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ABSTRACT

The goal of this work is to investigate the nature of the long-lived excited states ob-
served experimentally in single stranded DNA, specifically poly-adenosine phos-
phate ((dA)y, in the following also called polyadenine), after UV irradiadtion.
Since there was some controversy about whether these long-lived states are charge-
transfer states or excitons, non-adiabatic surface hopping dynamics have been em-
ployed in combination with an on the fly wavefunction analysis to characterise
involved the long-lived excited states.

After several methodical investigations, it was found that the absorption spec-
trum is well described with four adenines treated at the TD-CAM-B3LYP/def2-
SV(P) level of theory, while the other parts of the single strand as well as the
surrounding water are described with molecular mechanics. The non-adiabatic
surface hopping dynamics were simulated for 500 fs. It was observed that initially
excitons and monomer-like states are formed. Excitons decayed completely within
the first 100 fs either to monomer-like states (80 %) or forming exciplexes (20 %).
75 % of the monomer-like states formed exciplexes through an intermediate ex-
cimeric state, while the other 25 % of the monomers are expected to decay to
the ground state. The overall time constant for the formation of exciplexes equals
around 700 fs, which is higher than the experimentally observed value (~400 fs) but
still in the same order of magnitude. The decay to the ground state was simulated
to occur with a time constant of around 3 ps which agrees with the experimental
result of ~2 ps.

The separation between the nucleobases was observed to decrease during the
formation of exciplexes which indicates that base stacking is an important factor
for the dynamical behaviour of (dA)x.

This study provides the first computational evidence that long-lived charge
transfer states are formed in (dA)j through excited state dynamics simulations.
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ABSTRACT

Das Ziel dieser Arbeit besteht darin, die langlebigen Zustdnde zu identifizieren,
welche experimentell spezifisch in einstrangiger DNS mit einer Sequenz von 20
Adeninbasen, (dA)jyo, beobachtet worden sind. Da es duflerst umstritten ist, ob
diese langlebigen Zustinde durch starken Landungstransfer verursacht oder als
Exzitone klassifizierbar sind, wurde nicht adiabatische Potentialflichensprungdy-
namik kombiniert mit gleichzeitiger Wellenfunktionsanalyse angewandt, um diese
langlebigen Zustdande charakterisieren zu kénnen.

Durch vielfiltige methodische Untersuchungen ist festgestellt worden, dass das
Absorptionsspektrum ausreichend gut reproduziert werden kann, wenn vier Ade-
ninbasen quantenmechanisch mit TD-CAM-B3LYP/def2-SV(P) behandelt werden,
wiahrend der Rest des Systems klassisch mit molekularer Mechanik beschrieben
wird. Die nicht adiabatische Potentialflichensprungdynamik wurde 500 fs lang
simuliert. Dabei wurde beobachtet, dass durch die urspriingliche Anregung Ex-
zitone und monomerartige Zustdnde gebildet werden. Die Exzitone wurden in-
nerhalb der ersten 100 fs vollstindig zu monomerartigen Zustinden (80 %) oder
Exziplexen (20 %) umgewandelt. Drei Viertel der Monomere bildeten Exziplexe,
wobei sie libergangsweise Exzimerzustand annahmen, wahrend das tibrige Viertel
der Monomere in den Grundzustand tibergingen. Die gesamte Zeitkonstante fiir
die Entstehung von Exziplexen wurde mit circa 700 fs bestimmt, was hoher liegt als
der experimentell gemessene Wert (~400 fs), allerdings noch immer in derselben
Groenordnung. Fiir den Ubergang zum Grundzustand wurde eine Zeitkonstante
von circa 3 ps simuliert, was ausreichend gut mit dem Experiment (~2 ps) iiber-
einstimmt.

Der Abstand der Nucleobasen verringerte sich wihrend der Bildung von Ex-
ziplexen, was darauf hindeutet, dass Basenstapelung eine wichtige Rolle im dy-
namischen Verhalten von (dA ), spielt.

Diese Studie bietet mittels angeregter Zustandsdynamik die ersten computerge-
stiitzten Anzeichen, dass langlebige Ladungsiibertragungszustande (Exziplexe) in
(dA)go gebildet werden.
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INTRODUCTION

Deoxyribonucleic acid (DNA) is one of the most important macromolecules inher-
ent in all lifeforms on earth, as it can be considered the molecular repository of
genetic information.” In the early 1940s it was found that DNA decodes the in-
formation necessary for the formation of proteins and is stored within genes in
the cell nucleus. The nucleotides making up DNA consist of three components: a
nitrogenous base, a pentose (S-D-deoxyribofuranose) and a phosphate, as shown
in figure 1.1.

The base, called nucleobase, is covalently bonded to the 1’ carbon of the pentose
and the phosphate is esterified to the 5’ carbon. In DNA, the four nucleobases
decoding all the information, are the two purine bases adenine (A) and guanine
(G) and the two pyrimidine bases cytosine (C) and thymine (T), whose structures
are shown in figure 1.2. In 1953, James Watson and Francis Crick unravelled the
mystery of the molecular structure of DNA.? Based on X-ray diagrams they were
able to suggest a radically different structure for DNA than what was postulated
before. Their structure consists of two helical chains coiled around the same axis.
The two chains are joined together through single bases from the one strand be-
ing hydrogen-bonded to single bases of the other chain. Adsorption chromato-
graphy of nucleic acids extracted from different microorganisms found adenine
occurring as often as thymine while the amount of guanine equals the one of
cytosine.3 Hence, it was concluded that the base pairing can only occur between
adenine-thymine and guanine-cytosine nucleotides. As the hydrogen-bonding hap-
pens between the two different strands, the nucleobase sequence of the one strand
is necessarily determined by the sequence of the other strand, hence the strands
are complementary.

HoN

/=N
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o [ OJ]s
phosphate é
OH °

Figure 1.1: Two dimensional molecular structure of a nucleotide consisting of a phosphate,
pentose (B-D-deoxyribofuranose) and nucleobase, in this case adenine is depic-
ted as an example for the nucleobase.
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Figure 1.2: Structures of the four nucleobases of DNA.

Thanks to the complementarity of the two strands, transcription and replication
of DNA is easily possible.# In the case of transcription, one of the two strands
is used as a template and for replication, the two preexisting strands each serve
as a template for biosynthesis of a complementary “daughter” strand. Replication
is necessary to copy and transfer the whole genetic information to daughter cells,
while transcription is used to convert parts of the genes into ribonucleic acid chains
(RNA) which will then code for a specific sequence of amino acids, the building
blocks of proteins. Hence, as the nucleobase sequence of DNA determines the
sequence of amino acids in the biosynthesis of proteins, the preservation of the
genetic code is fundamental for the correct functionality of any organism. Despite
several control and regulation mechanisms, harmful modifications (mutations) of
DNA cannot be avoided completely. One threat that can cause pathological modi-
fications to DNA 1is ultra violet radiation (UVR) in sunlight.> If photolesions are
not recognised and repaired, replication and transcription of DNA can be blocked
or mutations of the genetic code may occur. Cell death of bacteria due to absorp-
tion of UVR was already observed very early, and the absorbing substances were
later identified as DNA.%7 UVR consists of light with shorter wavelengths than
visible and can be classified as UVC (200 — 280 nm), UVB (280 — 315 nm) and UVA
(320 — 400 nm).® The sunlight reaching the surface of earth only contains small but
still very harmful amounts of UV light (6%), where UVA is 10 to 100 times more
abundant than UVB. There are two major classes of mutagenic DNA lesions result-
ing from UVR, cyclobutane pyrimidine dimers and 6-4 photoproducts, which are
pyrimidine adducts.?

In order to understand the mechanisms of DNA-photodamage, it is essential
to face the challenge of characterising the electronically excited states involved in
the photoinduced events and investigating their time-evolution. For more than 50
years, researchers have studied UV absorption spectra of single and double stran-
ded DNA in detail using experimental as well as computational means in order
to answer the question to what extend the initial absorption involves monomer-
like excitations or collective excitations.’**® These studies overall showed the im-
portance of stacking interactions between the nucleobases for the collective ex-
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Figure 1.3: Decomposition of the lowest-energy absorption band for (dA)j, including 8
adenines in the QM region, into different charge-transfer contributions (left)
and delocalisaiton lengths (right) obtained by Nogueira et al.*® The percentages
denote the intensity contribution to the total spectrum.

cited state behaviour of DNA. Therefore, large differences between the excited
state behaviour of nucleobase stacks in contrast to isolated nucleobases and mono-
nucleotides were observed.'” These stacking interactions cause the formation of
delocalised exciton states upon UV absorption.”™ A very detailed study of the
lowest-energy UV absorption band of single stranded polyadenine (dA)yy was re-
cently provided by Nogueira et al.*® In their computational work, they treat eight
nucleobases on a quantum mechanical level, employing time-dependent density
functional theory (TDDFT) and account for conformational sampling and envir-
onmental effects. Their thorough wavefunction analysis provided insight into the
charge transfer character and delocalisation of the electronic excitations. Figure 1.3
shows their absorption spectrum decomposed with respect to charge transfer char-
acter and delocalisation length. They found that exciton states delocalised over
two nucleobases contribute about half of the spectral intensity of the absorption
band, with the remaining intensity being distributed between monomer-like excit-
ations and excitons delocalised over three nucleobases. Furthermore, they found
charge transfer states only as a minor contribution to the spectral intensity located
at the high energy part of the spectrum. Although it can be concluded from their
work that direct population of charge transfer states to be unlikely, they could only
attribute about 50 % of the spectrum to pure Frenkel excitons and local excitations.

Generally, five different kinds of excited-states were discussed as contributions
to the complete excited state behavior of poly adenine: monomer-like excitations,
delocalised Frenkel excitons, charge transfer states (exciplexes), charge resonance
states and excited dimers (excimers). Figure 1.4 depitcs these excitations schemet-
ically. Monomer-like excitations (1.4a) are localised and occur on only one nucleo-
base. Frenkel excitons also only involve excitations were the hole and electron are
located on the same nucleobase but they can occur on several nucleobases simul-
taneously. In the case of charge transfer states or so-called exciplexes the hole and
electron are found on different nucleobases but charge transfer only occurs from
one nucleobase to another. In contrast charge resonance states not only include
charge transfer from one nucleobase to the other but additionally vice versa. In
the so-called excited dimer states (abbreviated to excimer) the excitation is shared
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Figure 1.4: Excitation schemes for the different type of states occuring in poly adenine.
An empty circle represents the hole orbital, a filled circle the final orbital, the
orange rectangles and dark red curves depict nucleobases and sugar-phosphate
backbone, respectively.

between between charge transfer from one nucleobase to another and vice versa
and also localised excitations on each of the two involved nucleobases.

In order to understand the photoreactions of DNA induced by UV light it is
also necessary to investigate the time evolution of the excited states upon UV
light absorption. Transient absorption spectroscopy showed very similar spectra
for single and double stranded DNA polynucleotides, which leads to the conclu-
sion of the relative unimportance of the second strand.™ For the excited states
dynamics large differences were observed between single nucleobases and nucle-
obase assemblies.'3'97>' Single nucleobases and mononucleotides were observed
to decay to the ground state mainly by undergoing ultrafast internal conversion
within a time scale of several hundred femtoseconds. Experiments employing
femtosecond transient absorption spectroscopy revealed that the lifetimes of the
excited states are drastically increased in polynucleotides.'3**724 The schematic de-
activation pathways of the adenine monomer adenosine as well as polyadenine
(dA)yo as observed by Kwok et al.3 are shown in figure 1.5.

a) Ade b) (dA),,
.‘ $~130 s 4 §~380 fs

S
E>

~4.3 ps
A

~450 fs

~182 ps

SVIb

0
So So

Figure 1.5: Schematic relaxation pathways with time constants as measured by Kwok et

al.?3 upon excitation at 267 nm for a) adenosine and b) (dA)j in an aqueous
solution. E; and E; are the long-lived excited states, as explained in the text.

