal entries of H(t), which is later corrected for by shifting the
resulting spectra by this amount.) The same time step is used for the propagation
of the fluctuating coordinates xn. No back-reaction of the chromophores onto the
coordinates was accounted for, leading to a neglect of the dynamic Stokes shift and
a relaxation towards equally populated quantum states (high-temperature limit).
In studying coherences for cyanine dimers, this approximation is reasonable, as is
shown numerically in chapter 8.

Linear absorption is the result of two subsequent interactions with the optical
field, with corresponding interaction times τ1 and τ2. The two-point correlation
function of the transition dipole µ yields the linear response,76

R(t) = 〈0|µ(τ2)U(τ2, τ1)µ(τ1)|0〉, (5.12)

where t is the time interval between τ1 and τ2. The linear absorption is ob-
tained by taking the real part of the Fourier transform of R(t) with respect to
t. The signal is slightly smoothed by convolving the response function with an
exponential having an 1/e decay time of 1 ps. The calculated spectrum for the
dimer is shown in Fig. 5.1 (dash), together with the experimental outcome (solid
curve). A similar comparison is made for the monomer compound in Fig. 5.2.
The Holstein Hamiltonian given by Eq. 5.1 can trivially be reduced to the case of
a single chromophore, and as such has been employed to calculate the monomer
spectrum. In doing so, the relevant parameters from Tab. 5.1 have been applied,
with the exception of the electronic transition energy being raised by 160 cm−1.
All calculated linear spectra are sampled over 10 000 disorder trajectories.

Two-dimensional (2D) spectra follow from four light interactions at subsequent
times τ1, τ2, τ3 and τ4, and the 2D response is given by the sum of six four-
point correlation functions corresponding to the double-sided Feynman diagrams
illustrated in Fig. 5.9. The response associated with the nonrephasing stimulated
emission (NR-SE) diagram can be formulated as

RNR-SE(t1, t2, t3) = 〈0|µ(τ2)U(τ2, τ3)µ(τ3)U(τ3, τ4)µ(τ4)U(τ4, τ1)µ(τ1)|0〉,
(5.13)
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Figure 5.9: Double-sided Feynman diagrams contributing to the 2D spectra. Upper row
shows rephasing (R-) diagrams for ground state bleach (GB), stimulated emission (SE) and
excited state absorption (EA), whereas nonrephasing (NR-) variants are illustrated at the
bottom row. In the diagrams, |E〉 and |E’〉 represent any singly-excited eigenstate of the
Hamiltonian H (time-indices are dropped for simplicity), while |ν〉 is a short-hand notation
for electronic ground state excitations with a total of ν1 + ν2 = ν vibrational quanta.
Analogously, in the EA diagrams, |Dν̃〉 represents a double excitation with ν̃1 + ν̃2 =
ν̃ vibrations. For each diagram, the expected oscillation frequency is reported below,
together with the peak location in the 2D spectrum (ω1, ω3). The chronological direction
is upwards in all cases. Arrows indicate interactions with the optical field and specify the
times τ1, τ2 and τ3; the dash represents the measured signal at τ4.
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where t1, t2 and t3 indicate the intervals between the interaction times.76 Note
that propagation of |0〉 is omitted in Eq. 5.13, as this state is associated with
the zero point of energy. Expressions of the other diagrams are summarized in
Eq. 11 of Ref. 92. Taking the real part of a double Fourier transform of the total
response function with respect to t1 and t3 yields the 2D spectrum as a function
of ω1 and ω3. Shown in Fig. 5.6 are the calculated results for the dimer at
different waiting times t2, alongside the measured data. Here, the same spectral
smoothing is applied as in the case of linear absorption. 2D spectra are calculated
for waiting times at 2 fs intervals between 0 and 120 fs. The contributions from
the nonrephasing (NR) pathways are separated out, and employed to render the
slice shown in Fig. 5.5c. In all cases, spectra are averaged over 10 000 disorder
trajectories.

An alternative but more approximate means of calculating 2D spectra is the
so-called sum-over-states approach. Accordingly, the Hamiltonian H(t) is assumed
constant during t1 and t3. Following Eq. 5.13, and neglecting the non-adiabatic
mixing between excited states, the NR-SE contribution to the 2D spectrum then
reduces to

I NR-SE(ω1, t2,ω3) =
∑

E,E’,ν

F (ω1 − ωE,ω3 − ωE + νω0) (5.14)

〈0|µ0,E’(0)U(0, t2)µE’,ν(t2)µν,E(t2)U(t2, 0)µE,0(0)|0〉,

where µν,E(t) ≡ |ν〉〈ν|µ(t)|E〉〈E| is the dipole strength at time t between the
electronically unexcited state ν and the singly-excited state E. The real-valued 2D
lineshape function

F (ω1,ω3) = Re
1

ω1 + iγ

1

ω3 + iγ
(5.15)

contains the inverse homogeneous lifetime parameter γ. The expressions for the
other contributing diagrams follow analogously.176 The sum-over-states approach
does not account for spectral diffusion during t1 and t3, and as such renders unre-
alistic homogeneous (off-diagonal) peakwidths for zero waiting time. However, for
larger t2 values, the outcome is in reasonable agreement with the spectra simulated
using the four-point correlation functions described above. The great potential of
the sum-over-states approach is that it allows to include/exclude specific states
in the summations such as in Eq. 5.15. This has been employed to calculate 2D
spectra while limiting the singly-excited manifold to states A and B, results of
which are shown in Fig. 5.7. For this figure, all sum-over-states calculations have
been performed by disregarding the solvent fluctuations through xn (homogeneous
limit), and setting γ = 133 cm−1 in order to broaden the peaks.
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As an indication of the spectral modulations induced by inter-exciton coher-
ences, the transition dipole weighted coherence between states E and E’ is evalu-
ated following the definition from Ref. 140,

CE,E’(τf − τi) ≡ 〈0|µ0,E(τi)U(τi, τf)µE,0(τf)|0〉〈0|µ0,E’(τi)U(τi, τf)µE’,0(τf)|0〉.
(5.16)

The real part of this formula has been employed to monitor the inter-state coher-
ences shown in Fig. 5.4. In doing so, an average is taken over 500 000 trajectories
using the disorder parameters from Tab. 5.1. The calculated A-B coherence is
also demonstrated in Figs. 4d and 5a, to draw a comparison to experimental
and theoretical spectral signals. In this comparison, the calculated coherence is
freely rescaled and shifted vertically, in order to correct for static (background)
signals and nontrivial scalings occurring in the 2D spectra. Although Eq. 5.16 is
commonly employed to estimate the spectral signal stemming from inter-exciton
coherences,140 it disregards the aspect that contributions initially oscillating with
different frequencies are mapped at slightly different locations in the 2D spectra.
This neglect of spectral non-overlap overestimates the destructive interference oc-
curring for CE,E’(τf − τi), and as such, these calculations can be considered as a
lower-bound for the actual measured coherences. This explains the observation
that the calculated A-B coherence decays somewhat faster than the numerical
trace of X.
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Quantum coherence is proclaimed to promote efficient energy
collection by light harvesting complexes and prototype organic
photovoltaics, but supporting spectroscopic studies are plagued
by the long-standing problem of distinguishing between excited
state and ground state spectral transients. In this chapter, we
show that coherence amplitude maps, currently the prevalent
tool for making this distinction, are prone to result in an er-
roneous spectral identification. Through two-dimensional spec-
troscopy on a tractable dimer, we find severe distortions in the
coherence amplitude maps resulting from the finite laser band-
width used in the experiment. Under standard experimental
conditions, we expect these distortions to occur for practically
all organic photovoltaics, as well as photosynthetic complexes
that absorb over a broad spectral range. By means of accompa-
nying calculations accounting for the pulse shape, we unambigu-
ously determine the excited state origin of prominent quantum
beatings observed in measured spectral dynamics, and we pro-
pose this procedure as a reliable alternative for assigning such
coherent oscillations.

6.1 Introduction

Organic molecular aggregates feature prominently in the discussions surrounding
solar energy as attractive substitutes for silicon-based photovoltaic cells. Certain
proposed implementations are inspired by natural photosynthesis, where photon
energy absorbed by the involved pigments is found to traverse through coupled
chromophore systems with remarkable efficiency. To date, it remains elusive how
electronic excitation energy can propagate efficiently through such soft and dis-
ordered materials, hindering the application of the responsible mechanisms to
large-scale industrial applications. A recently proposed optimization mechanism is
based on quantum coherence; quantum beats observed in ultrafast spectroscopy
of natural light-harvesting complexes have been attributed to robust coherences
between electronic states, implying that the excitation mobility relies on wavelike
motion in order to minimize losses.26, 29 Similar signs of coherent energy trans-
fer were recorded in conjugated polymers,53 indicating that quantum effects can
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potentially be employed as a design principle in synthetic molecules. In fact, var-
ious recent experimental studies suggested that coherence helps to overcome the
electron-hole binding at heterojunctions in organic photovoltaics.54, 87

Two-dimensional (2D) electronic spectroscopy84 is currently considered to be
the preeminent tool for studying quantum effects at ultrashort timescales. In these
experiments, a molecular sample interacts with three femtosecond laser pulses af-
ter which the molecular response is detected using a fourth “local oscillator” pulse.
The emitted signal is conventionally represented as a 2D excitation-detection spec-
trum for a selected “waiting time”, the time interval between the second and third
pulse during which the nonequilibrium superposition of excited states evolves. Os-
cillations of 2D spectral peaks recorded for varying waiting times are indicative of
coherence between these states, and practically all reports of electronic coherence
are based on such experimentally measured transients.26, 29, 53 However, superpo-
sition states can exist both in the electronically excited and ground state manifolds,
and purely vibrational wavepackets (in the electronic ground state potential) have
been shown to give rise to very similar quantum beats.142, 144, 165, 170, 177 While
coherence between electronically excited states likely impacts energy transfer,178

such vibrational coherence does not.

The recent years have seen a tremendous effort aimed at distinguishing elec-
tronic excited state beatings from ground state beatings in 2D spectroscopy, in
order to address the claims surrounding robust electronic coherence. Some of the
proposed distinction methods rely on the use of laser polarization sequences and
two-colour excitation pulses,28, 56 however, such approaches call for energetically
well-separated excited states and impose experimental complications. Perhaps
for that reason, most studies have instead focussed on protocols for isolating
electronic coherences within the patterns of peak oscillations measured in con-
ventional 2D spectra, where all pulses are identical and share a common polariza-
tion.55, 165, 179–184 Notably, Butkus et al. proposed a scheme based on coherence
amplitude maps,181, 183 which recently was successfully applied to identify excited
state coherences in the Photosystem II reaction centre measured at 77 K.184

In this chapter, we present room-temperature experimental coherence ampli-
tude maps of a synthetic dimer which can not be reconciled with any of the
distinctive maps proposed in the literature.181, 183, 184 Through accompanying cal-
culations, we demonstrate that the anomalous beating patterns can be understood
based on the limited laser bandwidth used in the experiment, which distorts the
coherence amplitude maps through a dramatic redistribution of oscillation inten-
sities and a shift of spectral peaks. We expect such distortions to be particularly
detrimental for light-harvesting proteins tuned to absorb over a broad spectral
range,29, 185 and in general for the wide variety of synthetic molecules that make up
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todays prototype photovoltaic and functional optoelectronic materials.53, 87 Since
the experimentally recorded beating maps can no longer guide towards the origin
of the measured coherence based on the aforementioned distinction criteria,181, 183

we have successfully reproduced the 2D measurements through simulations includ-
ing the pulse shape, in order to determine the excited state nature of the observed
oscillations based on the numerical data. We propose this procedure as being the
most reliable method for the assignment of spectral beatings.

6.2 Results and discussion

The proteins involved in biological light harvesting are complex multichromophoric
systems, and the large number of degrees of freedom contributing to their opti-
cal response complicates the interpretation of spectral measurements (see also
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Figure 6.1: Excited states contributing to linear absorption of the cyanine dimer. a,
Experimental (solid curve) and calculated (dashed curve) absorption spectrum, shown
together with the laser spectrum used for the two-dimensional spectral measurements
(light blue). Also shown is a stick spectrum indicating the transitions contributing to
the absorption band. For each stick, the red (blue) color represents the contribution of
symmetric (anti-symmetric) electronic wavefunctions to the corresponding excited state.
The two strongest absorbing excitons with predominant symmetric character are labelled
as +0 and +1. b, Molecular structure of the dimer, with N and S atoms depicted as blue
and yellow, respectively.
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Figure 6.2: Monomer linear absorption. Experimental (solid curve) and calculated
(dashed curve) linear absorption spectrum of the monomer compound. A pronounced
vibronic progression is observable, with the two most prominent transitions located at
roughly 18 500 and 19 750 cm−1, which is due to coupling of the electronic transition to
stretching modes in the polymethine structure; a characteristic feature of cyanines.168, 187

chapter 4). The same holds for synthetic polymers where in particular a signif-
icant uncertainty arises due to the different morphologies that are possible for
such materials. In that regard, there is a demand for studies complementing the
aforementioned reports of quantum coherence with analyses of simple, tractable
molecular compounds. We consider a dimer as the simplest possible molecule that
can host electronic coherence among coupled chromophores, thereby following an
approach that has recently proven to be rather fruitful.137, 170, 186 The dimer under
investigation consists of two identical cyanine dyes fused together via a common
benzene ring, see Fig. 6.1b. Such an arrangement provides a rigid conformation
of the two molecular dipoles which acts to maintain a fixed coupling between
monomeric subunits and avoids the potential attribution of electronic dephasing
to effects linked to sample heterogeneity.