{~2 ps
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For the adenosine monomer they observed ultrafast internal conversion between
two excited states within 130 fs, as well as from the lowest excited state to the
ground state within 450 fs. However, for polyadenine they first observed ultrafast
internal conversion to a long-lived excited state (E;) within 380 fs which then was
further stabilised to E, with a ~4.3 ps time constant. In all transient absorption
spectroscopy experiments mentioned before, there is consensus on the general be-
haviour that polyadenine transforms to a long-lived excited state within around
400 fs.

However, the nature of the long-lived excited state has been the subject of some
controversy over the course of the last years. Several fs transient absorption studies
performed mainly by Kohler and co-workers suggest the formation of exciplexes
and excimeric states, where the excitation is shared between two closely spaced
molecules. 39729 rr-stacking of planar aromatic molecules, which can occur in
DNA, generally facilitates the formation of excimeric states. The assignment as ex-
cimeric states is further supported by the low radiative transition rates measured
and by the red-shifted emission observed from nucleobase multimers in room-
temperature solution.3°3' Several computational studies also support the sugges-
tion of the excimer.3*33 Olaso-Gonzélez et al.3* performed static scans over several
reaction coordinates for a system consisting of two adenine molecules at the ab
initio CASPT2 level of theory in gas phase and included water as a solvent. They
found an energetically minimal dimer conformation. Santoro et al.33 used a po-
larizable continuum model (PCM) with TDDFT. By analysing their excited state
potential energy surfaces, they found that the lowest lying excited state is a dark ex-
cimeric state due to intermonomer charge transfer between two stacked bases and
the bright state can easily decay to the excimeric state. In contrast to this assign-
ment, Markovitsi and co-workers suggest Frenkel excitons delocalised over several
nucleobases as the long-lived excited states.'#3%34 They support their assignment
with the findings from fluorescence up-conversion experiments as well as calcu-
lations performed within the framework of exciton theory, where they observe a
very complex decay behaviour which they interpret in terms of a large number
of excited states. Bucharov et al.”> assume an electronically relaxed exciton to de-
termine the long lifetime of polyadenine. The computational studies of Garavelli
and co-workers found this long-lived excited state to be a localised excitation on a
single nucleobase.353° They suggest a deactivation mechanism including a direct
intra-monomer relaxation along a barrier-controlled path to a conical intersection
with the ground state.

Although polyadenine has been extensively studied in the past, excited state dy-
namics simulations describing more than two adenines37 at the quantum mechan-
ical level have not yet been performed. Hence, the goal of this work is to simulate
the excited state dynamics of (dA)yy with describing as many adenines as feas-
ible at the quantum mechanical level with TDDFT while describing the remaining
parts of the adenine strand as well as a surrounding box of water with a classical
force field. For this to be possible, an interface to the quantum chemistry pro-
gram ORCA3® had to be implemented in the surface hopping dynamics program
SHARC394°,
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The rest of the thesis will be organised as follows. First, the theoretical formal-
ism behind all the methods used for the computations will be given. In the second
part, the influence of the computational method on the decomposition of the ab-
sorption spectrum will be investigated. Differently sized QM regions, different
TDDFT formulations and different basis sets will be compared, in order to find
a suitable method to carry out the excited state dynamics simulations. Then, sur-
face hopping dynamics will be carried out for 500 fs with wavefunction analysis
performed in each time step. With the wavefunction analysis it will be possible to
differentiate between excimeric, exciton and charge transfer states and it will al-
low an assignment of the long-lived excited state whose occupation was observed
experimentally.



THEORETICAL BACKGROUND

2.1 THE SCHRODINGER EQUATION

The complete time evolution of any quantum mechanical system relative to its
surroundings is described by the time-dependent Schrodinger equation (TDSE),
that has been formulated by Erwin Schrédinger in 1926.44* It reads

H(R,1,t) |[¥(R,1,t)) = ih;t ¥(R,1,t)) (2.1.1)

where H(R,r,t) denotes the time-dependent quantum mechanical Hamiltonian of
the system, which represents all internal and external interactions of the system
and |¥(R,r,t)) denotes the wavefunction that contains the complete information
of the system. Therefore both, wavefunction and Hamiltonian, depend on the co-
ordinates of the nuclei R, the electrons r and the time ¢.

In the case of the system being in an eigenstate of a time-independent Hamilto-
nian, it is possible to split the TDSE into a spatial and temporal part. The temporal
part can be solved analytically as a complex phase factor for the wavefunction of
e 'Et. The time-independent, spatial part yields the time-independent Schrodinger
equation (TISE)

A(R, 1) [¥(R, 1)) = Eqgra [¥(R,1)). (2.1.2)

Now, the wavefunction |¥ (R, r)) represents stationary states and Ey., denotes the
total energy of the respective state. A (R, 1) is the time-independent Hamiltonian,
that, for a molecule, is composed of the terms

AR, 1) = Tu(r) + T (R) + Ve (1) + Vhie(R, 1) + Van(R). (213)

Te(r) and Tn(R) account for the electronic and nuclear kinetic energies and the
potential energy is separated into the electron and nuclear Coulomb repulsion, de-
scribed by Vee(r) and Van(R), respectively, and the interaction between electrons
and nuclei, described by Ve (R, 1).

Considering a molecule with 7 electrons and N nuclei, the kinetic energy contri-
butions to the total energy can be expressed in atomic units (i.e., electron mass 1.,
charge ¢, the reduced Planck’s constant 1 and the permittivity of the vacuum 1

47e)
are set to 1) as
n
N 1
fur) = -3,V (2.1.4)
i=1
. AR |
WR) =~ ) 57—V% (2.1.5)
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with i and A running over all electrons and nuclei, respectively. The potential
energy terms then read

n o n
n 1
Vee(r) = 22 |I" _ 1“|, (2'1'6)
i=1j>i 17t ]
N N
. ZAZg
WNR) =) ) o (2.1.7)
A=1B>A R4 — Rg]
R N n ZA
Vhe(R 1) = — oA (2.1.8)
e EL R

However, since solving the full TISE (equation 2.1.1) constitutes a (N + n)-body
problem, no analytical solution exists for any system with (N +n) > 2.

2.2 THE BORN-OPPENHEIMER APPROXIMATION

To overcome the insurmountable obstacle of solving the full TISE, an approxima-
tion was introduced by Born and Oppenheimer in 1927.43

The Born-Oppenheimer approximation (BOA) is premised on the fact that elec-
trons move much faster than the nuclei, due to their mass being much less that
of the nuclei. In the BOA this large difference in mass allows to decouple the mo-
tion of electrons and nuclei and H is separated into an electronic and a nuclear
contribution. Then, the total wavefunction [¥(r,R)) can equally be split into the
corresponding electronic [¥e(r;R)) and nuclear wavefunctions [¥x(R))

A(r,R) = He(r;R) + Tn(R), (2.2.1)
¥ (R, 1)) = [¥N(R)) [Pe(r;R)) . (2.2.2)

Now, there is only a parametric dependence of the electronic wavefunction [¥(r; R))
on the nuclear coordinates R and we can define the electronic TISE

He(1;R) |¥e(r;R)) = Ee(R) [Ye(r;R)), (2.2.3)
with He(r; R) being the electronic Hamiltonian
I:Ie(r; R) = Te(r) + Vee(r) + VNe(r; R) + VNN(R)' (2.2.4)

By assuming the nuclei to be static, Tx(R) is rendered zero and Van(R) constant.
The electronic Hamiltonian He(r; R) only depends directly on the electron coordin-
ates r;, whereas the nuclear coordinates are treated parametrically. Each set of
nuclear coordinates R represents one molecular geometry. The energy of the sys-
tem obtained with the electronic Hamiltonian from eq. 2.2.4 contains the electronic
energy as well as and the nuclei repulsion and is thus summarised as the potential
energy of the system, E(R)

In order to obtain the nuclear Schrodinger equation, we insert equations 2.2.2
and 2.2.3 into the TISE (2.1.2) and arrive at

[Tn(R) + E(R)] [¥e(5;R)) [¥n(R)) = Eqorat [¥e (1 R)) [¥n(R)), (22.5)
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with Ty still acting on the whole wavefunction. We can thus write

N
(R) Yol R)) [ (R)) = = 22 5 V5 Yol ) PH(R))
N
== 2 gy (VA (5 R) + 294 [¥e(osR)) V[l R)) V) P (R)
__y L (pyor Ye(r; 2) ¥
= _AZ::12]VIA( 2+ 20V A+ | e(r,R)>VA)! n(R)), (2.2.6)

where T7 and T, denote the first and second order derivatives, respectively, of the
electronic wavefunction with respect to the nuclear coordinates. They are known as
the nonadiabatic couplings (NACs) and describe the couplings between adiabatic
states. The NACs give information about how much the electronic wavefunction
changes with respect to the nuclear coordinates. Within the framework of the BOA
the assumption is made that these changes of the electronic wavefunction are small.
Hence, the NACs are neglected and the BOA is called an adiabatic approximation
and, analogously, the resulting PES is called adiabatic. However, in the case of two
electronic states coming close in energy, this assumption breaks down, as T; and
T> can no longer be expected to vanish. In these cases, the approximation is no
longer valid and couplings between different states have to be accounted for.

Despite this, the BOA is fundamental for quantum chemistry and serves as a
starting point for almost all electronic structure calculations. Even though the sep-
aration of the electronic and nuclear wavefunctions greatly simplifies the Schrodin-
ger equation, we are still facing a n-body problem (eq. 2.2.3) and a N-body problem
(eq. 2.2) which cannot be solved analytically in most cases. Therefore, further ap-
proximations need to be introduced. For the electronic Schrodinger equation, in
this work density functional theory is used and will be presented below. The time
evolution of the nuclear Schrodinger equation will be simulated with the surface
hopping framework which will be presented in section 2.7.2.

2.3 DENSITY FUNCTIONAL THEORY

The use of the electronic wavefunction has several drawbacks, one of which is the
lack of a direct physical interpretation, and another being its dependence on 3n
spatial as well as n spin coordinates, which results in it containing more informa-
tion than necessary. Thus, an alternative function with fewer variables that is based
on a physical observable was sought. According to equation 2.2.4, the electronic
Hamiltonian depends only on the total number of electrons, nuclear coordinates
and atomic numbers. Therefore, the electron probability density p(r) presents a
suitable observable.#* p(r) is a function of three spatial variables and for a given
p(r), the energy and other properties of the electronic state associated with this
density can be derived. Density functional theory (DFT) provides the necessary
formalism to solve the Schrodinger equation with respect to p(r).