The linear absorption spectrum of the monomer dye, shown in Fig. 6.2, fea-
tures a distinct vibronic progression due to coupling of the electronic transition to
an intramolecular vibrational mode with a frequency corresponding to 1250 cm−1.
In dimerized form, positive excitonic coupling in combination with an obtuse an-
gle between the transition dipoles gives rise to a J-type absorption band with the
bulk of the oscillator strength concentrated in the lowest-energy peak, as shown
in Fig. 6.1a. Earlier studies used a Frenkel exciton model to describe the steady-
state photophysics of this compound,188–190 and that model forms the basis of
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our spectral simulations. Vibronic coupling is included explicitly in the quantum
Hamiltonian (see Sec. 6.4 for details). Apart from a small correction to the elec-
tronic transition energy, all parameters are taken to be equal for the monomer and
dimer, and chosen such that the linear absorption spectra of both compounds are
accurately reproduced simultaneously. Accordingly, the 1250 cm−1 mode is found
to couple to the electronic transition through a Huang-Rhys factor of 0.47. For the
dimer, best agreement is found for an excitonic coupling strength of 1160 cm−1,
while the inter-chromophore twist angle was set to 129 degrees (in good agreement
with the value found using ab initio calculations190). Also depicted in Fig. 6.1a is
the calculated dimeric stick spectrum, representing the excited states that com-
prise the absorption profile. For each stick, the red (blue) color indicates the
relative contribution of symmetric (antisymmetric) electronic wavefunctions (with
respect to interchange of site excitations). From the stick spectrum it follows that
the two strongest absorbing excitons are the symmetric wavefunctions in the zero-
and one-phonon band. For future reference these states are labelled +0 and +1,
respectively.

Shown in Fig. 6.3 are representative 2D spectra resulting from measurements
and calculations of the dimer, in both rephasing and nonrephasing detection
schemes. Here, impulsive simulations have been performed by simply taking a
2D Fourier transform of the third-order molecular response function with respect
to the excitation and detection time.76 The resulting spectra feature a domi-
nant emission peak at the diagonal, matching the absorption energy of exciton
+0. The above-diagonal cross-peak appearing in the nonrephasing spectrum is
associated with the +1 state, likewise matching the expected energy based on
the stick spectrum. However, the features in the experimental equivalents appear
at spectral locations that are significantly shifted with respect to the impulsively
predicted ones. These spectral differences are in line with the anticipated effect
of the laser pulse,79, 191 used to record the experimental spectra. Since a signif-
icant laser overlap with the +0 transition was found to result in a predominant
contribution of this exciton to 2D spectra (due to the laser selectivity and the fact
that peaks in linear absorption roughly come out squared in 2D spectroscopy76),
the applied pulse was tuned so as to mitigate this transition, and enhance the
relative contribution of the other excited states. The pulse (shown in Fig. 6.1a) is
incorporated numerically by performing a three-fold convolution of the response
function with the optical excitation field76, 79 (see Sec. 6.4 for details). Through
this procedure, the 2D measurements are accurately reproduced, indicating that
the observed peak shifts are indeed owing to the laser spectrum.

Note that by construct, the pulse sequence used in 2D spectroscopy affects
the excitation energy more than the detection energy. The reason for this is that
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Figure 6.3: Two-dimensional spectroscopy of the cyanine dimer. Shown are nonrephasing
(top row) and rephasing (bottom row) two-dimensional spectra at 70 fs waiting time.
Impulsive calculations (left column) result in well-resolved peaks with locations matching
those of the exciton bands observed in linear absorption. Inclusion of realistic laser pulse
effects (middle column) leads to a shift of the peaks to match the locations as observed
in the experiment (right column). In the calculated spectra, the vertical dashes denote
the detection window set by the local oscillator.

the excitation event involves two interactions with the pulse, while detection re-
sults from only a single interaction. (Heterodyne detection commonly used to
extract 2D spectra allows to divide out the local oscillator field applied to record
the signal.) This explains why in the nonimpulsive simulations, features appear at
detection frequencies just outside the pulse spectrum. However, in the experiment
the detection energy range is strictly limited by the local oscillator, for which the
spectrum is identical to that of the excitation pulses. In the calculations, this win-
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on the following page.)
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Figure 6.4: (Continuation.) Rephasing (left column) and nonrephasing (right column)
coherence amplitude maps at 1250 cm−1. Shown as a reference are disorder-free impulsive
calculations (top row), which feature well-resolved peak patterns signifying the origin of
the observed coherences. Incorporation of dynamic disorder (second row) broadens the
peaks, but leaves the patterns intact. Nonimpulsively calculated maps (third row) show a
dramatic distortion of the peak patterns. This distortion is in concord with the coherent
dynamics as observed in the experiment (bottom row). Markers X1 and X2 indicate the
spectral locations from which the traces shown in Fig. 6.5 are extracted.

dowing effect could be mimicked by truncating the 2D spectra beyond the range
depicted by the dashes in Fig. 6.3. Furthermore, a reproduction of the conspicuous
absorption features appearing in the rephasing and nonrephasing measurements
requires a shift of the two-exciton band by 750 cm−1 in the calculations. A similar
shift was found in Ref. 192 for Frenkel excitations in a lutetium phthalocyanine
dimer, which was attributed to electron correlation effects despite the absence of
charge transfer states.

An effective way to visualize the pronounced oscillatory behaviour seen in the
dynamics is by means of coherence amplitude maps, which are obtained through a
Fourier transform of the 2D spectra over the waiting time, and which have found
numerous applications in experimental studies.55, 165, 179, 180, 182, 184 Furthermore,
such maps have recently been shown to help ascertain the origin of spectral beat-
ings. As mentioned earlier, beatings can arise due to vibrational coherences in
the electronic ground state, as well as, coherences in the electronic excited state.
For the latter case, a coherence can take up a predominant electronic character,
or a mixed electronic-vibrational (vibronic) character.146 In Ref. 183, distinction
criteria for these types of coherences were presented for vibronic homodimers with
varying coupling strengths following the conformation of Fourier amplitude peaks
in the rephasing signal, which was based on calculations under the condition of
impulsive excitation. Diagonally-symmetric peaks were found to be indicative of
electronic coherence while strong oscillations at the diagonal represent a predomi-
nant vibrational character.183 Furthermore, deviations from the spectral diagonal
and its parallels, offset by multiples of the vibrational quantum, represent vibronic
coherence.184

The coherence amplitude maps measured for the dimer are shown in Fig. 6.4
for a beating frequency of 1250 cm−1. These maps capture the most significant
dynamics, as this energy matches both the vibrational quantum and the splitting
between the most prominent excitons (recalling the stick spectrum in Fig. 6.1a).
Also shown are maps calculated under different simulation conditions. Impulsive
calculations without energy fluctuations due to the solvent environment (disorder-
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free) result in well-resolved Fourier patterns bearing strong similarity with those
found for a strongly coupled dimer in Ref. 183. Additional impulsive simulations
including disorder show only a broadening of the beating peaks, leaving the peak
conformation found in the disorder-free case intact. However, coherence amplitude
maps derived from the experimental 2D spectra are surprisingly different. In
contrast to the impulsively calculated maps, which are rich in features, they show
spectral dynamics concentrated in only a few distinct Fourier peaks. This indicates
that the pulse shape effect on such maps is far more dramatic than the peak shifts
observed for the 2D spectra. The influence of the limited spectral width of the
laser is further elucidated by comparative nonimpulsive calculations, showing a
significant relocation of the beating features in the excitation-detection spectrum,
and a drastic redistribution of oscillation intensities. The experimental Fourier
peaks can be well understood based on the trend observed in the calculations
upon inclusion of the pulse shape, especially when considering that peaks lying
outside the local oscillator range (indicated with dashes) are expected to be highly
suppressed in the measurements. In that respect, particularly the rephasing maps
show excellent agreement.

From our comparison between experiment and theory, it follows that the dra-
matic distortions observed in the measured coherence amplitude maps derives from
the limited spectral width of the laser. The laser pulse duration applied in our
study is typical for current 2D electronic spectroscopic experiments, hence, such
distortions expectedly are a general issue for studies involving molecular absorp-
tion bands similar to or exceeding the cyanine dimer considered here. As follows
from Fig. 6.1, the dimer absorption ranges over roughly 3900 cm−1 (measuring
the width of the band with at least 20% of the maximum intensity; this is con-
sistently applied for numbers quoted in the following). This width is typical for
polymers that form prototype candidates for organic optoelectronic devices. For
example, P3HT absorbs over a range of 4500 cm−1 (Ref. 193) while MEH-PPV
has a 6800 cm−1 bandwidth.53 Both these polymers displayed quantum beats
in ultrafast spectral measurements.53, 54, 87 Furthermore, a comparably broad ab-
sorption band is also found for certain light-harvesting complexes where coherence
is said to play a central role in mediating exciton dynamics. Notable examples are
the proteins PC645 and PE545, both found in certain species of marine algae, hav-
ing widths of 4000 cm−1 and 3250 cm−1, respectively.29 Besides, pulse-induced
distortions are generally anticipated when carotenoids are in play,185, 194, 195 which
typically absorb over 7000 cm−1. For complexes of coupled bacteriochlorophylls,
which are generally weakly coupled resulting in rather narrow spectral bands, ef-
fects due to short pulses are probably less pronounced. For these systems, it would
be interesting to record oscillatory dynamics through 2D spectroscopy while grad-
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Figure 6.5: Excited state coherences probed under realistic excitation conditions. Shown
are measured (markers) and calculated (black curves) spectral traces taken at location X1

(left) and X2 (right) in nonrephasing and rephasing spectra, respectively (see Fig. 6.4).
In both cases, the simulated periodicity matches the experimental measurements. Fur-
thermore, a dissection of the calculated traces into (electronic) excited state (ES - blue
curves) and ground state (GS - red curves) contributions reveals a predominant excited
state origin of the observed coherences.

ually narrowing the spectrum, for instance using a pulse shaper, to systematically
study the impact of the laser spectrum on the Fourier maps.

With the distortion of characteristic beating patterns in the experiment, the
aforementioned distinction criteria based on coherence amplitude maps become
inapplicable without comparative calculations in which the pulse shape is incor-
porated. However, once such calculations are at hand, the origin of the observed
beatings can be determined directly through an analysis of the different con-
tributing Liouville pathways. For the dimer under consideration, it is particularly
interesting to investigate whether the beatings observed in the experiment are of
electronically excited state origin, and whether the associated dephasing times can
be extracted from them. To address this, a Liouville pathway analysis has been
carried out in Fig. 6.5, for the spectral locations where oscillatory transients are
present in the measurements (labelled X1 and X2 in Fig. 6.4). A dissection of the
total time-dependent signal amplitude into excited state and ground state contri-
butions demonstrates that excited state coherences are predominantly responsible
for the observed beatings. Furthermore, the good agreement between calculated
and measured spectral traces, and the clean single-component oscillation (with
a frequency corresponding to 1250 cm−1) observed in both cases supports an
unambiguous measurement of the associated coherence time.
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The coherence time following from the calculated spectra is well beyond the
expected onset of electronic dephasing, confirming that coupling of electronic
transitions to intramolecular vibrational modes can prolong the associated co-
herences.140, 141, 170 Complementary calculations demonstrate that the observed
beatings are predominantly due to the strongest absorbing excitons +0 and +1

(see Fig. 6.6). These excitons are electronically similar (that is, symmetric), while
differing mainly in the number of involved vibrational quanta (in the electronically
excited potential). As a result, the associated exciton energies perform correlated
fluctuations under the influence of dynamic disorder in the environment such that
quantum phase is conserved for longer times.140, 170 However, the experimental
beatings are found to decay significantly faster, that is, on the typical time scale
for electronic dephasing.170 A possible explanation for such a short coherence is a
rapid dephasing mechanism being in effect for the vibrational modes in the exper-
iment, resulting in a loss of correlation between the fluctuating exciton energies.
A similar excited state coherence time was found in experiments on a different
cyanine dimer, as reported in chapter 5, suggesting this vibrational dephasing to
be common to cyanine-based aggregates. As expected from the numerical re-
sults, a suppression of this dephasing mechanism would significantly enhance the
robustness of excited state quantum effects.
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Figure 6.6: Coherent contributions. Total coherence amplitude maps (contours at 10 %
intervals), due to all exciton contributions, shown together with the relative coherence
amplitude maps (colors), resulting from excitons +0 and +1 (see Eq. 6.3 in Sec. 6.4).
Peaks in the the total maps indicate the spectral locations where oscillatory dynamics is
significant. For the spectral locations denoted as X1 and X2, the relative maps amount to
∼1, indicating that the exciton pair +0 - +1 provides a dominant coherent contribution.
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6.3 Conclusion

Studies on synthetic systems such as this chapter present an advantage, since
through small changes in molecular conformations or substitutions one can easily
tune the parameters describing the intra- and intermolecular interactions which
ultimately dictate the composition of excitonic states. Using a synthetic dimer,
prominent spectral oscillations are recorded at room temperature which are origi-
nating from coherences between excited states. In the calculations, the associated
coherence time is found to benefit from coupling of electronic transitions to a
high-frequency intramolecular vibrational mode. Nevertheless, the experimental
beatings are found to decay on the order of the electronic dephasing time, suggest-
ing the presence of a loss mechanism for vibrational phase. Having the potential
to suppress this dephasing process opens the possibility to deliberately enhance
the robustness of quantum coherence.

Exploiting quantum effects in synthetic molecular aggregates forms a fasci-
nating prospect as well as a great challenge, calling for studies to elucidate how
coherent superpositions of electronically excited states are manifested in ultra-
fast spectroscopy, and particularly how their transients can be distinguished from
ground state vibrational beatings. Through a combination of measurements and
simulations, we have shown that the currently accepted method for making this
distinction is extremely susceptible to the spectral composition of the laser pulses
used in the experiments. As such, for the prototypes of organic photovoltaics,
as well as for certain light-harvesting complexes, alternative ways for identifying
quantum beatings are called for. We propose spectral modeling with inclusion of
the experimental laser pulse as a dependable alternative for making this distinction.

6.4 Appendix: Numerical methods

The methods used to calculate linear absorption and impulsive 2D spectra of a
vibronic dimer are described in detail in chapter 5. In short, the Holstein Hamil-
tonian73 is employed to evaluate the vibronic excitations. In second quantization,
this Hamiltonian reads

H(t) = ε1(t)c†1c1 + ε2(t)c†2c2 + J(c†1c2 + c†2c1) (6.1)

+ ω0b†1b1 + ω0b†2b2 + ω0

∑
n=1,2

c†ncn
[
λ(b†n + bn) + λ2

]
−∆c†1c†2c1c2,

with b
(†)
n and c

(†)
n as the annihilation (creation) operators for a vibrational and

electronic excitation, respectively, located at chromophore n = 1, 2. Here, the
first row describes the chromophoric transition energies, as well as the resonant
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Parameter Symbol Value
Twist angle φ 129◦

Av. electronic transition energy ε0 17 910 cm−1

Excitonic coupling J 1160 cm−1

Vibrational quantum ω0 1250 cm−1

Huang-Rhys factor λ2 0.47
Solvent standard deviation σ 555 cm−1

Solvent correlation time tc 40 fs

Table 6.1: Model parameters used for the dimer calculations. The relevant monomer
parameters are taken to be equal to the dimer values, with the exception of ε0 being
adjusted to 18 480 cm−1.

electronic interaction J between these subunits. The third and fourth term de-
scribe the vibrational energy due to the intra-chromophoric vibrational mode ω0,
whereas the fifth term accounts for coupling of this vibration to the electronic
transitions. The applied parameters are summarized in Tab. 6.1. The same val-
ues have been used for the monomer calculations, except for a slightly modified
transition energy ε0. When considering the two-exciton manifold for the dimer, a
lowering of the energy of ∆ = 750 cm−1 has been adopted, as described by the
final term in Eq. 6.1.

The solvent is accounted for through temporal fluctuations of the transition
energies εn(t) around a site-independent mean value ε0. The fluctuation tra-
jectories have been modeled as overdamped Brownian oscillators,76 assuming no
correlations between the two sites within the dimer, and using a deviation of σ =
555 cm−1, and a correlation time tc = 40 fs. These fluctuations form the primary
source of electronic dephasing. As in the majority of studies concerned with the
Holstein Hamiltonian,62, 140, 184 no damping of the vibrational mode ω0 is taken
into account, since the linear and nonlinear absorption spectra do not provide a
quantitative measure of this damping mechanism.

The quantum excitations are described using the complete vibronic basis set,
applying a cut-off value of 3 for the total number of vibrational quanta distributed
over both chromophores, which is sufficient to obtain converged spectral results.
The same vibrational cut-off is applied to the monomer compound. Vibrational
quanta are always described in their respective (electronically excited state or
ground state) eigenbasis. Direct diagonalization of Eq. 6.1 yields the stick spec-
trum shown in Fig. 6.1a. In doing so, an average is taken over 500 000 uncorrelated
snapshots of the solvent (disorder). Sticks are decomposed in symmetric and an-
tisymmetric contributions by taking for each snapshot the inner product of the
calculated excitons with the (anti)symmetric purely-electronic eigenvectors.
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The molecular response is evaluated through the Numerical Integration of the
Schrödinger Equation method,92, 93 using a time resolution of 2 fs. The absorption
bands shown in Figs. 6.1a and 6.2 follow from a Fourier transform of the linear
response, sampled over 100 000 trajectories, and multiplied with an exponentially
decaying lifetime function with a 1/e time constant of 1 ps for spectral smoothing.
2D spectra are calculated by taking a Fourier transform of the third-order response
function R(t3, t2, t1) over excitation time t1 and detection time t3, while applying
the same 1/e lifetime of 1 ps over these intervals. Note that by construction
t3 > 0, whereas integration using t1 > 0 and t1 < 0 yields the nonrephasing
and rephasing spectrum, respectively (consequentially, the excitation energies are
positive for nonrephasing spectra, while being negative for rephasing spectra). An
average is taken over 10 000 trajectories. For the disorder-free 2D spectra, a
lifetime broadening corresponding to 20 fs is applied. Experimental data has been
smoothed through a 3x3 moving average filter. All 2D spectra are shown using
10 % contour intervals.

Incorporation of the laser pulse is realized following the procedure described in
Refs. 76 and 79. Accordingly, the non-impulsive response function R̃(t3, t2, t1) is
derived from the impulsive variant through a three-fold convolution with the laser
response E (t),

R̃(t3, t2, t1) =

∫ ∞
0

dτ3

∫ ∞
−∞

dτ2

∫ ∞
−∞

dτ1 R(τ3, τ2, τ1) (6.2)

E (t3 − τ3)E ∗(t3 + t2 − τ3 − τ2)E (t3 + t2 + t1 − τ3 − τ2 − τ1).

The response E (t) is obtained through a Fourier transform of the square root of
the laser intensity spectrum shown in Fig. 6.1a, assuming zero phase throughout
the band, and truncating this spectrum below 17 150 cm−1. The latter was found
to result in an improved agreement with the measurements, and can probably be
attributed to a slight narrowing of the pulse due to absorption by the solute in the
experiment. In Eq. 6.2, the maximum of E (t) is associated with t = 0, and hence
in the above equation, three identical pulses are considered separated in time by
intervals t1, t2, and t3. The convolution is limited to |t3−τ3|+ |t3 +t2−τ3−τ2|+
|t3+t2+t1−τ3−τ2−τ1| < tmax, thus neglecting light-matter interactions in the far
wings of the laser response functions. Furthermore, only Liouville pathways that
are resonant under the impulsive conditions are considered,79 and consequentially,
the minimum value of the waiting time t2 for which R̃(t3, t2, t1) can be evaluated
is limited to tmax. Following our calculations, a truncation of tmax = 20 fs is found
to still yield reasonably converged results, hence this value is used as a lower bound
for t2. For longer waiting times, tmax is kept equal to t2 to a maximum of 48 fs.

Our analysis of the coherent dynamics is based on real-valued 2D spectral
results (examples of which are shown in Fig. 6.3). Coherence amplitude maps
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are generated using such absorptive spectra for waiting times from 20 to 100 fs.
Time traces for each spectral point are fitted to a two-component exponential
function, and the residuals are Fourier transformed. Shown in Fig. 6.4 are the
resulting beating maps for the frequency component closest to 1250 cm−1. The
maps have been smoothed using a 3x3 moving average filter. X1 traces shown in
Fig. 6.5 have been obtained by taking the time-dependent signal at excitation and
detection energies of 18 250 and 17 100 cm−1, respectively. For X2, excitation
and detection energies of -17 100 and 18 800 cm−1 are used. Numerical traces
are freely shifted to match the experimental beating phase. The latter was found
to be critically affected by small changes in the pulse shape, making it extremely
difficult to reproduce. Calculated contributions due to excited state coherences
are obtained through stimulated emission and excited state absorption pathways,
whereas ground state contributions are taken from ground state bleach pathways.

The sum-over-states approach170, 196 is an alternative way to calculate two-
dimensional (2D) spectroscopy. This approach is disadvantageous in its inability
to rigorously take into account the laser pulse spectrum, and in its numerical
costs. Still, its ability to selectively include or exclude specific excitons offers
great potential to isolate different coherence contributions for the impulsive and
disorder-free case. This has been employed to quantify the contribution the +0 -
+1 exciton pair to the observed spectral beatings. First, calculations have been
performed using only the excitons +0 and +1 to yield the associated coherence
amplitude map FT+0,+1(ω1,ω3). Likewise, the beating map FTTotal(ω1,ω3) has
been obtained for which all excitons were included. Then, the relative +0 - +1

map was determined according to

FT′+0,+1(ω1,ω3) ≡
FT+0,+1(ω1,ω3)

FTTotal(ω1,ω3)
. (6.3)

This quantity is demonstrated in Fig. 6.6, together with the total beating map.
When FT′+0,+1(ω1,ω3) approaches unity, FT+0,+1(ω1,ω3) ≈ FTTotal(ω1,ω3),

meaning that the coherence between excitons +0 and +1 predominantly con-
tributes to the beatings observed at spectral location (ω1,ω3). In the sum-
over-states calculations, spectra have been broadened through 2D Lorentzian line
shapes using a width of 133 cm−1.

All spectra shown in this chapter have been normalized individually. The
illustration shown in Fig. 6.1b is rendered using VMD.24
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Quantum coherence is expected to have a positive effect on the
transfer efficiency of excitation energy through photosynthetic
aggregates and conjugated polymers, but its significance to the
functioning of these molecular assemblies remains largely un-
known. In this chapter, we propose a new experimental means
to monitor the coherence between distant molecular sites on a
timescale relevant to energy transfer. Through numerical cal-
culations, we demonstrate that the range of such spatial coher-
ence continually scales as the 0-0 to 0-1 vibronic peak ratio in
time-resolved fluorescence spectroscopy. As such, this observ-
able allows one to monitor the coherent evolution of an excited
state, displaying the large coherence length following optical
excitation, and the subsequent dephasing over time.

7.1 Introduction

Quantum coherence is a hotly debated topic in the context of electronic energy
transfer through light-harvesting complexes,26, 28, 29, 132 conjugated polymers53 and
organic bulk heterojunction solar cells,52, 197, 198 as it involves versatile wavelike
motion of the electronic excitation as opposed to slow diffusive hopping. Beating
signals observed in two-dimensional spectroscopy of photosynthetic systems have
been attributed to robust coherences among quantum eigenstates,26, 28, 29 sug-
gesting that coherent transport of the excitation holds a firm connection with the
remarkable efficiency reached in natural light harvesting. Nevertheless, perhaps
more than inter-eigenstate coherences, the spatial coherence of a quantum exci-
tation is of direct relevance to energy transfer. Spatial coherence determines the
degree of electronic correlation between molecular sites underlying a delocalized
excited state. Recently, such correlation over distances has been shown theoret-
ically to modulate transfer efficiency,178, 199, 200 and its control is an attractive
prospect for man-made devices.