11
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2.3.1 Formal Foundations

2.3.1.1 Hohenberg-Kohn Theorems

Hohenberg and Kohn provided a rigorous foundation for DFT in 1964 with their
Hohenberg-Kohn theorems. 4+ The most fundamental basis of DFT is the Hohenberg-
Kohn existence theorem, as it proves that the ground-state electron density determ-
ines the Hamiltonian and therefore determines completely the ground-state elec-
tronic energy. The proof is as follows: The Hamiltonian for a system of electrons
enclosed in a box that are interacting with each other and an external potential can
be expressed as

H= Te + Vee + Vext, (2.3.1)

with T. denoting the kinetic energy of the electrons, V. the interaction between
two different electrons and Ve, the interaction with the external potential. They
are defined as

L = ;;/V’ﬁi(r)v%(r)dr/ (2.3.2)
V. = 1 1 : (v V1 dr dr’

ee = 5 ;/ W’#Z(r)l/}](r );(x t')¢;(r)dr dr’, (2.3.3)
Vext = Z/v(r)m%(r)dr- (2.3.4)

Here, 1; denotes a one-electron wavefunction and v the external potential. Com-
plex conjugation is denoted by the overbar. Now we assume two different poten-
tials (v and ') give rise to the same non-degenerate ground-state density p. The
two corresponding Hamiltonians H and H' would only differ in Vit and Ve’xt and
possess different ground-state wavefunctions ¥ and ¥’ with energies E and E’. Ac-
cording to the variational principle, as stated below, the energy of any approximate
wavefunction will always be higher than the exact energy and thus

E=(Y|AY) < (Y|H[Y) = (YIH T Vext — Ve I¥'),
E'= (YA |Y) < (Y| A'[¥) = (Y| H+ Vi — Vex [¥) - (2.3.5)

By denoting the ground-state electron density as

(Y| thz = (Y| ):svz 1) [¥), (2.3.6)

we can rewrite equation 2.3.5 as

E' <E +/(v'(r) —o(r))p(r)dr. (2.3.7)
By combining these two equations the following inconsistency is obtained:

E+E <E +E. (2.3.8)
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Thus, it is shown that since two different external potentials, v(r) and v’ (r), cannot
give rise to the same ground-state electron density p(r), v(r) is necessarily a unique
functional of the electron density p(r) and therefore the ground-state energy must
be a unique functional, too.

Following the existence theorem, Hohenberg and Kohn provided in a second
theorem a way to determine the ground-state electron density by showing that
the electron density obeys a variational principle. Hence, the energy for every trial
electron density p(r) will be higher than the exact ground-state energy and equal
it in case of p(r) being the exact ground-state electron density.

Eo < E[p(1)] = Telp(0)] + Eeelp(1)] + Exe[p(x)] (239

This implies that minimising the energy will lead to the exact ground-state elec-
tron density. Unfortunately the Hohenberg-Kohn variational principle only holds
in case of the exact functional E[p(r)], which is a drawback of DFT that will be
discussed later.

2.3.1.2 Kohn-Sham Methodology

In spite of the importance of the Hohenberg-Kohn theorems, they do not provide
any information about how to derive the density without knowledge of the wave-
function or how to compute the ground-state energy Eg. Therefore, Kohn and
Sham introduced their methodology in 1965 which is an important foundation
for the practical application of DFT.45

Their approach is based on the simplest form of the Schrodinger equation: the as-
sumption of a fictitious system of non-interacting electrons with the same ground-
state electron density as the real system of interacting electrons. Therefore, the
Kohn-Sham wavefunction is only a single Slater determinant and the energy func-
tional can be split

Elp()] =Tuilo(6)] + Velp()] + Veelo(r)]
+ AT[p(x)] + AVeelp(x)], (2:3.10)

with Tyi[p(r)] being the kinetic energy of the non-interacting electrons and AT [p(r)]
and AVee[p(r)] being corrections for the kinetic energy and electron interaction
potential, respectively, arising from the interacting nature of electrons. Expressing
the density in terms of Kohn-Sham orbitals y¥°

p(r) = Y [ (xXIxS) 1 (2.3.11)

M-

as

n n N
Elp(e)) =~ 3 1 (81 93 8) - 1 3 8] )
2 i=1 i=1A=1 |R r1|
* % Z ol / It — dr' X°) + Exc[o(r)]. (2.3.12)
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Here, the two correction terms from equation 2.3.10 have been summarised in the
exchange-correlation functional Ey[o(r)]. In order to compute this energy, it is
necessary to find the Kohn-Sham orbitals by solving the pseudo-eigenvalue equa-
tions, which are similar to the Hartree-Fock equations,

WS 1x) = e ), (23.13)
with the one-electron Kohn-Sham operator being
A 1 aE [o(r)]
KS _ ‘g2 XC
= Lt oplr) 314

Solving equation 2.3.13 will result in a set of orbitals, which can be used for the
computation of the total energy. As the Kohn-Sham one-electron operator (2.3.14)
depends on its own eigenfunctions, an iterative procedure using the variational
principle is used to determine these orbitals, which is called self-consistent field
(SCF) method.

Since KS theory does not involve any approximations, using the correct exchange-
correlation functional should yield exact ground-state energies. However, the exact
form of this correction is unknown and thus, a lot of work has been invested to find
functions that allow reasonable approximations of Ey.[p(r)]. These approximated
functionals may depend solely on the electron density, as local-density approxim-
ation (LDA) functionals#®, or on additional quantities like the gradient or Lapla-
cian of the density, for generalised-gradient approximation (GGA) functionals4” or
meta-GGA functionals#®, respectively.

A further step towards an accurate description of Ex.[p(r)] is partially including
exact, nonlocal exchange, computed by the Hartree-Fock method.4® These func-
tionals can be generally expressed by

Exc = (1 —a)ERFT 4 oEHF, (2.3.15)

where a is an empirically determined constant controlling the addition of Hartree-
Fock-exchange. In the case of range-separated functionals (like CAM-B3LYP>°,
which will be used throughout this work), the same form of hybrid functionals
is used but a dependence of r is introduced into the parameter a.

2.3.2 Dispersion Correction

Even though DFT yields a good description for a lot of systems, there are some
areas where standard DFT tends to fail.>* One of these challenges is the descrip-
tion of long-range electron correlation and thus, the description of dispersive van-
der-Waals forces. For this particular problem, Grimme>' proposed an empirical
dispersion correction that is added to the total Kohn-Sham energy Exs after the
convergence of the SCF iterations.

Eprrp = Exs + AEgisp (2.3.16)

Now, Eprrp is the total energy that includes the empirical dispersion correction
AEgisp- For the DFT-D3 energy>*, AEg;sp is a sum of two- and three-body terms,

AEgisp = E@ +E6), (2.3.17)
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with the most important two-body term given by

A

E® ZZSORO fao(Rag) (2.3.18)

AB o

where the first sum runs over all atom pairs in the system and o over the order of
the dispersion coefficients Cg“B (0 = 6,8,10...). Ryp is the internuclear distance,
s, are global scaling factors (adjusted only for 0 > 6) and f;, descibes a damping
function to determine the range of the dispersion correction.

2.3.3 Resolution of the Identity Approximation

The computational cost of the iteration process for computing the Kohn-Sham
energy is dominated by the interelectronic repulsion term.>3 As stated in equa-
tion 2.3.12 the Coulombic repulsion, in the following denoted as J[p(r)], is given
as

p(r 1
dr dr, = - (p(r)|p(r)) . 2.3.1
Expanding the electron density into atomic orbitals ¢ and collecting the expansion

coefficients in the density matrix P, allows us to express the Coulombic repulsion
within the atomic orbital basis as the following:

]cd[p(r)]

// $a(r1)Pp(re <Pc(r2)¢d(rz)dr (dr

1] — 12

LY

"
=YY Py (aclpd). (2.3.20)

a=1b=1
with 4, b running over the basis functions. As equation 2.3.20 involves a four-centre
two-electron integral, it is computationally costly. Thus, Almlof et al.>4 introduced
an approximated method to solve this integral, which was later refined by Ahlrichs
and coworkers33, by representing p(r) in terms of a linear combination of 77 atom-
centred auxiliary basis functions «.

~ ) cn(r) = p(r) (2.3.21)
a=1

Minimisation of the Coulombic repulsion and a transformation similar to the res-
olution of the identity in Hilbert space results in the following approximation of
the Coulombic repulsion operator:

m

Tlot] = 5 F(elo) = 5 - 3 c faxlt) P 2322

a,b=1

This approximation reduced the four-centre two-electron to a three-centre two-
electron integral, which leads to almost a 10-fold saving in computational time,
while introducing only minor errors caused by the finite auxiliary basis set.

15
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A similar problem is posed by the integration of the Hartree-Fock exchange
term. Thus, in the ORCA program package3¥55 additionally the so-called RIJCOSX
approximation is implemented, which includes the aforementioned resolution of
the identity approximation (RI-]) for Coulomb integrals and numerical chain-of-
sphere integration for the HF Exchange integrals (COSX55).

2.3.4 Time-Dependent DFT

So far, we limited DFT to the description of time-independent systems, i.e. the
ground state. In order to describe excited states, a time-dependent formalism be-
comes necessary, which has been developed as time-dependent DFT (TDDFT). In
analogy to DFT, TDDFT is based on three foundations:

1. The Runge-Gross theorem: An existence theorem, which establishes a relation
between the time-dependent electron density and the wavefunction.

2. The action integral: A variational principle, which presents a way to compute
the exact time-dependent electron density

3. The time-dependent Kohn-Sham equations: a method to compute the orbitals

These foundations will be briefly explained in the following.

2.3.4.1 Formal Foundations

RUNGE-GROSS THEOREM
In analogy to the Hohenberg-Kohn existence theorem for the time-independent
case, the Runge-Gross theorem states that the time-dependent wavefunction [¥(r, t))
is determined by the time-dependent electron density p(r, t).57

Runge and Gross’ proof can be outlined as follows: First, they proved that
current densities corresponding to different potentials have to be different. Sub-
sequently, via reductio ad absurdum, it was shown that different current densities
give rise to different electron densities. Finally, they proved that different time-
dependent external potentials at a given time f( result in different time-dependent
electron densities infinitesimally later than ty and thus, through induction it was
proven that at any time ¢ the electron density p(r,t) gives rise to a unique wave-
function [¥[p(r, t)]).

ACTION INTEGRAL

In TDDFT the variational principle is based on the quantum mechanical action
integral A[p(r,t)]. The wavefunction [¥(r,t)) as a solution of the time-dependent
Schrodinger equation (2.1.1) corresponds to a stationary point of the quantum
mechanical action integral. 5657

Alp(e )] = [ dt (lp(r, 1115~ Alr,1) ¥lp (e, 1) (23.23)

fo
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From this, with the application of appropriate boundary conditions, the exact elec-
tron density p(r, ) can be obtained.

IAfp(r, t)] _
W =0 (2.3.24)

Analogously to the Hamiltonian, the action integral can be separated into a univer-
sal part B[p(r, t)] and a part dependent on the applied potential v(r, t).

Blo(s,0)] = [t (p(e,0lli5, - 1)~ Vul) [Fp(e,0)  (2325)
v(r) = WNe(r) + V (1, t) (2.3.26)
Alpl,1)] = Blo(r, )] — [ drp(s, )0(r, 1) (23.27)

Thus, variation of the action integral with respect to the time-dependent electron
density according to equation 2.3.24 leads to the exact density.

TIME-DEPENDENT KOHN-SHAM EQUATIONS

Analogously to the time-independent case, we assume a fictitious system of non-
interacting particles with the same electron density ps(r,t), as the real system,
which can be expressed in terms of single electron orbitals ¢;(r, t),5

rt) =) |gi(r 1) (2.3.28)
i=1

where the single electron orbitals solve the time-dependent one-particle Schrodinger
equation

d
iz ¢i(rt) = <—;V? + Us(r/t)> ¢i(x, 1), (2.3.29)

with the external one-particle potential v;(r,t). The action integral of the non-
interacting system can be written analogously to the action integral of the inter-
acting system (cf. eq. 2.3.23 and 2.3.25) without the electron-electron interaction
term.

After applying the stationary action principle and inserting the resulting equa-
tion for the single particle time-dependent potential into the corresponding Schro-
dinger equation, the time-dependent Kohn-Sham equations are obtained

0 anc ’
i$<pi(r,t) = ( V4 o(r /d /|(1)”— v ap[(ifi)t)]> ¢i(r,t), (2.3.30)

with Ayc[p(r, t)] denoting the exchange-correlation part of the action integral.