In this chapter we propose the possibility to directly monitor the evolution of
spatial coherence by means of time-resolved fluorescence. The proposed method
relies on the vibronic progression due to coupling of the electronic excitation to
a single high-frequency vibration. This is a ubiquitous phenomenon in organic
materials, with as a notable example the 1400 cm−1 symmetric vinyl-stretching
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mode common to conjugated molecules. In a typical spectroscopic experiment,
an incoming light field interacts coherently with macroscopic fractions of a molec-
ular assembly, preparing excitations with considerable coherence lengths. Such a
sizable coherence field will subsequently decline as a result of static and dynamic
fluctuations in the environment. As we will demonstrate, the 0-0 to 0-1 vibronic
peak ratio in the fluorescence spectrum continually tracks the coherence length
for the case of a J-aggregate. Moreover, the peak ratio accurately indicates the
early decay of spatial coherence for both J- and H-aggregates.

The impact of the exciton coherence length on the optical response was already
long-known in the form of enhanced radiative decay in J-aggregates,171, 201 light-
harvesting complexes,202, 203 and polyacine thin films.204, 205 Spatial coherence
was also found to affect the separation between bleach and induced absorption
features in pump-probe206 and two-dimensional spectroscopy176 of J-aggregates.
However, only quite recently a robust method was proposed to quantitatively
determine the degree of spatial coherence through experiment: in Ref. 207, it was
recognized that the 0-0 to 0-1 fluorescence peak ratio provides a direct measure of
the coherence length, Ncoh. Nevertheless, the evinced applicability of this method
was restricted to thermalized molecules under steady-state conditions, for which
the peak ratio indicates coherence averaged over the band-bottom emitting states.
As such, it does not yield insight in the excitations or the dynamics relevant to
energy transfer. In this chapter, we show as a proof of principle that the peak
ratio serves equally well as a coherence measure at ultrafast timescales, where it
instead indicates Ncoh of a coherently prepared wavepacket of eigenstates.

7.2 Results and discussion

Over the last decades, technological advances drastically improved the time-
resolution in up-conversion spontaneous emission experiments, allowing one to
resolve fluorescence spectra down to 50 fs.208 In this time regime, fluorescence
should be regarded merely as a class of nonlinear spectroscopy.76 The underly-
ing third-order response function is the result of four light-matter interactions,
separated in time by intervals t1, t2 and t3,

R(t3, t2, t1) = Tr
(
µρ(3)(t3, t2, t1)

)
, (7.1)

where the trace is taken over the dipole operator µ acting on the molecular den-
sity matrix ρ(3) after 3 interactions have taken place. The first two interactions
correspond to optical excitation of the molecular assembly. Assuming this process
to take place instantaneously, so that t1 = 0, one can neglect resonant Raman
scattering contributions.76 Furthermore, each fluorescence band can then be de-
scribed by a single Feynman diagram as is illustrated in Fig. 7.1 for the 0-0 and
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0-00-1

Figure 7.1: Feynman diagrams describing spontaneous emission for the 0-1 (left) and
0-0 band (right). Solid arrows depict an optical excitation at t = 0 (see text). The time
axis on the left includes a schematic representation of the gate pulse (green envelope),
during which the emitted signal (dashed arrows) is detected. As illustrated above, the 0-0
pathway couples a collective excitation to the collective vacuum state |G , 0〉. The resulting
signal benefits from interferences between transitions at spatially correlated sites n and
m. In contrast, the 0-1 signal results from a transition terminating at a single vibrational
quantum localized at site n (denoted |gn, 1〉), rendering such interferences impossible.

0-1 transitions. The spontaneous emission signal at time t∗ is given by209

S(t∗,ω) ∼ Re

∫ ∞
0

dt3

∫ ∞
0

dt2 R(t3, t2, 0)EG(t2 − t∗)EG(t2 + t3 − t∗) e iωt3 ,

(7.2)

with the field EG representing the amplitude of the time-gate pulse used to acquire
the emitted signal.

To quantify the delocalization of excitations, several measures have been in-
troduced, including inverse participation ratios and degrees of entanglement.210

In this chapter, we conform to the measure employed in Ref. 207 which is based
on the electronic autocorrelation function,211 generalized to include vibronic basis
states212 whose electronic (en) and vibrational (ν) components are jointly denoted
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as |en, ν〉. Accordingly, the coherence field operator is given by

C (r) =
∑
n

B†nBn+r , (7.3)

where r is the distance between correlated molecular sites. The operator B†n ≡
|en, 0〉〈G , 0| creates an electronic excitation at site n, while leaving the vibrational
mode in the vacuum state (0). For an excited state ρ(2)(t2, t1), resulting from
two light interactions, the time-dependent coherence field is then defined as

C (t, r) = Tr
(∑

n

B†nBn+r ρ
(2)(t, 0)

)
. (7.4)

The coherence length (in units of the inter-chromophore distance) is derived from
this field through207,∗

Ncoh(t) =
1

|C (t, 0)|
∑
r

|C (t, r)|. (7.5)

The absolute value in the summand of Ncoh corrects for sign changes from site to
site that typically occur for band-bottom states in H-aggregates.213 Note that for
a completely localized excitation (single-chromophore limit), the coherence field
is delta peaked at r = 0, yielding a length of Ncoh = 1.

In order to compare the fluorescence peak ratio with Ncoh at different times,
calculations are performed in the vibronic exciton model. Accordingly, the molec-
ular aggregate under consideration is described by the Holstein Hamiltonian,73

given by

H(t) =
∑
n

εn(t)|en〉〈en|+
∑

n,m 6=n

Jn,m|en〉〈em|

ω0

∑
n

b†nbn + ω0

∑
n

|en〉〈en|
[
λ(b†n + bn) + λ2

]
. (7.6)

Here, |en〉 denotes the purely-electronic basis state in which molecular site n is

excited while the others reside in the ground state, and b
(†)
n is the vibrational an-

nihilation (creation) operator. In our model, electronic excitation transfer (Jn,m),
the effect of static and dynamic fluctuations in the environment (through n- and
t-dependent site energies ε) and coupling to the vibrational mode ω0 are all treated
nonperturbatively. Vibronic coupling is manifested as a spatial shift of the vibra-
tional potential, quantified by the Huang-Rhys factor λ2. In the following, ν will
be used to indicate vibrational wavefunctions in the unshifted (electronic ground
state) potential, whereas ν̃ (including a tilde) refers to the shifted potential.

∗Note that the coherence length Ncoh employed in this chapter was referred to as coherence
number in Ref. 207, where the “coherence length” was instead defined as Lcoh ≡ Ncoh − 1.
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Results presented in this chapter are based on linear J- and H-aggregates con-
sisting of N = 10 chromophores. Electronic interactions are limited to nearest-
neighbors, with a strength J = +50 cm−1 and −50 cm−1 for the case of an H- and
a J-aggregate, respectively. Periodic boundary conditions are imposed (JN,1 = J),
mimicking the situation of a ring-shaped complex or an extended chain. Vibronic
coupling is included using ω0 = 2000 cm−1 and λ2 = 1. The electronic transition
energies εn(t) are fluctuating as a function of time due to the dynamical environ-
ment. This is accounted for by employing the over-damped Brownian oscillator
model, using a width of 50 cm−1 and a correlation time of 200 fs. In doing so, the
site fluctuations are treated mutually uncorrelated, and each average site energy
is set to 15 000 cm−1. Feedback of the quantum excitation on the fluctuating
coordinates is accounted for through a surface-hopping algorithm,101 resulting in
a thermalization of the quantum system to a temperature which is fixed at 77 K
(details can be found in Sec. 7.4, as well as in chapter 3). Results are averaged

J-aggregate H-aggregate

Figure 7.2: Vibronic exciton bands for J- (left) and H-aggregates (right). The bandwidth
(W ) is assumed to be small as compared to the vibrational quantum ω0. The vacuum state
is denoted |G , 0〉, whereas |G , 1〉 represents the total of (degenerate) purely-vibrational
states |gn, ν = 1〉 (n = 1, ... , N). For the case of an H-aggregate, optical excitation
into the lowest-energy vibronic band populates mostly the symmetric states residing at
the band-top (collectively denoted as |Ψi〉). Subsequently, nonadiabatic coupling induces
population relaxation to antisymmetric low-energy eigenstates. For J-aggregates, both
the initially populated states and the thermally relaxed states reside at the band-bottom.
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over 5000 disorder trajectories. In order to ensure convergence of results, the
Holstein Hamiltonian is evaluated in the two-particle approximation.64, 148

Our choice of parameters resembles a typical low-temperature experiment for
which the eigenstates are organized in narrow, well-separated vibronic bands,
as is illustrated in Fig. 7.2. In calculating the fluorescence spectra and co-
herence field, the aggregate is assumed to be optically prepared in the lowest-
energy band. Accordingly, the corresponding initial quantum excitation satisfies
|Ψi〉 = N−1/2

∑
n |en, 0̃〉, where the local basis state |en, 0̃〉 represents a vibronic

excitation at site n involving ν̃ = 0 quanta in the shifted vibrational well, and with
all other chromophores electronically and vibrationally unexcited. Preparation of
|Ψi〉 requires an excitation pulse having a width less than ∼ 2000 cm−1, and a
flat top covering the exciton bandwidth of ∼ 100 cm−1. The corresponding pulse
duration of about 5 fs is neglected in the simulation scheme, where the excitation
event is assumed to take place instantaneously (see Fig. 7.1). The subsequent
quantum dynamics is evaluated using a novel propagation scheme, described in
chapter 3, which relies on the Numerical Integration of the Schrödinger Equation
method.92, 93 The time-gate pulse is described using a Gaussian lineshape with a
standard deviation of 20 fs, centered at t∗. Such a short pulse allows us to resolve
spectra down to 40 fs. The downside is that the gate acts as the primary source
of spectral line broadening. Still, the vibronic bands come out well-separated, and
taking the peak ratio I 0−0/I 0−1 is simply done by integrating the peak profiles (a
fitting procedure usually works quite well for more congested cases).†

Shown in Fig. 7.3, top panels, are simulated fluorescence spectra for the case of
a J- (black) and H-aggregate (red) at different times t∗ up to 400 fs. From these
results, it is obvious that the 0-0 peak drops considerably in intensity over the
first few hundreds of femtoseconds. This already suggests that the principal peak
benefits from enhanced constructive interference due to the coherent excitation
at early times. In marked contrast, the 0-1 sideband remains fairly static over
the entire time interval. In Ref. 207, it was shown for steady-state fluorescence
of J-aggregates, that the coherence length is accurately reproduced by the 0-0
to 0-1 peak ratio multiplied with the Huang-Rhys factor. We will proceed with
demonstrating that this scaling relation holds equally well for both J- and H-
aggregates at ultrafast times, that is,

Ncoh(t∗) ≈ λ2 I 0−0(t∗)

I 0−1(t∗)
. (7.7)

To this end, Fig. 7.3 (bottom left) compares the calculated coherence length (solid
curves) with the peak ratio (markers) at 40 fs intervals. Both are in excellent

†To obtain the line strengths from the spectral areas, one needs to deconvolute the cubic
frequency dependence.
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Figure 7.3: (Top panels) Calculated time-resolved fluorescence spectra for J- (black)
and H-aggregates (red). In both cases, the aggregate length is set to N = 10, and
the Huang-Rhys factor to λ2 = 1. (Bottom left) Comparison between the fluorescence
peak ratio (markers) and the calculated coherence length (solid curve) as a function of
time t∗. The single-chromophore coherence length (unity) is marked using the grey dash.
(Bottom right) Time-evolution of the (normalized) spatial coherence field for J- (upper)
and H-aggregates (lower).

agreement up to 200 fs. Moreover, for the case of a J-aggregate, Ncoh remains
equal to the peak ratio throughout the entire time range.

In the introductory paragraph, a distinction was made between inter-eigenstate
coherences and spatial coherence, or Ncoh. Interestingly, the latter receives con-
tributions from coherences between (adiabatic) eigenstates as well as from co-
herences intrinsic to eigenstates. Technically speaking, these correspond to the
diagonal and off-diagonal contributions of the density matrix ρ(2) (in the eigen-
basis) to Eq. 7.4. In Fig. 7.4, these contributions to Ncoh and the peak ratio are
differentiated. It is evident that, both for the J- and H-aggregate case, the major
part of the early spatial coherence stems from off-diagonal entries, and that the
decay of Ncoh is mostly caused by dephasing of these matrix elements.

Regarding Ncoh and the peak ratio, the J- and H-aggregates behave perfectly
the same for the first 150 fs, which is not unexpected since both cases commence
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with the same initial excitation |Ψi〉. As illustrated in Fig. 7.2, this symmet-
ric wavefunction is predominantly composed of the band-top eigenstates for the
H-aggregate case. When time evolves, nonadiabatic coupling induces thermal
equilibration in the form of population relaxation towards lower energies. Grad-
ual population of the anti-symmetric band-bottom states leads to an additional
quenching of the 0-0 emission strength, causing the fluorescence ratio to eventu-
ally shrink below the single-chromophore value (see Fig. 7.3, bottom left). This
mechanism is reflected in the corresponding coherence field shown in Fig. 7.3
(bottom right) which evolves into a sign-alternating profile, and acts as the main
source of discrepancy between Ncoh and the peak ratio (as is clear by comparing
the diagonal contributions in Fig. 7.4). These findings are entirely consistent with
earlier reports on steady-state fluorescence of H-aggregates: the emission from
the antisymmetric eigenstates suffers from coherent suppression, rather than en-
hancement.207 The situation is quite different for J-aggregates, where the initially
populated symmetric eigenstates reside at the bottom of the band. Consequently,
no significant population transfer occurs, and spontaneous emission from the sym-
metric band-bottom excitation retains its connection to Ncoh over time.

Fluorescence at longer time scales, or under steady-state conditions, is con-
ventionally calculated through Fermi’s Golden Rule, which neglects off-diagonal
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Figure 7.4: Calculated fluorescence (markers) and spatial coherence (solid curves) for an
N = 10 J-aggregate (left panel) and H-aggregate (right panel). Red plots represent the
total fluorescence ratio (markers) and coherence length (solid curve), whereas the blue
plots indicate the contribution from diagonal elements of the system density matrix in the
eigenbasis. For the coherence length, the contributions from diagonal and off-diagonal
elements are represented by the blue and red areas, respectively.
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contributions from ρ(2). Fig. 7.4 underlines the importance of properly including
inter-eigenstate coherences by employing the third-order response in the ultrafast
regime. Furthermore, the corresponding Feynman diagrams help clarifying the
origin of the principal peak’s coherent enhancement. As shown in Fig. 7.1, the
emission event involves both a ket and a bra interaction. For the 0-0 transition,
which connects a delocalized excited state to the vacuum state, these two interac-
tions can take place at different molecular sites, n and m. Coherent enhancement
occurs when all such site pairs constructively interfere to the total emitted sig-
nal. On the other hand, the 0-1 transition couples to a local purely-vibrational
state, |gn, 1〉, and hence both the ket and bra interactions should happen at site
n. Alternatively, if the delocalized quantum excitation is considered as a particle
that “moves” along the aggregate chain, the probability for the local 0-1 process
to happen is 1/N. In contrast, the 0-0 transition is a delocal event yielding a
probability of unity in the limit of maximal spatial coherence.214

The Feynman diagrams pertaining to time-resolved fluorescence are easily iden-
tified with those of a stimulated emission process. Consequently, the coherence
length can in principle also be obtained by taking the peak ratio from the stimu-
lated emission contribution to pump-probe measurements, or alternatively through
integrating the stimulated emission signal over the excitation energy in coherent
two-dimensional spectroscopy. However, in both cases the necessary presence of
vibronic coupling will give rise to strong overlapping ground state bleach contri-
butions that can not be straightforwardly disentangled from the total signal (see
chapters 4, 5, and 6, as well as Refs. 142, 143, 165, and 144). In that sense, the
spontaneous emission of a photon allows the selective isolation of the coherent
fingerprint of a quantum excitation in the singly-excited manifold.

Our results strongly indicate that the correspondence between the coherence
length and the 0-0 to 0-1 peak ratio is a universal property, common to J-
aggregates, that holds both for steady-state conditions and at ultrafast timescales.
No significant dependence on the choice of parameters was found in our calcu-
lations. Nevertheless, the applicability of Eq. 7.7 demands that the Huang-Rhys
factor should be large enough for a resolvable vibronic progression, and the vibronic
bandwidth should be small enough compared to the vibrational quantum to be
able to selectively excite the lowest-energy band. Exemplary cases in this respect
are recent studies by Heeger and coworkers, suggesting that the charge-separation
event in several polymer:fullerene blends benefits from the broad coherence field
existing for about 200 fs,52, 197, 198 as well as a presumed long-lived coherence
measured by Holcman et al. for an organic molecular chain, isolated under ex-
tremely pure conditions.215 According to our findings, time-resolved fluorescence
has the potential to reinforce such claims with direct experimental evidence. In-
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terestingly, conjugated polymers exhibit optoelectronic behavior very similar to
J-aggregates,216 and hence our findings have the potential to help elucidating
the mechanism behind coherent intrachain energy migration observed for such
systems.53

7.3 Conclusion

To summarize, we have proposed a relation between the degree of spatial coher-
ence and the 0-0 to 0-1 vibronic peak ratio in time-resolved fluorescence spec-
troscopy. This relation occurs as a robust property of J-aggregates, but is also
shown to apply for H-aggregates at early times after excitation. Our findings
suggest the possibility of monitoring the spatial coherence in time, and propose
fluorescence measurements as an attractive complement of two-dimensional spec-
troscopy to study quantum coherence effects.

7.4 Appendix: Numerical methods

Calculations in the vibronic exciton model are based on the Holstein Hamilto-
nian (see Eq. 7.6). In a slightly modified form, explicitly limiting the electronic
interactions to nearest neighbors, this Hamiltonian reads

H(t) =
∑
n

(
ε+ Dxn(t)

)
|en〉〈en|+ J

∑
n

(
|en〉〈en+1|+ |en〉〈en−1|

)
ω0

∑
n

b†nbn + ω0

∑
n

|en〉〈en|
(
λ(b†n + bn) + λ2

)
. (7.8)

The corresponding parameters are recapitulated in Tab. 7.1. Note that the elec-
tronic transition energies are now subdivided into a static (average) contribution
ε, and a fluctuating contribution Dxn(t). The latter is treated in the classical
approximation, as will be discussed below.

Parameter Symbol Value
Av. electronic transition energy ε 15 000 cm−1

Electronic coupling J ±50 cm−1

Vibrational quantum ω 2000 cm−1

Huang-Rhys factor λ2 1
Coupling to classical environment D 3125 cm−1nm−1

Table 7.1: Parameters used for the quantum calculations.
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Vibronic coupling through λ results in a spatial shift of the vibrational poten-
tial upon electronic excitation. In our calculations, the high-frequency vibrational
mode ω0 is represented in the shifted basis (denoted ν̃) for the electronically-
excited manifold, whereas the unshifted basis (denoted ν without a tilde) is
used for (electronic) ground-state vibrational excitations. The Holstein Hamil-
tonian is evaluated using the two-particle approximation.64, 148 Accordingly, the
electronically-excited manifold is spanned by the basis states

|en, ν̃〉, |en, ν̃; gm, ν〉. (7.9)

The first state represents a vibronic excitation at site n involving ν̃ ≥ 0 vibra-
tional quanta in the corresponding shifted potential, while all other sites are both
electronically and vibrationally unexcited. For the second state, such a vibron is
accompanied by a single purely-vibrational excitation ν ≥ 1 on site m. In the
same vein, the electronic ground state manifold is described using the states

|gn, ν〉, |gn, ν; gm, ν ′〉, ν, ν ′ ≥ 1, (7.10)

and the vacuum state |G , 0〉. In all cases, the basis set is limited by truncating
the total of vibrational quanta such that ν̃ + ν < 3 and ν + ν ′ < 3.

In our calculations, the molecular aggregate is assumed to initiate in the vac-
uum state, which is valid provided that kBT � ω0. Interaction with the excita-
tion pulse at time t = 0 results in the aggregate being optically prepared in the
lowest-energy vibronic band. The corresponding interaction Hamitonian can be
formulated as

Hi =
∑
n

(
|en, 0̃〉〈G , 0|+ |G , 0〉〈en, 0̃|

)
. (7.11)

The wavefunction of the initial excitation is thus given by

|Ψ(t = 0)〉 ≡ |Ψi〉 = Hi|G , 0〉. (7.12)

(Note that in the above, a prefactor 〈0̃|0〉 accounting for the overlap between the
ν̃ = 0 and ν = 0 vibrational wavefunctions is omitted. This constant factors out
in both the coherence length and the fluorescence peak ratio.)

The subsequent dynamics of the quantum system is evaluated using the Nu-
merical Integration of the Schrödinger Equation (NISE) method.92, 93 Accordingly,
the time is discretized using increments of ∆t, and the wavefunction at time k∆t
is given by

|Ψ(k∆t)〉 = U(k∆t, 0) |Ψi〉, (7.13)
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with the propagator given by

U(t + k∆t, t) =
k−1∏
l=0

exp
(
− iH(t + l∆t)∆t

)
. (7.14)

In our calculations, a time step ∆t = 5 fs is used, while the mean ε is (temporarily)
subtracted from the Hamiltonian H in order to properly account for fast-fluctuating
contributions.

As explained in Sec. 7.2, ultra-fast time-resolved fluorescence is a third-order
nonlinear optical technique which derives from four interactions between the light
field and the aggregate’s density matrix, separated in time by the intervals t1, t2

and t3. The first two interactions bring the quantum system from the vacuum
state to the initial excited state. The resulting ”second-order” density matrix
evolves in time according to

ρ(2)(t, t1 =0) = U(t, 0)|Ψi〉〈Ψi|U(0, t), (7.15)

where the optical preparation event is assumed to have taken place instantaneously
(t1 = 0). Substitution of this expression for ρ(2) into Eq. 7.4 yields the coherence
field at time t.

The third and fourth light-matter interactions correspond to the emission of
a photon, and the resulting optical response follows from the expectation value
of the transition dipole operator acting on the third-order density matrix (see
Eq. 7.1). The latter is given by

ρ(3)(t3, t2, t1 =0) = U(t2 + t3, 0)|Ψi〉〈Ψi|U(0, t2) µ U(t2, t2 + t3), (7.16)

with the transition dipole operator

µ =
∑
n

(
|en〉〈gn|+ |gn〉〈en|). (7.17)

Here, we assume that all molecular transition dipoles have the same direction. The
operator µ acts solely on the electronic component of the basis states, leaving the
vibrational state unchanged. Combining Eq. 7.16 with Eq. 7.1 results in the final
expression for the third-order response underlying the time-resolved fluorescence
spectrum,

R(t3, t2, t1 = 0) = 〈Ψi|U(0, t2) µ U(t2, t2 + t3) µ U(t2 + t3, 0)|Ψi〉. (7.18)

As formulated in Eq. 7.8, the effect of the dynamic environment on the quan-
tum system is modeled by attributing a coordinate xn to each chromophoric unit
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Parameter Symbol Value
Mass m 1 u (atomic units)
Spring constant k 2500 u ps2

Damping constant γ 50 ps−1

Temperature T 77 K

Table 7.2: Parameters used for the classical dynamics.

n. Such a coordinate is considered as a classical particle that describes stochastic
harmonic oscillatory motion, and whose dynamics is governed by the Langevin
equation

mẍn = −kxn −mγẋn + F T
n + F Q

n , (7.19)

where the time indices are dropped for the sake of clarity. In our modeling, Eq. 7.19
is solved using the same discrete time step as used in the quantum dynamics,
∆t = 5 fs. The applied classical parameters, summarized in Tab. 7.2, roughly
correspond to the overdamped limit,76 with an associated width of 50 cm−1 and
a correlation time of 200 fs. Beside the harmonic potential and damping terms,
the right-hand side of Eq. 7.19 is added with two contributions. The first, F T

n ,
accounts for the stochastic effect of temperature, and is randomly drawn from
a normal distribution at each time step. In accordance with the fluctuation-
dissipation theorem, the width of this distribution is taken to be (2γmkBT/∆t)1/2

(Ref. 76).
The last term in Eq. 7.19 represents the feedback of the quantum system on the

classical coordinates. This contribution is necessary to self-consistently model the
mixed quantum-classical dynamics, and in particular allows to account for correct
thermal relaxation of the diagonal elements (populations) of ρ(2). To this end,
we have employed Tully’s fewest-switches surface-hopping (FSSH) algorithm,101

which is known to result into proper thermalization in most cases.121, 122 See
chapter 3 for a detailed account on the implementation of FSSH in the simulation
of third-order spectroscopy, and the exact formulation of F Q

n in Eq. 7.19. In short,
all diagonal and off-diagonal elements of ρ(2) in the eigenbasis of H(t = 0) are
propagated separately, while FSSH is applied exclusively to the diagonal elements.
As such, a sum-over-states is performed at t = 0. Since |Ψi〉 is solely composed
of eigenstates from the lowest-energy vibronic band, and regarding that interband
mixing is small for the chosen parameters, this sum is limited to the N lowest-
energy eigenstates, where N is the number of chromophores.



8
Coherent dynamics under high-temperature quantum

thermalization

For mixed quantum-classical simulations, the neglect of quan-
tum feedback on the classical coordinates results in a high-
temperature thermalization of the quantum subsystem. In this
chapter, we demonstrate that coherences calculated in this ap-
proximation are in good agreement with the exact (finite tem-
perature) outcome of full quantum methods. This suggests that
thermalilization is only a minor contributor to dephasing, after
the dominant effect of bath-induced fluctuations of adiabatic
energy levels.