2.3.4.2 Linear Response TDDFT

To find excitation energies, one needs to compute for which frequency w of a
periodic external potential the density undergoes a resonant response. In prin-
ciple, TDDFT calculations can be carried out by propagation of the time-dependent

17
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Kohn-Sham orbitals using the time-dependent Kohn-Sham equation (2.3.30).55%°

However, a more common approach is to consider the response of the density
to a time-dependent perturbation, including only the linear term for simplicity’s
sake. For an excited state with excitation energy w; = E; — Ey, the linear response
problem can be written as a matrix pseudo-eigenvalue problem

) =alr (), 2350
Y[ YI

with the matrix elements of A and B being given as

A B
B* A~

1 0
0 -1

Ajgjiy = 6ij6ap (€0 — €;) + (if|ab) + (ij| fuc |ab), (2.3.32)
Bigjp = (iblaj) + (ib| fxc |aj) . (2.3.33)

Here X; and Y| describe the particle-hole and hole-particle excitations, respectively.
fxc denotes the exchange-correlation kernel, that includes all non-trivial many
body effects. Within the framework of the adiabatic approximation, it is defined as

g 8’E
(ij] frc lab) = (¢i(x); (1')] Wé:;(r') [@a(r)5 (1)) - (23.34)
TAMM-DANCOFF APPROXIMATION

Within the framework of the Tamm-Dancoff Approximation (TDA) the matrix de-
scribing the perturbation densities is reduced by neglecting hole-particle excita-
tions, i.e. setting Y; = 0, and only taking particle hole-excitations into account.
Thus, the dimension of eq. 2.3.31 is reduced by half,

AX = wX, (2.3-35)

where the matrix entries of A are defined by eq. 2.3.32.

Since correlation is often already included in the exchange-correlation function-
als in the ground state, TDA/TDDFT usually is a very good approximation of
TDDEFT.

2.4 WAVEFUNCTION ANALYSIS

Throughout this work, excited state analysis was performed with the TheoDORE
package.®2 There, the one-electron transition matrix elements D, in the basis of
atomic orbitals p and v will be derived from the excitation vector Xj,, which is a
matrix element of X in equations 2.3.31 and 2.3.35, between two molecular orbitals
i and a utilising the elements of the respective MO coefficients (C):

D;ﬂ/ - ZC}IiXiQCVﬂ (2.4.1)
ia

In order to further analyse the system it is necessary to divide the system into
appropriate fragments, which has to be done on an intuitive basis, but recently
advances have been made to automatise this choice.®3 Then, with respect to these



2.4 WAVEFUNCTION ANALYSIS

fragments, excitations can be termed local if both orbitals # and v of the afore-
mentioned matrix element D, are located on the same fragment A. The weight of
local excitations on A is the respective matrix element ()44 of the charge transfer
number matrix. Consequently, in the case of the orbitals being assigned to differ-
ent fragments A and B, the excitation has charge transfer character and the charge
transfer number ()45 weighs the charge transfer character between the fragments
A and B. The charge transfer numbers are the result of a two-dimensional pop-
ulation analysis (e.g. Mulliken or Léowdin) of the transition density matrix. They
divide each excitation into ”szr ag (the number of fragments squared) contributions
for excitations from orbitals on A to orbitals on B. The charge transfer matrix for
two fragments A and B is defined as:

QAB = Z (Dw/)z (2.4.2)
ueAveB

where D is the transition density matrix on which a Léwdin orthogonalisation is
applied

D =s'?Ds'? = (PQ")D(PQ")" (2.4.3)

where S denotes the overlap matrix and P and Q are the matrices that contain the
left and right singular vectors of the MO-coefficient matrix C.

Q4 can be used to compute a variety of descriptors that hold meaningful in-
formation. Since the aim of this work is to distinguish between Frenkel exciton,
charge transfer states and excited dimers, the relevant information are the deloc-
alisation of the excitation as well as the charge transfer character of the state. The
charge transfer character CT is obtained by summation over the off-diagonal ele-
ments of ()4p normalised by the factor Q6162

CT=0" Y} Qup (2.4.4)
AB#A
Q=) Qup (2.4.5)
A,B

CT can range from 0 (in the case of local excitations and Frenkel excitons) to 1 (for
pure charge transfer states).

A measure for the extent of the delocalisation is the participation ratio PR. For
the general case of a nonsymmetric () matrix, the definition of the participation
ratio consists of two parts for the hole and electron, respectively. The participation
ratios for the initial (PRy) and final orbitals (PRg) are defined analogously as

PR —QZ

T (A Q) (24
PRg = o

* T AT O (247

which measure over how many fragments the hole and electron are delocalised,
respectively. The number of fragments involved in the excited states is then repres-
ented by the average of these two participation ratios

1
PR = E(PRI + PRg). (2.4.8)
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Table 2.1: Values of different descriptors for the discussed types of excited states.

State CT DL PR CT, COH

a) monomer o 1 1 (6} 1

b) exciton o 3 3 0 1

I
[l

=] c¢) exciplex 1 2 1 1 1

=== d)chargeres. 1 2 2 0 1

% e) excimer 05 2 2 0 2

A closely to PR related descriptor is the delocalisation length, DL. It can be
calculated utilising (45 as an inverse participation ratio and yields the number of
fragments involved in the excitation of the state of interest.

QZ
Y5(Xa %)z

The delocalisation of the hole as well as of the electron is taken into consideration.
DL can range from 1 to the number of fragments included.

Additionally, the coherence length is also related to the average hole-electron
separation and can be defined as

DL = (2.4.9)

COH = LL (2.4.10)
PRY., L5 g o

A valuable additional information is to not only know how many but also which

nucleobases are involved in a transition. A possible quantity for analysis with

respect to this are the positions of the hole orbital, POS;, and the position, where

the electron will be located, POSg. %62
POS; = Q'Y A} Qus) (2.4.11)
A B

POSy = Q'Y B(} Qup) (2.4.12)
B A

The difference between the centers of charge of the electron and hole is the so-
called signed net charge transfer length (CTyt)

CT,nt = POSg — POS;. (2.4.13)

To illustrate the possibilities and limitations of these descriptors, figure 1.4 shows
five possible excited states. The corresponding descriptors are listed in table 2.1.

In the case of a local excitation on one adenine (1.4a) the DL and PR will be 1 and
as both hole and electron are located on the same fragment, CT will be 0.18%+ Ana-
logously, for Frenkel excitons (1.4b) the CT will remain 0, but if the exciton state is
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delocalised over three nucleobases, the DL will yield 3 and since electron as well
as hole is delocalised over three nucleobases PR will be 3 as well. For pure Frenkel
excitons, where only diagonal elements of () are nonzero, the COH = 1. The situ-
ations of a charge transfer state (exciplex) and a charge resonance state (1.4c and
1.4d) cannot be distinguished only based on the DL and CT. For the charge transfer
state the CT will obviously be 1, as all excitation is transferred to the second nucle-
obase. In the case of the charge resonance state, half of the excitation is transferred
from fragment 2 to 3 and the other half vice versa. Thus, in the charge transfer mat-
rix O 4p two symmetric off-diagonal elements will equal 0.5. Consequently, since
according to eq. 2.4.4, CT is calculated as the sum of the off-diagonal elements
of () 4p, this case will equally yield a CT of 1. The exciplex as well as the charge
resonance state are both localised over two nucleobases and therefore yield a DL
of 2. However, the PR differs in the two cases, since for the exciplex the hole and
electron are each located on only one nulceobase and thus, PR = 1, while in a
charge resonance state hole and electron are both delocalised over two bases and
therefore, PR = 2. Furthermore, the exciplex is the only state where the hole and
electron are located on different fragments resulting in a CT,; = 1. The excited
dimer (excimer, 1.4e) includes charge transfer excitations as well as local excita-
tions on two fragments. It differs from the charge resonance in its CT of 0.5. The
coherence length relates to the intrinsic structure of the excitation. It is larges when
locally excited and charge transfer configurations are contributing equal amounts
to the excitation. Hence, the coherence length will be largest for excimeric states.

With these values for the electron and hole positions, a differentiation between
charge transfer states and excimers becomes possible. In the example of a charge
transfer state like in figure 1.4c, the hole is located at fragment 3 and thus, POS; = 3
while the electron is located at fragement 2 and POSg = 2. Hence, the CTy is 1. In
contrast in the case of an excimer as shown in figure 1.4d, the hole and electron
are equally located at fragments 2 and 3, thus POSg and POS; are both 2.5 and the
CTne =0

2.5 MOLECULAR MECHANICS

As mentioned in previous sections, calculating the electronic energy for a system
consisting of a large number of atoms poses a seemingly insurmountable obstacle
in computational chemistry.®> In molecular mechanics (MM) this hurdle is over-
come by expressing the electronic energy in terms of a parametric function of the
nuclear coordinates and fitting the parameters with respect to experimental or
quantum mechanical results for smaller molecules or fragments. Electrons are not
considered as individual particles in MM and also the quantum aspects of the nuc-
lear motion are neglected. Hence, in contrast to all methodology discussed until
now, MM is a classical approach for the calculation of the energy of a molecule.
Usually, the energy is split into bonded and non-bonded interactions and simply
adding the single contributions of bonded and non-bonded terms will yield the
total potential of the molecule.®® A set of functions in combination with the appro-
priate set of parameters is called a force field. A great variety of force fields has
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been developed for simulations of different systems with varying accuracy. The
most commonly used approach of functions is the following:®7

bonds angles
4 Aij  Bij g
+ E —p[1+cos(p¢—7)]+2 I T (2.5.1)
dihedrals 2 =Ry R ery

The potential energy function expressed above is also used in the force field em-
ployed in this work. The first three terms of eq. 2.5.1 represent the bonded in-
teractions. They account for bond stretching (first term) and angles (second term)
according to harmonic expressions with force constants, k; and kg, and equilibrium
distance, Req, and angle, 64, respectively. The third bonded interaction included is
torsion, represented by the third term of eq. 2.5.1 with torsion barrier V;, phase
and periodicity p. The last term of eq. 2.5.1 describes non-bonded van-der-Waals
and electrostatic interactions. The former are represented by a 6-12 Lennard-Jones-
potential with the attraction and repulsion parameters A;; and B, respectively and
the distance R;; between two atoms i and j; the latter are modeled by a Coulombic
interaction of atom-centered point-charges (4; and g; on atoms i and j, respect-
ively).

2.6 QUANTUM MECHANICS/MOLECULAR MECHANICS

The size and complexity of biochemical systems very often necessitates the use of
molecular mechanics (MM).% However, especially for excited states, there is a lack
of chemical accuracy involved with the usage of force fields. At the same time, the
use of any quantum mechanical (QM) method for the description of biochemical
systems usually is beyond any computational resources. To overcome the limita-
tions of full quantum mechanics as well as of a fully classical description, methods
have been developed where a small, feasible part of the system is treated at the QM
level, while for the larger rest of the system MM is employed. This approach was
originally presented by Warshel and Levitt in 1976.% The usage of the QM/MM
approach can be justified by the fact that most processes of interest occur locally. %
In these cases, the QM region would include all parts of the total system that are
involved in the simulated process, for example in this work, nucleobases involved
in photoabsorption. Hence, the MM region contains all atoms that are hardly af-
fected by the process but may have some influence via long-range interactions, like
for example additional nucleobases, the sugar-phosphate backbone and the water
environment in this work.

The energy obtained through this hybrid QM/MM approach contains three
types of interactions: interactions within the QM region as well as within the MM
region and interactions between the QM and MM region. Describing the interac-
tions within the QM and MM region is relatively straightforward, as this is done at
the respective level. However, the description of the interactions between the two
subsystems is more complex and two main approaches have been proposed to do
so: subtractive and additive coupling schemes. In the subtractive scheme, first, the
energy of the whole system (i.e. containing QM and MM region) is computed at
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the MM level, then the QM energy of the isolated QM subsystem is added and
finally, the MM energy of the QM subsystem is subtracted.

EQM/MM _ EMM NV 4+ QM) + EY(QM) — EMM(QM) (2.6.1)

The superscripts indicate the level of theory at which the energies are computed,
QM and MM denote the atoms in the QM and MM subsystems, respectively. The
implementation of the subtractive scheme is relatively straightforward, since the
quantum chemistry and molecular mechanics routines can work independently.

The alternative to the subtractive scheme is the additive scheme. There, the QM
system is embedded within the MM system and the total energy is obtained as the
sum of QM energy, MM energy and QM /MM coupling terms.

QMMM _ EQM(QM) 4 EMM(MM) + E2MM(QM + MM) (262)

Here, the interactions between the two subsystems are computed explicitly as
EQM-MM(QM + MM). The simplest way to treat this interaction is the mechanical
embedding. There all interactions between the subsystems are evaluated with the
force field, hence the charges of the outer region will have no influence on the QM
charge density. A more elaborate approach than mechanical embedding is electro-
static embedding, where polarisation effects are considered. This is achieved by
including the MM point charges as one-electron operators in the QM Hamiltonian,
thus the QM computation is carried out in the presence of MM charges

o _jon 10 e
! ! J=1 ‘ri - R]‘

with the positions of electron and MM atom, r; and Rj, respectively, fz?M denotes
the original one-electron Hamiltonian for electron i, M the number of MM atoms
with partial charge Q. Thus, electrostatic embedding allows polarisation of the
QM density by changes in the charge distribution of the outer system. This idea is
furthered by the polarisation embedding where both regions can mutually polarise
each other, meaning that the QM region can also induce polarisation in the MM
region, just as well as vice versa. For that it is necessary to compute the MM po-
larisations during each step of the iteration of the QM wavefunction and therefore,
the polarisation embedding is computationally very expensive.

2.6.1 Link Atoms

If chemical bonds connect the QM and MM regions, like in the case of the bonds
between adenine and the pentose, problems with the evaluation of the QM wave-
function may occur, since simply breaking the bond would result in one or more
unpaired electrons, which would lead to an erroneous treatment of the system.
Therefore, the most straightforward way is to introduce a monovalent link atom
along the bond vector between the QM and MM atom. The most commonly used
link atom type is hydrogen but in principle there is no restriction to the type of link
atom. The introduced link atoms are only considered in the QM computation and

23



24

THEORETICAL BACKGROUND

are invisible to the MM region. In practice, the link atoms are placed at appropri-
ate fixed positions along the bond, so there are no additional degrees of freedom
introduced by the link atoms. In each step the force acting on the link atoms will
be distributed over the QM and MM atoms of the bond.

2.7 MOLECULAR DYNAMICS

The chapters above all discussed the possible treatment of electronic states by solv-
ing the electronic Schrodinger equation. However, if we are interested in the time-
dependent behaviour of a molecular system, it is necessary to solve the nuclear
Schrodinger equation (2.2.5).7%7" While this may be a reasonable approach for
small systems, it is not feasible for large molecules. The dimensionality of the PES
increases linearly with the size of the system, whereas the necessary number of
grid points of the PES grows exponentially. In order to circumvent the obstacle of
having to know the whole PES in advance, on-the-fly methods like semi-classical
ab initio molecular dynamics (AIMD) have become a widely used alternative.

The main principle of AIMD is to treat the electrons quantum mechanically by
solving the electronic Schrodinger equation while the nuclei are treated classic-
ally.39 By doing this, the problem of solving the nuclear Schrédinger equation is
evaded, since the propagation of the nuclei only depends on the energies, gradi-
ents and NACs of the electronic states of each time step. This leads to a large
reduction of computational effort which enables the simulation of the excited-state
dynamics of larger systems. However, the classical approximation leads to the loss
of quantum effects like tunneling and coherence, which the classical propagation
cannot account for.

2.7.1  Newton's Equations of Motion

Over 300 years ago, Sir Isaac Newton first postulated the classical laws of motion,
which describe the motion of any macroscopic body. Using Newton’s second law,
stating that the force acting on a body equals the time derivative of the momentum,
one can derive Newton’s equation of motion7>

d2

M _
A4qr2

Ra(t) = —V4Ei(R(t)), (2.7.1)
where the molecule is assumed to be in an electronic state with energy E;(R(t))
which depends on all nuclear coordinates. Integration of eq. 2.7.1 would yield the
complete trajectory of the molecule for any given initial condition, however this is
not possible analytically. Thus, numerical methods, where the time is discretised
to intervals and propagated from time step ¢ to time step t + At, are necessary.
The most prominent numerical method for this problem is the Velocity-Verlet al-
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gorithm, where the atomic coordinates R(f + At), the velocity v(t + At) and accel-
eration a(t + At) are calculated according to the following equations:73

R(t+ At) = R(¢) +V(t)At+a(t)A2t2, (2.7.2)
v(t+ At) = v(t) + % (a(t) +a(t+ At)), (2.7.3)
a(t+At) = _%VE(R)‘R:R(tJrAt)' (2.7-4)

The advantage of the Velocity-Verlet algorithm over simpler methods is that the
new velocity can be calculated simultaneously to the new coordinates. Addition-
ally, the global error of the Velocity-Verlet algorithm is of order O(At?), compared
to an error of O(At) in the case of Euler’s algorithm.

2.7.2  Surface Hopping

Following Newton’s equation of motion the nuclei of the system would always
propagate on the potential of one state. In order to transfer between different states
the so-called surface hopping method has been developed.”’+7> There, between
every step, the system occupying the electronic state |¥;) can “hop” to another
electronic state |¥;) in a probabilistic manner.” Assuming the total electronic wave-
function |'¥) to be a linear combination of electronic states |'¥;) one can account
for the time-dependence in the expansion coefficients and obtain

¥(1)) = Y eilt) [ (27.5)

The probability of finding a trajectory in the electronic state i depends on the state

coefficient ¢;, given by c;c; = |ci]%. In order to satisfy the completeness relation,
these coefficients need to be normalised so that
Z lci|*> = 1. (2.7.6)
i

In Tully’s Fewest Switches algorithm?>, it is assured that the actual population
of the states is consistent with the states coefficients, as hops are only allowed
out of states with decreasing coefficient and into states if the coefficients increase.
Thereby, the number of hops is minimised. In an ensemble of Nt trajectories of
which Nj(t,) occupy state j at time t,, with the coefficients c; determining the
population of the state j, we obtain

Ni(t,
;\(ftT ) - i) (2.7.7)

If the population decreases by AN within the time interval [t,;t,,1] and we only
consider hops out of j into another state, due to the Fewest Switches criterion, we
obtain the probability to hop out of j

AN Ni(tn) = Ni(tns1) _ lej(ta)|* = lej(tasa) P

hi, = = . .
== Ny () Ni(E) ()2 (278)

“For simplicity, the dependencies of the electronic wavefunction will not be stated explicitly in
the following section.
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For a infinitesimally small time step, the difference of the squares of the coefficients
becomes the time derivative of the square of the coefficient, which can be expressed
as

_ 0 _ _d
= <c]-atcj> + cjgcj =2Re <c]-atcj> (2.7.9)
Then, we arrive at the hopping probabilities in terms of the coefficients and their
time derivatives

2At _0
his. = —a Re (cjatcj) . (2.7.10)

For the calculation of the time derivatives of the state coefficients, we insert
the expansion of the electronic wavefunction as a linear combination of electronic
states (eq. 2.7.5) into the TDSE and after projection on (¥;| we obtain for the time-
evolution of the coefficients

d d
C] Z( (Y ‘H [¥i) + (¥ ET: i) )Ci(f)- (2.7.11)
—_—
Hji K

Ji

The first term, H;; denotes an element of the electronic Hamiltonian matrix H¢; the
nonadiabatic coupling term Kj; can be computed with the nonadiabatic coupling
vector between the electronic states and the velocity of the nuclei

Kji = <‘1’r]| VR "Yl> VR. (2.7.12)

Consequently, the surface hopping probability h; ,; from state j to state i can be
calculated as

hii= i]ch Re (Gjci[iHji + Kji]) - (2.7.13)
The above presented surface hopping formalism is valid in the adiabatic picture
of the BOA, where H° is diagonal as in the simulation presented in this work. How-
ever, it requires the integration over the NAC term K, which is computationally
challenging, as very small time steps need to be used for the numerical integra-
tion. Thus, alternative propagation methods for surface hopping dynamics have
been developed. The surface hopping scheme used throughout this work, called
SHARC (Surface hopping including arbitrary couplings)394°, propagates the coef-
ficients according to

c(t+ At) = P(t+ At)c(t), (2.7.14)

where P denotes the propagator matrix in the local diabatisation approach.7® The
propagator has the following form

t+At
P=S"(t+A0Texp | - /t iS(t, T)HE (7)S (7, £)d7| (2.7.15)
Sij = (Yi(t)[¥;(t + At)), (2.7.16)
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where S(t + At,t) is the wavefunction overlap between the time steps and T de-
notes the time ordering operator. With this approach, the hopping probabilities
can be calculated as

T P (G -l Re(ci(t+ At)Byc;(t))
™ FOEARD o

By considering of the hopping probabilities with the propagation of the trajectories,

all the requirements for surface hopping are met in this scheme, while integration
of K is avoided.

. (2.7.17)

)
‘2 - Re(cj(t + At)P]]C](t))
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STATIC CALCULATIONS

This chapter contains a detailed investigation of the description of the absorption
spectrum of polyadenine. Several methodical aspects will be discussed and com-
pared in detail, namely the influence of the size of the QM region (6 or 4 nucle-
obases), the DFT formulation (using TDA or standard TDDFT), inclusion of the
nucleobases on the edge of the QM region in the wavefunction analysis and the
influence of the basis set size. This information is critically important to perform
subsequently feasible and accurate dynamics simulations.

The results obtained by Nogueira et al.”® are used as a reference for these
analyses. They computed the absorption spectrum of polyadenine (dA), and in-
cluded 8 adenine bases in the QM region. For an ensemble of 100 geometries, the
first 60 excited states were computed employing the CAM-B3LYP density func-
tional and the Ahlrichs def2-SV(P) basis set. The absorption spectra resolved with
respect to the charge transfer character and delocalisation lengths are shown in
figure 3.1. Their absorption spectra are red shifted by 0.7 eV to match the absorp-
tion maximum of the experimental spectrum. Among the main findings of their
study was that exciton states delocalised over two nucleobases contribute about
half of the lowest UV absorption band, since half of the spectrum consists of pure
Frenkel excitons with CT smaller than 0.1 and half of the excitations occur delocal-
ised over two nucleobases. They also observed a significant fraction of states with
non-negligible CT admixture, where states with CT higher than 0.3 only occur at
the blue side of the spectrum.

I'I'I‘I'I'I'll I'I'I'I'I'IT'll
— Tota

w1 — Total 1 —_— — o
= —0.0<CT<0.1 51.0% — 8'[ - ; i%oﬁ
S o0df —HEREE o =i
s —03<CT<1.0 12.6% r I
o 0.6 0.6F DL =6 0.4%
el I
204 0.4
[%)]
@ I
Bo2 0.2
c I

U5 44 46 48 5 52 54 %3 42 46 48 5 52 54

Energy (eV) Energy (eV)

Figure 3.1: Decomposition of the lowest-energy absorption band for (dA)jyg, including
eight adenines in the QM region, into different charge-transfer (CT) contribu-
tions (left) and delocalisation lengths (DL) (right). The percentages denote the
intensity contribution to the total spectrum.
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3.1 COMPUTATIONAL DETAILS

In order to sample the Franck-Condon region in the electronic ground state clas-
sical molecular dynamics simulations of solvated (dA )y were performed with the
Amber1477 using the Amber ffgg force field. The system was first minimized and
heated at 300 K in the canonical ensemble. Afterwards, it was equilibrated for
600 ps where the restraints applied during the heating were gradually removed
and for the last 200 fs it was changed to the isothermal-isobaric ensemble. Then, a
production run of 60 ns was evolved in the isothermal-isobaric ensemble. Two en-
sembles of 100 and 300 equidistant snapshots from the last 35 ns of the dynamics
were selected for the system.