8.1 Introduction

Mixed quantum-classical methods form an attractive simulation approach for
molecular systems for which a full-quantum treatment is computationally too
expensive. Such methods have proven to be particularly effective for describ-
ing spectroscopic experiments, in which case the photoactive chromophores are
treated quantum mechanically while the remaining degrees of freedom are de-
scribed classically. Nevertheless, such a classical account of the environment
comes with certain limitations that become evident especially when the coupling
between the quantum and classical modes is treated self-consistently. This was
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touched upon in Sec. 3.2.3, where the ambiguity was addressed of a classical oscil-
lator interacting with a coherence between quantum states. In the surface-hopping
based simulation scheme proposed in that chapter, such a coherence is assumed
not to exert a force on the oscillator. This assumption forms the most pragmatic
(that is, cost effective) way around the ambiguity. However, the question remains
whether this assumption is valid. In this chapter, we demonstrate that the neglect
of quantum feedback due to coherences still results in highly accurate predictions
of the coherent dynamics for a series of dimers representing the various molecular
systems studied in this thesis. These findings suggest that inter-exciton coherence
is relatively insensitive to thermal coupling between quantum states, while being
predominantly affected by fluctuations in the quantum energy levels.

As was noted in chapter 3, a neglect of quantum feedback inevitably results
in an equilibration towards infinite temperature quantum populations, that is, the
associated thermal energy is much larger than the splitting between quantum en-
ergy levels. This situation can be interpreted in two different ways. Following the
first interpretation, the stochastic and classical subsystems have a finite thermal
energy kBT , while the quantum systems gradually heats up as it can not return
the energy it receives from the classical coordinates. Still, the finite temperature
of the classical environment is reflected in the quantum degrees of freedom since
the classical thermal fluctuations couple to the quantum transition energies. This
translates to linebroadening observable in spectroscopy. Consequentially, the ne-
glect of quantum feedback is not so much a high-temperature approximation for
the overall molecular system, but rather an approximation of high-temperature
quantum thermalization.

The second interpretation relates to the other aspect that is neglected by the
omission of quantum feedback: the dynamic Stokes shift. This shift is mani-
fested in two-dimensional (2D) spectroscopy as a time-dependent offset of peaks
from their original diagonal positions (see for example Fig. 3.4). Interestingly,
for Gaussian-stochastic environment fluctuations, the equilibrium offset, known as
the reorganization energy s, relates to the (thermally induced) linebroadening σ
through76

s =
σ2

2kBT
. (8.1)

On the other hand, the linebroadening scales with the temperature as σ = α
√

kBT
(Ref. 76). Combining these expressions yields s = α2/2, so that a vanishing Stokes
shift implies that α → 0. However, in keeping the linebroadening constant the
temperature should increase as 1/α2. This suggests that a neglect of quantum
feedback actually is a high-temperature approximation.
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The second interpretation is more consistent than the first as it unifies the
high-temperature quantum thermalization with the neglect of bath reorganization.
Still, the first interpretation translates more intuitively to experimental situations
in which the (solvent or protein) environment has a specific temperature. It is also
desirable to adapt this interpretation when coherences are calculated as a part of
the surface hopping simulation approach described in chapter 3, since then the
populations are evaluated at a finite temperature. Therefore, we will refer to
high-temperature quantum thermalization in what follows.

8.2 Theory and numerical methods

The question whether high-temperature quantum thermalization is a valid ap-
proximation for quantum coherences has direct relevance to 2D spectral modeling
where coherences are manifested as time-dependent beatings of diagonal and off-
diagonal peaks (see chapters 4, 5, and 6). In chapter 3 we proposed a surface
hopping scheme for simulating 2D spectroscopy based on the Numerical Integra-
tion of the Schrödinger Equation (NISE) method. NISE93, 109 offers a number
of advantages such as an attractive scaling of computational expenses with the
number of molecular degrees of freedom, great flexibility in which it can treat
different bath models, and the ease with which information on energy and coher-
ent dynamics can be extracted from calculations. A comparison was drawn with
the Hierarchy of Equations Of Motion (HEOM) method.97, 105–107 Notwithstand-
ing that the Matsubara frequencies (representing low-temperature contributions)
were neglected in these calculations, the HEOM method in principle forms an
exact model in the case where the bath modes are harmonic. As such, it is also
exact in its treatment of coherences between quantum states under the influence
of an interacting environment.

Results on an exemplaric dimer system presented in Fig. 3.4 suggested that
NISE in combination with surface-hopping is highly accurate as a 2D spectral
simulation method, showing very little differences when compared to HEOM. Still,
from these spectra it is difficult to appreciate possible differences in small-signal
oscillations that might arise from the neglect of quantum feedback due to the
coherence between the two quantum levels. Instead, it is more convenient to
directly compare this coherence, in other words, the off-diagonal contribution to
the density matrix, as it evolves over time. In doing so, a limitation of HEOM
becomes apparent. As was already mentioned in Sec. 3.2.3, it is not possible
to represent the system density matrix in the adiabatic representation for this
method since the adiabatic quantum populations and coherences are entangled
in the bath hierarchy. Therefore, although coherences between adiabatic states
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ultimately dictate the dynamics of 2D spectral peaks, coherences can only be
unambiguously compared in the diabatic basis.

The density matrix describing the molecular quantum subsystem contains the
coherences at the off-diagonal values ρn,m (n 6= m). In case of a dimer system,
there is only the coherence between molecular sites 1 and 2, that is ρ1,2 (= ρ∗2,1).
By initializing ρ1,2 = 1 at time t = 0, the evolution of this coherence can be
monitored through the time dependence of ρ1,2(t), which is governed by the
Liouville equation

ρ̇ = −i [H, ρ]. (8.2)

According to the NISE method, the exciton Hamiltonian is time-dependent
through the fluctuating classical coordinates that couple to the quantum transition
energies, as formulated by Eq. 3.1. The Liouville equation is then time-integrated
through

ρ(t + ∆t) = e−iH(t)∆tρ(t)e iH(t)∆t , (8.3)

while, for the evaluation of coherences, the classical coordinates are time-integrated
without a back action of the quantum system (see chapter 3). From the consider-
ations of Sec. 8.1, we expect this neglect of quantum feedback to be valid roughly
in the regime where s/kBT < 1.

For a detailed account on HEOM, we refer to Ref. 106. In brief, Eq. 8.2 is
expanded with additional terms coupling the density matrix to auxiliary operators
to represent the bath. (The time-dependent fluctuations in H are set to zero in
this case.) The Liouville equation is solved using the fourth-order Runge-Kutta
method. A Debye spectral density is applied, which reduces to the overdamped
Brownian oscillator model in the classical limit. Matsubara frequencies are ne-
glected, which is a valid approximation provided that kBT 2πc tc > 1 (Ref. 106),
where tc is the bath correlation time and c represents the speed of light. In all
calculations presented in this chapter, convergence is assured with respect to the
hierarchy depth.

8.3 Results and discussion

8.3.1 Weakly coupled dimer

The coherence between the two diabatic quantum levels for the dimer from chapter
3 is shown in Fig. 8.1. The two levels are offset by 500 cm−1, and couple with an
interaction strength of J1,2 = 100 cm−1 (see Sec. 3.3 for details). Bath-induced
fluctuations in the levels are modeled through classical Brownian oscillators roughly
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Figure 8.1: Coherence between the two local electronic states of the dimer from chapter
3, calculated using HEOM (curve) and using NISE without quantum feedback (markers).

taken in the overdamped limit, with an associated width and timescale given by
σ = 200 cm−1 and tc = 220 fs, respectively. The bath temperature is taken to
be 300 K. The resulting value of kBT 2πc tc is approximately 8.8, so that the
condition for a neglect of the Matsubara frequencies in the HEOM calculations
is satisfied. The hierarchy depth is set to 25. From the figure, it follows that
decoherence has occurred already within tens of femtoseconds for these parame-
ters. It is to be expected that incorrect quantum thermalization, which typically
happens on the order of picoseconds, does not impact on the coherent dynam-
ics at such fast time scales. This presumption is substantiated by the excellent
agreement between the coherence obtained through NISE in the approximation
of high-temperature quantum thermalization and the exact outcome of HEOM.
Note that while coherence between eigenstates (that is, the offdiagonal elements
of ρ in the adiabatic representation) vanishes completely with time, such is not
necessarily the case for coherence between diabatic levels. In that sense, the latter
relates to spatial coherence, which in chapter 7 was shown to equilibrate towards
a terminal coherence length owing to finite delocalization of the band-bottom
eigenstate. This explains why the calculated coherence does not approach zero in
Fig. 8.1.

8.3.2 FMO-inspired dimer

Quantum coherence receives particular attention in the context of natural light
harvesting, as it could help to minimize losses in the transfer of electronic energy,
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ultimately leading to optimized harvesting efficiencies.178, 199, 200 This idea was in
large part inspired by the observation of 2D spectral beatings for the FMO photo-
synthetic protein complex.26 In chapter 4, we demonstrated that instead of elec-
tronic coherence, these beatings are most likely due to purely-vibrational modes
in the electronic ground state potential, as the ground state bleach signals were
found to dominate over those from stimulated emission and excited state absorp-
tion. These results have been obtained in the approximation of high-temperature
quantum thermalization, and although the electronic coherence amplitudes were
shown to be inferior already at early times, it is still interesting to investigate
if this approximation could potentially lead to differences with respect to exact
modeling.

To this end, calculations have been performed for an FMO-inspired dimer. In
chapter 4, the actual FMO complex was described as an aggregate consisting of 7
bacterialchlorophyll (BChl) subunits resulting in 7 electronic states contributing to
the spectroscopic measurements. The experimentally recorded spectral beatings
have been assigned to the coherence between the lowest-energy state, which is
strongly localized on BChl 3, and a state delocalized over BChl’s 1 and 2 (Ref. 23).
The dimer considered here consists of BChl’s 3 and 2, described using the corre-
sponding Hamiltonian entries from Tab. 4.1. (BChl 1 is excluded as it couples only
weakly to the lowest-energy state.) Specifically, the BChl’s experience an energy
gap of 420 cm−1 and a coupling of 28 cm−1. Since the Matsubara frequencies
are not included in the HEOM calculations, reliable results could only be obtained
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Figure 8.2: Coherence between the two local electronically excited states of BChl’s 2 and
3 of the FMO complex, calculated using HEOM (curve) and using NISE without quantum
feedback (markers).
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at T = 300 K . The bath is described using the overdamped Brownian oscillator
using tc = 140 fs as in chapter 4. Since the associated fluctuations width is ex-
pected to scale as

√
T (Ref. 76), an adjusted value of σ = 155 cm−1 is applied.

(In this case kBT 2πc tc = 5.5.) The hierarchy depth is set to 15.

As can be seen in Fig. 8.2, weak coupling between the diabatic quantum
states in combination with significant bath fluctuations results in a dramatic loss
of coherence already at early times, similarly to what was observed in Fig. 8.1.
Interestingly, this coherence decay happens considerably faster than the electronic
oscillation times observed in Fig. 4.4c. In the latter case, Franck-Condon active
vibrations were included in the quantum Hamiltonian, which can significantly en-
hance dephasing times (see chapter 5). Nevertheless, in line with experimental
observations,136 a strong dephasing contribution is due to the rise in temperature
from 77 K to 300 K, resulting in enhanced bath fluctuations. Overall, the agree-
ment between NISE and HEOM is excellent again. Note that in contrast to the
coherence shown in Fig. 8.1, ρ1,2 decays to zero since the adiabatic and diabatic
states are more similar due to weaker coupling J1,2 for FMO.

8.3.3 Strongly coupled dimer

The coupling J1,2 experienced by the homodimers from chapters 5 and 6 is an
order of magnitude larger than the values consider so far. Shown in Fig. 8.3 is
the calculated coherence ρ1,2 using the typical electronic parameters common to
such cyanine dimers, that is, no splitting between the electronic site energies, and
a coupling strength taken to be J1,2 = 1000 cm−1. The bath is modeled using
σ = 555 cm−1, tc = 40 fs, and T = 300 K (for which kBT tcc = 1.6), while
the hierarchy depth is set to 20 for the HEOM calculations. In the figure, pro-
nounced oscillations are apparent, whose periodicity and amplitude are identically
predicted by NISE and HEOM. The equilibrium coherence is nonzero again, for
reasons argued in Sec. 8.3.1. Interestingly, HEOM and NISE converge to different
equilibrium values, with differences first occurring at the onset of thermalization
around 150 fs. Accompanying calculations using HEOM with a gradually increas-
ing temperature (and an accompanying decrease in the bath reorganization energy
s in order to maintain a constant bath deviation σ) yield results approaching the
NISE outcome, indicating that the observed differences are indeed a thermaliza-
tion effect. Comparing these results with the associated values of s/kBT , we
observe that NISE is indeed highly accurate when s/kBT < 1. Importantly, the
temperature effects predominantly impact on the coherence equilibrium value at
long times, while having very little effect on the oscillation amplitudes. Further-
more, for the first 100 fs, the agreement between NISE and HEOM is excellent
regardless the temperature.
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Figure 8.3: (Left) Coherence between the two local electronic states of a typical cya-
nine dimer, calculated using NISE without quantum feedback (markers). Also shown
are coherences obtained through HEOM using a quantum thermalization towards room
temperature (black curve), and towards infinite temperature (red). (Right) Detail of the
dynamics between 200 and 250 fs. Shown are results from NISE (markers), together with
the outcome HEOM at different equilibration temperatures (curves). From bottom to
top, the temperatures are 300 K, 350 K, 450 K, 600 K, and 30 000 K to represent the
infinite temperature limit. Shown in the graph are the corresponding factors s/kBT .