The following closer investigation of the absorption spectrum was performed on
the ensemble consisting of 100 snapshots. For each snapshot the electronic excita-
tions of the lowest 30 or 20 singlet states, depending of the number of nucleobases
included in the QM region, were computed employing an electrostatic embedding
QM/MM scheme. Two differently sized QM regions were investigated: including
either six or four adenines in the middle of the (dA)yg strand. The atoms in the
QM region are described by time-dependent density functional theory (TDDFT)
employing the CAM-B3LYP functional®® and the Ahlrichs def2-SV(P) basis set”® as
well as Grimme’s D3 dispersion correction.>' For comparison the calculations were
performed with and without usage of the Tamm-Dancoff approximation (TDA).7?
The quantum mechanical computations were carried out with the ORCA program
package.3® Due to the large system size, the resolution of the identity approxima-
tion, implemented as RIJ-COSX558° in ORCA, was used in combination with the
def2/j auxiliary basis set. During the SCF iterations the angular integration grid
Lebedeviggq with a radial grid with IntAcc=4.34 was chosen whereas for the final
energy evaluation after SCF convergence a larger grid (Lebedev434, IntAcc=5.01)
was used, the keywords GRID3 and FINALGRID5 were set in ORCA. For the COSX
grid a sequence of three grids with IntAcc=3.34,4.01,4.67 was used, controlled by
the GRIDX4 keyword and additionally the GRIDXC was set to 5. The energy dif-
ference criteria for SCF convergence was set to 1078 au. The influence of the MM
region was simulated by inclusion of point charges obtained with the molecular
mechanics program Tinker 8% and bonds between the QM and MM region were
treated according to the hydrogen link atom approach. 5

The obtained excitation energies were convoluted with a Gaussian function of
FWHM = 0.2 eV. All computed spectra were decomposed into the charge transfer
character and delocalisation length of their excitations, classified according to the
rules explained below. The values for these properties were obtained using the
TheoDORE wavefunction analysis package. %43

3.2 SIZE OF QM REGION AND DFT FORMULATION

In a first step, QM regions including six and four adenines in the center of the
(dA)yo strand were compared Any excitations where either the hole or final orbital
were mainly located on the edge nucleobases were removed from this analysis in
order to avoid artifacts arising from the proximity of MM nucleobases. This was
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Figure 3.2: Decomposition of the lowest-energy absorption band for (dA);g, including six
(left plots) and four (right plots) adenines in the QM region, into different
charge-transfer contributions. The top plots are obtained with the standard for-
mulation of TDDFT, in the bottom plots TDA was employed. The numbers in
parentheses denote the intensity contribution to the total spectrum.

done by excluding all excitations whose POS; or POSk value was smaller than 1.5
or larger than 5.5 or 3.5 for the QM regions with six or four adenines, respectively.
This influence will be discussed later on. The lowest band of the absorption spectra
was calculated from an ensemble of 100 geometries using the standard TDDFT for-
mulation first and also with employing the Tamm-Dancoff approximation (TDA).

3.2.1 Charge Transfer States

The decomposition of the lowest-energy band of the UV absorption spectrum of
(dA)zo computed with TDDFT with respect to the charge transfer character of
the states is shown in the top plots of figure 3.2 for the QM regions including
six and four nucleobases. The comparison between the two differently sized QM
regions shows no significant differences. In both cases, around half of the spectral
intensity derives of states with less then 0.1 CT (48.6 % for QM 6 and 53.6 % for
QM 4), which can be termed pure Frenkel excitons or pure local excitations.*® The
remaining half of the spectral intensity comes from states with non-negligible CT
admixture, the states with high CT character (more than 0.3) are located at the
higher energy region of the absorption band. These observations are true for both
sizes of QM regions and are also in close agreement with the results obtained by
Nogueira et al. for a QM region including eight nucleobases.
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Table 3.1: Computed arithmetic (arith. av.) and oscillator strength weighted averages (osc.
str. av.) of the CT character of the states contributing to the lowest energy absorp-
tion band.

OM size method arith. av. osc. str. av.

6 TDDFT  0.2669 0.1922
6 TDA 0.2794 0.2863
4 TDDFT  0.2198 0.1594
4 TDA 0.2479 0.2503

Subsequently, it was investigated how the use of TDA influences the absorption
band. These plots for both QM regions (six and four nucleobases) are shown in the
bottom plots in figure 3.2.

It can be observed that TDA significantly overestimates the excitation energies
by almost 0.3 eV. For both differently sized QM regions, the lowest energy absorp-
tion band is centered around 5.5 eV for TDDFT and shifted to 5.8 eV under the
usage of TDA. Previous studies comparing TDA and TDDFT showed either an
underestimation of excitation energies of long range charge transfer states when
employing TDA®, an overestimation of only the energies of the valence states®
or only negligible effects79%.

Furthermore, the CT character of the absorption band changes drastically with
the use of TDA. The fraction of pure local excitations of the spectral intensity de-
creases from 48.6 % to 23.7 % when using TDA with six nucleobases in the QM
region and from 53.5 % to 28.4 % for the QM region including four nucleobases.
Analogously, the contribution of CT states (states with CT 0.3 and higher) almost
doubles when using TDA, from 18.1 % to 34.5 % and from 12.7 % to 29.1 % for QM
6 and QM 4, respectively. These observations from the spectra were quantified by
calculating the arithmetic average of the CT character of the whole spectrum. In
addition to the arithmetic average, the average weighted with respect to the oscil-
lator strength was calculated as well. Table 3.1 shows the calculated averages for
both QM regions with TDA and TDDFT. The arithmetic average of the CT charac-
ter over the whole absorption band does not change significantly when using TDA.
However the average weighted with respect to the oscillator strength, i.e. counting
only the states contributing to the spectrum, does increase drastically, by 0.08 and
0.14 for QM 6 and QM 4, respectively. This shows that TDA largely overestimates
the contribution of CT states to the absorption band.

Additionally, the average energies for states with CT character within intervals
of 0.05 were computed, again as an arithmetic average as well as weighted with
the oscillator strength. This is plotted in figure 3.3. For the arithmetic average,
both TDA and TDDFT show a very similar trend, with increasing CT character
corresponding to higher energies. TDA seems to slightly overestimate the energies
especially for states with very low CT character. When looking at the oscillator
strength weighted averages, one can observe an overestimation of the states with
CT of 0.7 and lower when TDA is employed. The energies of states with CT up to
0.3 are between 0.2 and 0.3 eV higher with TDA than with TDDFT. Comparison
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Figure 3.3: Average energies of states with corresponding CT character, split in intervals
of 0.05. The energies are averaged arithmetically (left) and weighted by the
oscillator strength.

of the two different averaged plots shows that bright states are influenced signific-
antly stronger by TDA than dark states. It was shown before that low CT states
dominate the spectral intensity of the lower absorption band and since the energy
of low CT states with a high oscillator strength is overestimated by TDA, this lead
to the overall overestimation of the energy of the absorption band.

3.2.2  Delocalisation Length

Subsequently, the lower absorption band of polyadenine was also decomposed
with respect to the delocalisation length. The two upper plots in figure 3.4 show the
absorption spectra for both QM regions (including 6 and 4 nucleobases) calculated
with standard TDDFT, resolved in terms of the delocalisation of the excitations. For
these plots, the DL of each state has been rounded to the closest integer value. The
spectra of both QM regions show very similar features. Around half of the excita-
tions, 44.9 % for QM 6 and 53.9 % for QM 4, are delocalised over two nucleobases,
the other half consists mainly of excitations over one or three nucleobases (24.4 %
and 24.6 % as well as 26.8 % and 17.9 % for QM 6 and QM 4, respectively). Further
delocalised excitations contribute only little in both cases. These observations are
in close agreement with the findings of Nogueira et al. 8 who also found around
half of the electronic transitions to be localised over two nucleobases (47.9 %) and
the other main contributions to be delocalised over three nucleobases (22.8 %) and
monomer-like excitations (22.7 %). Although for the smaller QM region localised
excitations contribute higher than for the larger QM region this effect is negligible,
since the overall averaged DL are similar for both cases; the arithmetically aver-
aged DL are 2.06 and 1.78 for QM 6 and 4, respectively, and when weighted with
respect to the oscillator strength they only change slightly to 2.16 and 1.83. Hence,
there is also no significant difference in the DL of bright and dark states.
Employing TDA does not have any significant impact on the DL. As shown
in the bottom plots of figure 3.4, half of the spectral intensity can be attributed
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Figure 3.4: Decomposition of the lowest-energy absorption band for (dA )y, including six
(left plots) and four (right plots) adenines in the QM region, into contributions
of different delocalisation lengths. The top plots are obtained with the standard
formulation of TDDFT, in the bottom plots TDA was employed. The numbers
in parentheses denote the intensity contribution to the total spectrum.

to states with DL 2, 46.9 % and 48.8 % for QM 6 and 4, respectively, and the
other main contributions are localised states as well as states delocalised over three
nucleobases. Also, a comparison of the averaged DL for all four spectra, as can be
seen in table 3.2, does not show large differences. Neither the arithmetic average
nor the oscillator strength weighted average computed for the spectra employing
TDA differ significantly from those obtained with TDDFT, for both QM regions.

Thus, one can conclude that TDA fails to correctly describe CT states, however
it does not pose any problems for the description of delocalised excitations. Also,
increasing the size of the QM region from including four to including six nucle-
obases does not result in significant changes of the absorption spectrum, and the
overall obtained results are in very good agreement with the findings of Nogueira
el al.’® for a QM region including eight adenines.

3.3 INFLUENCE OF THE EDGE NUCLEOBASES

In the previously discussed analyses, electronic states with primary contributions
on nucleobases located at the edge of the QM region were not included in order
to avoid artifacts arising from the close proximity of the MM nucleobases.® The
location of the hole and electron positions were evaluated with the calculated POS;
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Table 3.2: Computed arithmetic (arith. av.) and oscillator strength weighted averages (osc.
str. av.) of the DL of the states contributing to the lowest energy absorption band.

QM size method arith. av. osc. str. av.

6 TDDFT  2.0763 2.1637
6 TDA 2.2466 2.2984
4 TDDFT  1.8871 1.8827
4 TDA 2.0911 2.1164
1 1
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Figure 3.5: Decomposition of the lowest-energy band into different CT states, including all
nucleobases in the analysis. The numbers in parentheses denote the intensity
contribution to the total spectrum.

and POSg values, where states with either value below 1.5 and above 3.5, for the
QM region including four nucleobases, and above 5.5 for the QM region including
six nucleobases, were discarded. In this section, the influence of these excitations
located at the edge nucleobases will be discussed.

3.3.1 Charge Transfer States

The spectra for QM 4, where all states (including the ones with primary contribu-
tions on the edge nucleobases) were included, are shown, resolved with respect
to the CT states, in figure 3.5. It can be observed, that inclusion of all nucleobases
does not have any significant impact on the distribution of CT states. In the case of
standard TDDFT, more than half of the spectral intensity (58.4 %) arises from local
excitations and almost 80 % of the spectrum consists of states with CT character
below o.2. But also states with CT character higher than 0.3 contribute relevantly to
the spectrum (14.6 %) and are located at the blue tail of the spectrum. When TDA is
employed the same deviations from the TDDFT spectrum as observed when only
including the middle nucleobases are obtained for the spectrum with all nucleo-
bases. The overall CT increases and especially states with high CT character almost
double in intensity which leads to an overall blue shift of the spectrum. The contri-
bution of states with negligible CT character is reduced largely. Thus, for the QM
region with four nucleobases, inclusion of the edge nucleobases does not influence
the CT distribution of the states. In table 3.3 the arithmetic and oscillator strength
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Table 3.3: Comparison of the arithmetic (arith. av.) and oscillator strength weighted aver-
ages (osc. str. av.) of the CT character of the states contributing to the lowest
energy absorption band, including all nucleobases in the analysis (with edge)
and discarding states with primary contributions on nucleobases at the edge of
the QM region (middle).

OM size method arith. av. osc. str. av.
6 TDDFT with edge 0.2699 0.1860
middle 0.2669 0.1922
6 TDA with edge  0.2754 0.2800
middle 0.2794 0.2863
4 TDDFT withedge 0.2461 0.1780
middle 0.2198 0.1594

4 TDA with edge  0.2516 0.2505
middle 0.2479 0.2503

weighted averages of the CT character of the spectrum with and without includ-
ing the edge nucleobases are listed for both QM regions, including four and six
nucleobases. For the smaller QM region consisting of four nucleobases, the conclu-
sions from the plotted spectra are supported that it does not have a large influence
whether or not edge nucleobases are considered in the analysis. Also for the larger
QM region with six nucleobases the averaged CT values do not differ significantly
with and without including the edge nucleobases. Hence, it can be concluded that
the nucleobases on the edge of the QM region show a similar behavior with respect
to CT to those centered in the QM region.

3.3.2 Delocalisation Length

Additionally, the change of the contributions of differently delocalised states to the
absorption spectrum with and without including the nucleobases on the edge of
the QM region has been investigated. The spectra for QM 4 including all nucle-
obases resolved with respect to the DL for both standard TDDFT and TDA are
shown in figure 3.6. When comparing with the results obtained only considering
excitations on bases in the center of the strand (figure 3.4), it is evident that in-
cluding the edge nucleobases leads to a higher localisation of the excitation. For
standard TDDEFT the contribution of locally excited states to the spectral intensity
is increased from 26.8 % to 43.2 %. In total, almost 90 % of the spectrum arise from
states delocalised over maximal two nucleobases. When TDA is employed, a sim-
ilar behavior can be observed, albeit to a lesser degree than for standard TDDFT.
For better quantification of these observations, table 3.4 once more shows the
computed arithmetic and oscillator strength weighted averages for both QM re-
gions and formulations of TDDFT. The oscillator strength weighted averages of
the delocalisation length are found to be between 0.17 and 0.23 lower when all
nucleobases are considered. A comparable underestimation of the delocalisation
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Figure 3.6: Decomposition of the lowest-energy band into different DL contributions, in-
cluding all nucleobases in the analysis. The numbers in parentheses denote the
intensity contribution to the total spectrum.

Table 3.4: Comparison of the arithmetic (arith. av.) and oscillator strength weighted aver-

ages (osc. str. av.) of the delocalisation of the states contributing to the lowest
energy absorption band, including all nucleobases in the analysis (with edge)
and discarding states with primary contributions on nucleobases at the edge of

the QM region (middle).

OM size method arith. av. osc. str. av.
6 TDDFT with edge 1.9317 1.9718
middle 2.0763 2.1637
6 TDA with edge  2.0742 2.1153
middle 2.2466 2.2984
4 TDDFT with edge 1.7205 1.7114
middle 1.8871 1.8827
4 TDA with edge  1.8713 1.8867
middle 2.0911 2.1164
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including the edge nucleobases is observed for the arithmetic average of the delo-
calisation length. The errors are also similar for both differently large QM regions
and both TDDFT formulations. Thus, it can be concluded that inclusion of the
two edge nucleobases induces an increase of the contribution of monomer-like
excitations and a decrease of the contribution of delocalised excited states. These
findings are expected because excited states involving nucleobases at the end of the
QM region can only be delocalised towards the neighboring QM nucleobases but
not towards the MM nucleobases, which leads to an underestimation of their de-
localisation length. This is an indication that realistic results can only be obtained
for QM/MM calculations including a minimum of four nucleobases in the QM
region, since in the case of two nucleobases both are located at the edge of the QM
region. Nogueira et al.’® found the exact same behavior in their study including
eight nucleobases in the QM region.

3.4 SIZE OF THE BASIS SET

In order to validate the usage of the small Ahlrichs def2-SV(P) basis set, the ab-
sorption spectrum for the QM region consisting of four nucleobases was computed
with the standard TDDFT formulation employing the larger Ahlrichs def2-TZVP
basis set. The spectra resolved with respect to the CT and DL are shown in fig-
ure 3.7.

First, a decrease of excitation energies with increasing the size of the basis set
can be observed. The maximum of the absorption band with the smaller basis set
was located around 5.5 eV and decreased to 5.3 eV with the larger basis set. This
can be explained by the fact that electrons in excited states are loosely bound to
the nuclei compared to electrons in the ground state.8” Hence, an increase of the
basis set leads to a larger stabilisation of the excited states than the ground state
and therefore a decrease of the excitation energy. This shift of the absorption band

to lower energies was also observed in the work of Nogueira et al.*®
1 1
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Figure 3.7: Decomposition of the absorption band of (dA )y with respect to charge-transfer
(left) and delocalisation length (right) computed using Ahlrichs def2-TZVP
basis set.
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However, it is also important to investigate whether the usage of a larger basis
set also results in significant modifications of the electronic wavefunction and thus
changes of the electronic properties. Therefore, the absorption band was decom-
posed into different CT and DL contributions. The decomposition into different CT
contributions was very similar for both basis sets. Locally excited states dominate
the band with more than half of the spectral intensity, and states with small, non-
negligible CT character (between 0.1 and 0.2) also contribute significantly. High CT
states (above 0.3) are located at the blue side of the spectrum. These findings are
comparable for both basis sets. However, overall a slight increase of the CT char-
acter can be observed. The overall CT character of the absorption band, weighted
with respect to the oscillator strength is 0.1692, employing the def2-TZVP basis set
and 0.1594 for the def2-SV(P) basis set. The arithmetic average of the CT character
increases from 0.2479 to 0.2723 when increasing the basis set. The CT character
increases slightly because the more extended orbitals of the larger basis set result
in stronger orbital interactions which can favor charge transfer.

Looking at the different DL contributions to the spectrum, both basis sets yield
very similar results. The contribution of locally excited states decreases slightly
from 26.8 % to 24.0 % with the larger basis set, and excitations delocalised over
two nucleobases increase from 53.9 % to 28.0 %. However, the contribution of
states delocalised over all four nucleobases is also decreased slightly from 1.5 %
to 0.9 %. The averaged DL of the whole band, weighted with respect to the oscil-
lator strength is almost the same for both bases (1.8827 for def2-SV(P) and 1.8215
for def2-TZVP) and analogously the arithmetic averages do not differ significantly
(1.8871 for def2-SV(P) and 1.8148 for def2-TZVP). Thus, although a lower contri-
bution of local excitations can be observed, the overall delocalisation is described
sufficiently well also with the smaller basis set.
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DYNAMICS SIMULATION

In this chapter the simulation of surface hopping dynamics of polyadenine will be
discussed. A detailed wavefunction analysis will be performed in order to be able
to characterise the excited states formed throughout the dynamics.

4.1 COMPUTATIONAL DETAILS

The previous static calculations showed that, for an accurate description of polyad-
enine, including four adenines in the QM region is sufficient but it is necessary to
use the standard formulation of TDDFT and not apply the Tamm Dancoff approx-
imation. Furthermore, the nucleobases at the edge of the QM region have to be
excluded in the wavefunction analysis due to artifacts arising from the proximity
of the MM environment. Concerning the choice of basis set, def2-SV(P) yields a
sufficiently good description and the much larger def2-TZVP basis set does not
notably improve it. Hence, within this framework the simulation of the excited-
state dynamics have been carried out.

An exemplary DNA strand is shown in figure 4.1. The four nucleobases treated
at the quantum mechanical level are located in the center of the strand and are
highlighted by bold bonds.

Figure 4.1: Single strand of (dA)yp with the four central adenines, which are included in
the QM region, marked with bold lines.
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Figure 4.2: Absorption spectrum of (dA)yy computed from 300 initial conditions with the
energy window from where the initial conditions will be taken shown as the
orange box.

4.1.1  Choice of Initial Conditions

First, the complete spectrum with all 300 initial conditions chosen as equidistant
snapshots from the molecular dynamics simulation is computed at the level of
theory as stated above with the identical settings as for the static calculations, de-
scribed in section 3.1. Using this spectrum, 120 initial conditions are selected within
the excitation window between 5.29 and 5.41 eV. Since the computed absorption
spectrum is blue shifted by 0.7 eV with respect to the experimental spectrum, this
excitation window corresponds to the photoexcitation at 4.65 eV in the different
time-resolved experiments. 32488 The selection is based stochastically on the oscil-
lator strength and thus, on the brightness of the state.%9 The computed absorption
spectrum with the used excitation window is shown in figure 4.2.

The 120 initial conditions were excited to the 8 energetically lowest excited sing-
let states. Based on these 120 initial conditions, 120 trajectories were propagated.
However, 20 of these initial conditions could not complete at least 790 of the 1000
time steps due to technical problems that lead to incomplete restart files. Thus, in
the analysis of the dynamics 100 trajectories were considered. The distribution of
the amount of trajectories that were started in each of the 8 singlet states, includ-
ing as well as excluding the trajectories that did not run long enough, is shown
in table 4.1. It shows that the trajectories failing due to technical reasons are quite
equally distributed over all initial states and hence, fortunately no initial state is
underrepresented.
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Table 4.1: Numbers of trajectories started in the 8 lowest excited states, a total of 120 traject-
ories started and 100 that completed more than 790 times steps were analysed.

initial state started % started analysed

Sq 13 10.8 % 10
S» 27 22.5 % 21
S3 27 22.5 % 22
Sy 17 14.2 % 13
Ss 21 17.5 % 20
Se 9 7.5 %

Sy 4 3.3 %

Sg 2 1.7 % 1
y 120 100 % 100

4.1.2  Electronic Calculations

For the electronic calculation at each time step, the above described level of theory
was used. The simulation of the QM region was carried out with the ORCA pro-
gram3® with the identical settings as described in section 3.1 and the MM region
was modeled with Tinker®:. For the dynamics, only the lowest ten excited states
were computed in order to reduce the computational cost assuming that the higher
states do not have a significant impact on the dynamical behaviour.

4.1.3  Nuclear Dynamics

The trajectories are propagated according to the surface hopping approach with
a development version of the molecular dynamics program SHARC 2.0.394° In
order to carry out the simulations of this work, it was necessary to create an in-
terface between SHARC 2.0 and ORCA since this was not yet implemented in the
currently released version of SHARC 2.0. The dynamics are simulated for 500 fs
with a time step of 0.5 fs for the nuclear dynamics and o0.02 fs for the electronic
wavefunction. The electronic wavefunction is propagated in the local diabatisation
approach®+ using wavefunction overlap couplings computed from truncated wave-
function, using 99 % of the wavefunction norm.%° During hops the full velocity
vector of the QM region without the hydrogen link atoms is rescaled. The decoher-
ence is corrected according to a energy based scheme?', where instead of the full
kinetic energy of the system, only the kinetic energy of the QM region is taken into
account.