8.4 Conclusions

In this chapter, we have shown that the neglect of feedback from quantum degrees
of freedom onto the classical environment still yields highly accurate predictions of
quantum coherences. Three different dimers have been evaluated, which represent
the various molecular systems studied in this thesis. A heterodimer is taken to rep-
resent the FMO complex at room temperature, where BChl’s are weakly coupled
while being subject to significant bath fluctuations. This situation is very similar
to the exemplaric dimer from chapter 3. In contrast, the cyanine dimers in chap-
ter 5 and 6 experience much stronger coupling between the monomer subunits, as
well as enhanced bath fluctuations. The coherence calculated using NISE, without
quantum feedback, is found to be in good agreement with the numerically exact
outcome of HEOM in all cases. This suggests that, at least for the parameters
under consideration here, quantum coherence is relatively insensitive to the ther-
mal coupling between adiabatic energy levels. Instead, level fluctuations form the
primary dephasing mechanism, and as such are predominantly responsible for the
evolution of quantum coherence in time.
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Samenvatting

Fotosynthese vormt een belangrijke inspiratiebron voor de vol-
gende generatie zonnecellen. In zowel fotosynthetische syste-
men als artificiële equivalenten wordt zonlicht opgevangen en
vervolgens omgezet in bruikbare energie. Alleen in experimen-
ten met ultrasnelle lasers is men in staat om het verloop van
dit proces te volgen. Echter, om deze experimenten juist te
interpreteren zijn theoretische modellen onontbeerlijk. Door
met zulke modellen een vergelijking te trekken met gemeten
data gaan wij in op een van de belangrijkste vragen omtrent
zonne-energie: is de werking van fotosynthese geoptimaliseerd
door kwantummechanische effecten, en zijn wij in staat deze
effecten te reproduceren in een synthetische setting?

Klassieke en kwantummechanische toevalsbewegingen

Tegen het einde van de 19e eeuw publiceerde de Britse wetenschapper Francis Gal-
ton het ontwerp voor een hypothetisch apparaat, dat tegenwoordig bekend staat
als het Bord van Galton. Dit apparaat, afgebeeld in figuur 1, is opgebouwd uit
een rechtopstaande kast met daarin pinnen, gerangschikt in rijen. Boven, in het
midden van de kast, bevindt zich een trechter waardoor kogeltjes het apparaat in
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Figuur 1: Het Bord van Galton, zoals het oorspronkelijk door Francis Galton was afge-
beeld in het boek Natural Inheritance.

worden geleid. Vervolgens bewegen de kogeltjes zich richting de bodem, waarbij
elk kogeltje telkens door een pin naar links of naar rechts wordt gestuurd, zodanig
dat de kans om naar links te gaan gelijk is aan die van rechts (dus 50%). Onderaan
worden de kogeltjes opgevangen in een rij van bakjes. Naarmate het aantal ver-
zamelde kogeltjes toeneemt, zullen de hoeveelheden kogeltjes in de bakjes meer
en meer een binomiale verdeling gaan volgen. Galton’s oorspronkelijke intentie
was om bij wijze van dit gedachtenexperiment aan te tonen dat deze verdeling
een normaalverdeling benadert zodra het aantal rijen pinnen toeneemt. Echter,
sinds haar introductie heeft het Bord van Galton vooral bekendheid verworven als
analogie voor de toevalsbeweging.

De toevalsbeweging is een wiskundige formulering die wordt gebruikt ter be-
schrijving van een reeks uiteenlopende dynamische verschijnselen, zoals de be-
weging van grote moleculen in een oplossing, het zoekgedrag van dieren, en de
financiële gezondheid van een roulettespeler. In het simpelste geval verdeelt de
toevalsbeweging de dynamica op in discrete stappen die elk willekeurig plaatsvin-
den. Dit kan worden voorgesteld als iemand die zich laat leiden door het gooien
van een munt: bij kop doet de degene een stap naar rechts, en bij munt naar
links. De uiteindelijke beweging van deze persoon is geheel identiek aan die van
de kogeltjes door het Bord van Galton, waarbij het aantal gemaakte stappen equi-
valent is aan het aantal rijen pinnen, en de uiteindelijke positie aan de bakjes op
de bodem.
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Figuur 2: Statistische verdeling van de toevalsbeweging. a, De klassieke kansverdeling
blijft geconcentreerd rond de initiële positie. b, De kwantummechanische kansverdelingen,
daarentegen, vertakt in twee pieken die snel van de initiële positie weg bewegen.

Bij veel dynamische processen is het realistischer om de tijd continu te laten
verlopen, dan in discrete stappen. In het geval van de persoon met de munt bete-
kent dit dat er per tijdseenheid een bepaalde kans is om naar links te stappen, naar
rechts te stappen, en om te blijven staan. Figuur 2a laat een computersimulatie
zien van de statistisch verwachte positie van deze persoon als functie van de tijd.
Aanvankelijk is de persoon met volledige zekerheid te vinden op de initiële posi-
tie, wat zich manifesteert als een scherpe piek als functie van de positie. Met het
verloop van de tijd verbreedt deze piek zich, om gaandeweg een normaalverdeling-
achtige vorm aan te nemen. Het maximum blijft echter vindbaar op de initiële
positie.

Dit verloop staat in sterk contrast met de kwantumwereld. Volgens de wetten
van de kwantummechanica zijn deeltjes equivalent aan golven, en kunnen als zo-
danig op meerdere plaatsen tegelijk zijn. Een combinatie van deze wetten met het
model van de toevalsbeweging resulteert in een kwantummechanische toevalsbe-
weging die een verrassend afwijkend gedrag vertoont. Dit is gëıllustreerd in figuur
2b, waar een computersimulatie is afgebeeld van de statistisch verwachte positie
van een persoon met een munt als “kwantum” entiteit. Zoals in de figuur te zien
is vertakt de verwachte positie zich in twee pieken die zich met de tijd snel van
elkaar verwijderen.

Uit figuur 2 blijkt dat een kwantumpersoon zich veel sneller van zijn initiële
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positie vandaan beweegt dan een klassiek persoon. Deze notie heeft een verdra-
gende consequentie voor een aantal fysische fenomenen die zich afspelen op de
moleculaire schaal, waarop kwantummechanische wetten van kracht zijn.∗ Een
belangrijk voorbeeld hiervan is het transport van energie door moleculaire net-
werken. Volgens figuur 2 zal dit transport veel sneller plaatsvinden wanneer de
onderliggende principes voldoen aan de kwantummechanica, en in veel gevallen
betekent deze snelheid een winst in efficiëntie. Echter, de realiteit is doorgaans
niet zo eenvoudig. Moleculen bevinden zich typisch in lokale omgevingen zoals
eiwitstructuren en oplosmiddelen, waarmee zij een zekere interactie hebben. Deze
interactie zorgt er voor dat de kwantumeffecten met de tijd verdwijnen, met als
resultaat een gedrag dat meer klassiek aandoet. Met andere woorden: een toe-
nemende interactie met de omgeving zorgt dat de toevalsbeweging van figuur 2b
meer en meer gaat lijken op die van figuur 2a.

De vraag op wat voor manier energie door moleculaire netwerken vloeit vertaalt
zich dus naar de vraag hoe de moleculen interactie hebben met hun omgeving.
Beide vragen vormen het centrale thema van dit proefschrift.

Van fotosynthese naar zonnecellen

We kennen zonne-energie vooral van de fotovoltäısche cellen die recent in opkomst
zijn, maar in feite heeft de zon sinds jaar en dag het leven op aarde van energie
voorzien. Al die tijd is het zonlicht opgevangen door een variëteit aan fotosyn-
thetische bacteriën, algen en planten, ten behoeve van hun energiehuishouding.
Nu wij in meerdere mate een koolstofneutrale energievoorziening willen realiseren,
dienen deze organismen als een waardevolle bron van inspiratie, en voor ons pri-
maire doel om de efficiëntie van zonnecellen te optimaliseren valt er een hoop te
leren van wat zij na lange tijd van evolutie hebben bereikt.

In vrijwel alle fotosynthetische organismen wordt het zonlicht opgevangen in
moleculaire “antennes”, waarna de zonne-energie wordt doorgegeven door mole-
culaire netwerken naar een plek waar langdurige energieopslag plaatsvindt. De
groene zwavelbacterie is een van eerste organismen waarvan deze machinerie is
ontrafeld. De antennes in deze bacterie bestaan uit grote moleculaire cilinders.
Naast elke antenne bevindt zich een kleiner complex bestaande uit pigmentmole-
culen binnen een eiwitstructuur, die gezamenlijk fungeren als het doorgeefluik voor
de opgevangen energie. Dit complex, afgebeeld in figuur 3, heeft altijd een bijzon-
dere rol gespeeld in het onderzoek naar fotosynthese, aangezien zij de eerste was
waarvan de kristalstructuur is vastgesteld. Haar naam, Fenna-Matthews-Olson

∗Dus niet de schaal van een persoon.
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Figuur 3: Illustratie van het Fenna-Matthews-Olson complex, bestaande uit pigmentmo-
leculen (geel) binnen een eiwitstructuur (rood).

(FMO) complex, is ontleend aan de onderzoekers die deze metingen hebben ver-
richt.

Aanvankelijk werd gedacht dat de energie op klassieke wijze door het FMO
complex stroomt, zoals de toevalsbeweging in figuur 2a. Echter, recente me-
tingen gaven indicaties dat het energietransport eerder een kwantummechanisch
karakter heeft, zoals de toevalsbeweging in figuur 2b. Sinds deze ontdekking zijn
soortgelijke aanwijzingen gevonden voor een variëteit aan andere fotosynthetische
complexen, wat de vraag oproept of kwantumtransport een universeel biologisch
optimalisatieprincipe is. Zou de natuur erin geslaagd zijn door middel van evolutie
de wetten van de kwantummechanica naar haar hand te zetten? Dat zou beteke-
nen dat dergelijke moleculaire systemen een controle hebben over hun interactie
met de omgeving.

Zoals eerder genoemd vormt de natuur een waardevolle inspiratiebron voor
de optimalisatie van synthetische zonnecellen. De meeste zonnepanelen die mo-
menteel operatief zijn bestaan uit siliciumafgeleide materialen. Het nadeel van
deze materialen is dat ze een duur en ingewikkeld productieproces hebben, wat
onder andere leidt tot een hoge aanschafprijs. Mede hierdoor wordt er met grote
interesse gekeken naar organische materialen, die goedkoop en makkelijk te produ-
ceren zijn, en bovendien een lage ecologische impact hebben. Hierbij gaat vooral
belangstelling uit naar mengsels van polymeren en bolvormige fullerenen (kool-
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stofmoleculen die ook wel bekend staan als buckyballs), die als grote voordeel
hebben dat ze eenvoudig via inkjetprinting aan te brengen zijn. Het nadeel van
deze materialen is dat de fotovoltäısche werking weinig efficiënt is, voornamelijk
als gevolg van de slechte elektronenmobiliteit. Onderzoek om deze mobiliteit te
verhogen is in volle gang.

Recente metingen aan de meest efficiënte organische mengsels hebben gesug-
gereerd dat ook in deze materialen kwantumeffecten een belangrijke rol spelen.
Dit heeft het idee versterkt dat de fundamentele processen van fotosynthese mo-
gelijk kunnen worden gerepliceerd in synthetische zonnecellen. Ook hierbij is de
onderliggende vraag in hoeverre de interactie van de deelnemende moleculen met
hun omgeving kan worden geoptimaliseerd.

Het ontrafelen van ultrasnelle dynamica

De werking van fotosynthetische complexen en organische zonnecellen is gebaseerd
op de dynamische processen die op moleculaire schaal plaatsvinden. In eerste in-
stantie wordt een foton (afkomstig uit bijvoorbeeld zonlicht) geabsorbeerd en om-
gezet in elektrische energie in de vorm van een moleculaire aangeslagen toestand.
Deze excitatie kan van molecuul naar molecuul worden overgedragen middels de
elektronische interactie die tussen deze moleculen heerst. Echter, de kwantumme-
chanica dicteert een tegenintüıtief proces waarbij een dergelijke excitatie als een
golf door het gekoppelde moleculaire systeem beweegt. De mate van golfkarakter
wordt daarbij aangeduid als “coherentie”. Zoals eerder genoemd zorgt de interac-
tie van de moleculen met hun lokale omgeving ervoor dat kwantumeffecten zoals
coherentie geleidelijk verdwijnen. De tijdschaal waarop coherentie behouden blijft
is cruciaal voor de vraag of de excitatie een klassieke of kwantummechanische
toevalsbeweging volgt.

De invloed van de lokale omgeving op een excitatie reikt verder dan het doen
verdwijnen van coherentie. De elektronen in een molecuul hebben een zekere mate
van interactie met de kernen. Dat laatste betekent dat aangeslagen toestanden
koppelen met structurele vrijheidsgraden zoals vibraties en oriëntaties. Via deze
koppeling kan een excitatie energie uitwisselen met de omgeving. Bijvoorbeeld,
de excitatie en de omgeving kunnen gezamenlijk reorganiseren. De resulterende
vermindering in de excitatie-energie wordt de Stokes’ verschuiving genoemd (naar
de Ierse wetenschapper George Stokes, die dit effect voor het eerst heeft waarge-
nomen in absorptie- en fluorescentie-experimenten). Op langere termijn betekent
de energieuitwisseling dat de aangeslagen toestand in een thermisch evenwicht
komt met de omgeving.

Sommige van de bovengenoemde processen voltrekken zich reeds binnen en-
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Figuur 4: Impressie van tweedimensionale spectroscopie. Vier ultrakort laserstralen in-
duceren een hogere-orde optisch effect in het molecuul. Dit resulteert in de emisie van
een detectiesignaal (groen) dat informatie bevat over moleculaire processen. Deze pro-
cessen kunnen worden ontrafeld in de tijd door de interval tussen de eerste en laatste twee
laserstralen te variëren.

kele tientallen femtoseconden (een duizendste van een miljoenste van een mil-
joenste seconde). Het is een enorme technologische uitdaging om zulke dynamica
experimenteel waar te nemen. Pas sinds de laatste 20 jaar is dit mogelijk geble-
ken, dankzij de sterk verbeterde lasertechniek. Er zijn tegenwoordig wereldwijd
tientallen laboratoria waar men dynamica bestudeert door series van ultrakorte
laserstralen (pulsen) op moleculen te schieten. Aangezien de pulsen binnen een
serie gezamenlijk een hogere-orde optisch effect in de moleculen teweegbrengen,
wordt deze methode niet-lineaire optica genoemd.

De meest krachtige vorm van niet-lineaire optica is de zogenaamde tweedi-
mensionale (2D) spectroscopie. Zoals gëıllustreerd in figuur 4 worden hierbij vier
pulsen na elkaar op een molecuul losgelaten. De eerste twee pulsen zorgen er-
voor dat het molecuul in een elektronisch aangeslagen toestand raakt, waarna de
laatste twee pulsen zorgen voor de emissie van een detectiesignaal. Dit signaal be-
vat informatie over de dynamica aansluitend op de moleculaire excitatie. Door het
tijdsinterval tussen de eerste en laatste twee pulsen te variëren kunnen moleculaire
processen worden gevolgd in de tijd, waarbij een resolutie kan worden bereikt klei-
ner dan 10 femtoseconden. Hier staat echter tegenover dat bij 2D spectroscopie
verscheidene processen gelijktijdig in het detectiesignaal aanwezig zijn. Bij de fo-
tosynthetische complexen en organische zonnecellen is men vooral gëınteresseerd
in de dynamica die plaatsvindt in de aangeslagen toestand, zoals het transport
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van elektrische energie. Met 2D spectroscopie kunnen deze processen worden
gevisualiseerd, maar niet zonder tegelijk processen uit de grondtoestand mee te
nemen. Voor een juiste interpretatie van de 2D spectra moet een onderscheid
worden gemaakt tussen deze twee soorten dynamica, en dat is in de praktijk vaak
verre van triviaal.

Om bovengenoemde reden zijn computersimulaties van groot belang voor 2D
spectroscopische studies. Door de juiste fysische elementen in een numeriek model
mee te nemen kunnen voorspellingen worden gedaan over hoe een 2D spectrum
eruit ziet. Bovendien kan dan worden ontleed welke bijdragen afkomstig zijn van
de aangeslagen toestand, en welke van de grondtoestand. Het samenstellen van
het model is weer een kunst op zich. Zoals eerdergenoemd spelen op moleculaire
schaal de wetten van de kwantummechanica. Echter, bij berekeningen van kwan-
tumsystemen schalen de numerieke kosten zeer ongunstig met de systeemgrootte,
waardoor simulaties van realistische fotosynthetische complexen of organische zon-
necellen praktisch onmogelijk zijn. Een oplossing is om de kwantumbeschrijving
te beperken tot slechts een aantal belangrijke vrijheidsgraden, en de rest te be-
schrijven volgens de “klassieke” wetten van Newton. Hoewel deze benadering een
beproefd concept is in de fysische chemie, is haar toepassing in de niet-lineaire
optica een nieuwe ontwikkeling.

Dit proefschrift

Cruciaal voor de ontwikkeling van de volgende generatie zonnepanelen is ons be-
grip van fotosynthese en de werking van organische fotovoltäısche materialen in
het algemeen. Zoals eerdergenoemd heerst de vraag of energietransport door zulke
moleculaire systemen zich gedraagt volgens de trage klassieke toevalsbeweging,
of dat de snelle kwantumvariant van toepassing is. 2D spectropscopische me-
tingen hebben gesuggereerd dat kwantumeffecten zodanig lang in stand blijven
dat de kwantummechanische toevalsbeweging mogelijk is, en dat dit als optima-
lisatieprincipe door de natuur en door onszelf is te benutten. Echter, doordat
het detectiesignaal ook processen uit de grondtoestand bevat is het mogelijk dat
de waargenomen effecten uit deze toestand afkomstig zijn, en dat er dus geen
sprake is van kwantumtransport. Dit proefschrift heeft als voornaamste doel om
op te helderen hoe kwantumeffecten uit de aangeslagen toestand te herkennen
zijn in niet-lineaire optica, in hoeverre de effecten waargenomen voor fotosynthe-
tische processen een indicatie zijn van een kwantummechanische toevalsbeweging,
en hoe een theoretisch model kan worden geconstrueerd om deze bevindingen te
ondersteunen.

2D spectroscopie is een relatief nieuwe experimentele techniek. Om de me-
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tingen te kunnen interpreteren zijn doorlopend nieuwe theoretische modellen in
ontwikkeling. Geen van de modellen is momenteel in staat om tegen redelijke
numerieke kosten een gedetailleerde beschrijving van de interactie tussen molecu-
len en hun omgeving te leveren, waarbij tevens een thermisch evenwicht tussen
de twee wordt gerealiseerd. Dit vormt de voornaamste motivatie van hoofdstuk
3. Hier wordt een model voorgesteld dat aan alle bovengenoemde voorwaarden
voldoet. Het model is gebaseerd op de gemengde kwantum-klassieke beschrijving
van de vrijheidsgraden van het moleculaire systeem. Een belangrijk toevoeging
op deze beschrijving is dat de kwantum-klassieke interactie zelfconsistent wordt
behandeld. Hiermee kunnen verschijnselen zoals reorganisatie, Stokes’ verschui-
ving en de gewenste thermalisatie succesvol worden gereproduceerd. (Weliswaar
wordt deze zelfconsistentie alleen bereikt voor bepaalde delen van het kwantum-
systeem. In hoofdstuk 8 wordt aangetoond dat deze benadering valide is.) Door
gesimuleerde 2D spectra van een simpel modelsysteem te vergelijken met die van
exacte kwantumberekeningen wordt aangetoond dat het voorgestelde model een
hoge mate van nauwkeurigheid bereikt. In tegenstelling tot de exacte berekenin-
gen, stelt het ons in staat om dergelijke simulaties aan relatief grote systemen
te doen. Bovendien is de interpretatie van de gesimuleerde data eenvoudiger te
analyseren dan bij exacte methodes.

Het FMO complex was het eerste biologische systeem waarvoor indicaties wa-
ren gevonden van kwantumtransport van energie. Deze indicaties hadden de vorm
van tijdsafhankelijke periodieke oscillaties van pieken in gemeten 2D spectra, welke
veroorzaakt worden door coherentie. Hierbij was de redenatie dat aangezien de
oscillaties standhielden gedurende het energietransport, dit transport waarschijn-
lijk een kwantummechanische toevalsbeweging volgt. Echter, aangezien een 2D
spectroscopisch signaal tevens grondtoestandprocessen bevat, is het ook mogelijk
dat de waargenomen oscillaties uit de grondtoestand afkomstig zijn. In hoofdstuk
4 wordt aangetoond dat dit laatste het geval is: de oscillaties zijn representatief
voor de vibraties van de nucleaire vrijheidsgraden, en hebben als zodanig geen
directe betrekking op energietransport.

De bevindingen van hoofdstuk 4 illustreren hoe lastig het is om 2D spectro-
scopische metingen te interpreteren, vooral als het gaat om fenomenen waarover
relatief weinig bekend is, zoals coherentie. Daar komt bij dat biologische systemen
vrij chaotisch en omvangrijk zijn, wat dit proces verder bemoeilijkt. Dit laatste
vormt de motivatie voor hoofdstuk 5, waar een studie wordt gepresenteerd naar
coherentie in een molecuul dat uit slechts twee subunits bestaat. Dit is structureel
het simpelste geval waarin coherentie (oftewel golfkarakter) kan bestaan. Middels
een vergelijking tussen experimentele 2D spectra en simulaties wordt de tijdsduur
van dit kwantumeffect aangetoond, waarbij het betreffende signaal duidelijk wordt
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onderscheiden van nucleaire vibraties. Tevens wordt aangetoond dat er een inter-
actie bestaat tussen deze vibraties en coherentie die er voor zorgt dat de tijdsduur
van dat laatste significant wordt verlengd. In die zin hebben vibraties dus toch
een (indirecte) impact op energietransport.

Vanwege de moeilijkheid om coherentie te onderscheiden van vibraties hebben
verscheidene studies protocollen hiertoe opgesteld, gebaseerd op het patroon van
de oscillerende pieken in 2D spectra. In hoofdstuk 6 wordt aangetoond dat deze
protocollen hun zeggingskracht verliezen zodra het moleculaire systeem over een
groter frequentiebereik absorbeert dan het gebruikte laserspectrum. Gezien de
bandbreedte van hedendaagse lasers heeft dit consequenties voor praktisch alle
prototype organische zonnecellen, alsmede een aantal sterk absorberende fotosyn-
thetische complexen. Om in zulke systemen kwantumtransport aan te tonen zal
een zorgvuldige vergelijking tussen experiment en simulaties moeten worden ge-
trokken, waarbij de oorsprong van oscillerende 2D pieken theoretisch kan worden
vastgesteld.

Uiteindelijk zou een groot deel van bovengenoemde problemen worden opgelost
als het mogelijk zou zijn om het grondtoestand signaal experimenteel te onder-
drukken, zodat alleen de bijdragen van coherentie overblijft. In hoofdstuk 7 wordt
aangetoond dat dit realiseerbaar is met tijdsafhankelijke fluorescentiespectrosco-
pie. Deze techniek kan niet tippen aan de tijdsresolutie van 2D spectroscopie,
maar slaagt er daarentegen in om de bijdrage van nucleaire vibraties rigoureus
te onderdrukken. Dit hoofdstuk stelt een methode voor om informatie over co-
herentie uit een tijdsafhankelijk fluorescentiesignaal te onttrekken, welke in het
bijzonder toepasbaar is op prototype zonnecelmaterialen.

Tot slot

Zoals de computertechnologie met de tijd steeds beter wordt, zal ook de technische
realisatie van niet-lineaire optica alleen maar verbeteren. Daarbij kunnen krachti-
gere computersystemen op steeds nauwkeurigere schaal de optica en dynamica van
moleculaire systemen berekenen. Mijn verwachting is dat deze ontwikkelingen er-
voor zullen zorgen dat we de komende jaren een enorme kennissprong gaan maken
in het onderzoek naar zowel fotosynthetische complexen als zonnecelmaterialen.
Deze sprong zal echter zijn wortels hebben in het werk dat vele onderzoekers de
afgelopen jaren hebben verricht.
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