4.1.4 SHARC-ORCA Interface

In order to perform the dynamics simulation, we implemented an interface between
SHARC and ORCA. Since the goal was to carry out QM/MM computations, the
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Figure 4.3: Overview over the work flow of the SHARC-ORCA interface showing the pro-
grams that are being called.

interface had to include not only ORCA, but also Tinker for the MM calculations
and some algorithm to take care of any link atoms. The general work flow of the
processes involved in the interface will be shortly described here and figure 4.3
illustrates this process.

1. Input: The xyz coordinates as well as the connectivities of all atoms, the
assignment as QM or MM atom and the atom type for the used force field
are read from input files. For the specifications of the intended simulation
the quantum chemistry template and resource file needed to be created.

2. Call Tinker: The energy and gradients of the MM region (EMM(MM), VEMM(MM))
as well as the Van-der-Waals interaction between the QM and MM regions
(EMNL(QM + MM), VEMM (QM + MM)) are computed with Tinker as de-
scribed in section 2.5. It returns these energy contributions as well as the

point charges for all MM atoms.

3. Link atoms: As explained in section 2.6.1, each bond between the QM and
MM region has to be broken and hydrogen atoms are added as caps to the
QM region. They are placed at a specified length (0.7 times the QM-MM bond
lenght) between the two atoms. The point charge of the MM atom involved
in the bond is redistributed to all neighboring MM atoms and set to zero on
the bonded MM atom.

4. Call ORCA: The energy and gradient of the QM region (ESM(QM), VERM(QM))
as well as the electrostatic interaction with the point charges of the MM
region (EgM(QM + MM), VESIM(QM + MM)) are computed with ORCA.
ORCA returns the “.log” file that contains the energies and gradients and
a molden file is generated from the “.gbw” file which contains the MO coeffi-
cients as well as the basis set information. The CI coefficients are obtained from
the “.cis” file.

5. Calculating the wavefunction overlap: The basis set information read from
the molden file used with the geometry information to compute the mixed
AO overlaps, meaning the overlap between basis functions of the geometry
of the current time step and of the previous time step. This is carried out
with the PyQuante9* code. Since ORCA works in spherical coordinates while
PyQuante uses Cartesian coordinates, we transfered the MO coefficients to
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Cartesian coordinates. With the AO overlaps, the MO coefficients and the CI
coefficients, the wavefunction overlaps can be computed with the wfoverlap
code.

6. Call TheoDORE: If a wavefunction analysis is required on-the-fly, the Theo-
DORE program is called and uses the “.log” and “.cis” output files from
ORCA and returns the specified analysis.

7. Propagation with SHARC: The surface hopping dynamics step is carried out
with the SHARC program, that uses the energy, gradient and wavefunction
overlaps and computes hopping probabilities as described in section 2.7.2
and propagates the nuclei according to section 2.7.1 to the next time step.
Then, SHARC writes a new input for the interface and the workflow returns
to step 1.

4.2 ADIABATIC POPULATION ANALYSIS

Of the 100 trajectories 90 % were excited to states energetically higher than the
S1. The population of the ground state and ten excited states during the 500 fs of
propagation in the dynamics as well as an exponential fit are shown in figure 4.4.

For the kinetic fit all excited states higher than the S; are treated together to sim-
plify the kinetic model because they show a very similar decay behaviour. It can
be observed that all these excited states above the S; decay to the S; state within
the first 100 fs with a decay rate constant of 28 & 3 fs obtained from the exponen-
tial fit. In the model a fictious, vibrationally cold SEOId state was included, which
represents the long lived excited states as observed experimentally. The actual pop-
ulation of the S; was assumed to be the sum of the population of the normal and
cold state and population transfer from the normal S; to the vibrationally cold
Seold state was allowed.
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e B e A v ey S
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Figure 4.4: The time evolution of the population of the ten lowest excited states as well
as the ground state including an exponential fit of the ground state (Sy), first
excited state (51) and the sum of the higher lying excited states (21122 Si). The
right plots shows the schematic kinetic model of the decay to the ground state
and cold S; states, including time constants obtained form the exponential fit.
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Figure 4.5: Time evolution of the average energy of the lowest ten excited states, relative to
the energy of the ground state.

However, with the data obtained from the adiabatic population of the dynamics
simulation, it is not possible to differentiate between the S; and the fictious S§°1d.
Thus, the time constant of 520 & 320 fs can only be estimated with this large error.
From the fast decay to the S; state, it can be concluded that the S; state is energetic-
ally stabilised during the dynamics. This can also be observed by plotting the time
evolution of the average relative energies of the first ten excited states as depicted
in figure 4.5.

It can be seen, that all ten excited states initially are very close in energy. How-
ever, the relative energy of the S; states decreases rapidly and after 100 fs it is
already 0.8 eV lower than the S; state. After around 280 fs the separation between
the two lowest excited states is 1 eV and stays constant around this value through-
out all the further time steps.

4.2.1  Decay to the Ground State

In total six trajectories were observed to have an energy gap between the S; and S
states smaller than 0.1 eV and thus assumed to deactivate to the ground state. In
the experiment by Kohler and coworkers?3 the time constant for the decay to the
ground state was found to be around 2 ps. The kinetic model obtained in this work
suggests a time constant of 4.6 + 1.9 ps. This large error is due to the fact that only
six trajectories were observed decaying to the ground state and therefore it is not
possible to extract a more definite time constant from it. Although the exact value
of the experimental findings are not reproduced, the same order of magnitude of
the time constant is obtained and thus, qualitatively the model agrees very well
with the experiment.

Analysing the structure of the six trajectories around the time of the decay to
the ground state showed for all of them that one of the nucleobases undergoes an
out-of-plane distortion of the C; atom on the six ring. An exemplary structure that
was observed in one of the six trajectories is shown in plot 4.6. This structure is
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V-

Figure 4.6: Exemplary geometry of the 4 adenines of the QM region from one trajec-
tory of the dynamics simulation, showing a C, puckered conical intersection®3
between the S; and S states.

in perfect agreement with the computational findings for the S;/Sy conical inter-
section for isolated adenine by Barbatti et al.93 Therefore, it can be assumed that a
deactivation to the ground state occurs in the case of the excitation being mononer-
like localised on a single nucleobase, that does not interact with the neighboring
bases. This proposition will be further investigated in the following wavefunction
analysis.

4.3 CHARACTERISATION OF THE EXCITED STATES

Since the main goal of this work is to follow the evolution of the excited states dur-
ing the dynamics of polyadenine, a thorough wavefunction analysis for all the tra-
jectories is unavoidable. The main differentiation aimed at was between monomer-
like, excitonic, excimeric, charge transfer (exciplex) and charge resonance states.
These types of excited states are explained in detail in section 2.4 and visualised
in figure 1.4 in the respective section. It was assumed that the descriptors for the
charge transfer character CT and the participation ratio PR will be sufficient to
assign the states.

The CT allows a differentiation of excitons or monomers from exciplexes or
charge resonance states as well as from excimers. Excitons and monomers as well
as exciplexes and charge resonance states can then be differentiated using the PR.
Therefore, the coherence length (COH), which would allow a separation of exci-
meric states from the others and the net charge transfer (CTy:), which would allow
to distinguish exciplexes, were not considered to be necessary for the classification
of the excited states. The intervals of the CT and PR used to assign the excited state
character are shown in table 4.2. Figure 4.7 shows schematically which regions of
CT and PR values can be attributed to which type of excited state. Since monomer
like excitations are localised on only one nucleobase, the CT value is expected to
be very low and PR found around 1 and hence the intervals were chosen as CT
0 —0.5and PR 1 — 1.5. Excitons are delocalised over several nucleobases but should
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Table 4.2: Intervals of CT and PR used for the characterisation of the five different types of
excited states.

state CTmin CTmax PRmin PR max
monomer 0 0.35 1 1.5
exciton © ©-35 5 4
0.35 0.8 2.5 4
excimer 0.35 0.8 1 2.5
exciplex 0.8 1 1 2
charge res. 0.8 1 2 4
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Figure 4.7: Schematic representation of the assignment of different types of excited states
regarding their charge transfer character (CT) and participation ratio (PR).

not have large CT. Therefore, the interval was chosen for CT 0 — 0.35 and for PR
1.5 — 4 and additionally, all excitations with CT < 0.8 but PR > 2.5 were assigned
to excitonic states. In the case of excimers, there are local excitations on the nucle-
obases as well as charge transfer between two nucleobases and thus, the CT was
chosen between 0.35 and 0.8 and PR between 1 and 2.5. Exciplexes involve charge
transfer between two nucleobases and therefore, states with CT > 0.8 and PR < 2
were characterised as exciplexes.

4.3.1  Kinetic Model and Decay Mechanism

In order to investigate the nature of the long lived excited states observed during
the dynamics, the population was analysed with regard to the type of excited
states. For this, the CT and PR value of each trajectory in different time intervals
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throughout the dynamics are represented as scatter plots in figure 4.8. For each
trajectory at each time step in the respective interval, the PR vs CT value is depicted
as a point in the scatter plots. With the help of the histograms on the top and the
right hand side of the diagrams the amount of population with the respective CT
and PR values can be estimated. The intervals used for the classification as the
different excited states are marked in all the plots. Throughout the whole 500 fs
no trajectory occupies a charge resonance states (CT > 0.8 and PR > 2). Therefore,
this category of excited states will be neglected in all following analysis. The first
plot depicts the populations of the first 10 fs. It can be seen that mainly excitons
and monomers are formed. Within the following plots for the time intervals 10 —
20 fs, 20 — 50 fs and 50 — 100 fs the population of excitonic states decreases, which
can be seen clearly at the histogram showing that the population with high PR
becomes very small. In all plots after 100 fs the population of states with high
PR values is neglectably small. The population of monomer states increases very
fast. Already the plot for the time interval 10 — 20 fs shows that the larges part
of the population occupies monomer-like states, the histogram shows the largest
contribution of states with low CT (< 0.35) and low PR (< 1.5). Throughout all the
time intervals, the monomer like states are the most populated. The other excited
state that get populated throughout the dynamics simulation is the exciplex state. It
has high CT values (> 0.8) and low PR values (< 2), hence following the histogram
for the CT values, it can be seen that exciplexes start being formed after 10 fs
and the amount steadily increases. In the final plot depicting the final 50 fs of the
dynamics, already half as many exciplexes are populated as monomers. Excimeric
states seem mainly to be formed as an intermediate before population of exciplexes.
For the first 100 fs the transition from excitons and monomers to exciplexes seems
to follow a path from an intermediate of CT = 0.5 and PR = 1.5 to the exciplex
with CT = 1 and PR = 1. However after 100 fs the intermediate changes and the
transition occurs over states with higher PR values.

Initially, the population was mainly excited to excitonic states and a smaller
fraction of less than 20 % to monomeric states. From the initial exciton states a
smaller fraction was observed to quickly convert to exciplexes without spending a
long time in the intermediate excimeric state. An exemplary trajectory undergoing
this process is shown in figure 4.9. For the first 15 fs the PR of the excitation is
between 1.8 and 2.3, thus the excitation is delocalised over two nucleobases, and
the CT is below o0.2. After that the PR decreases very rapidly to around 1.0 while
the CT increases to 1.0 and after around 25 fs an exciplex is formed. For the rest
of the time the CT and PR values stay mostly constant at around 1.0. After 275 fs
an unprobable hop to the S; state occurs, where the PR is slightly higher (1.4),
however it relaxes quickly back to the exciplexic S; state.

The largest part of the initially formed excitons localises the excitation to form
monomer-like states. From the monomer-like form, the population can evolve
through the intermediate excimeric state to an exciplex. The evolution through
the intermediate excimeric to the exciplex can either take place almost instantly or
it stays for a long time in the excimer, where the latter observed more often. Two
exemplary trajectories forming exciplexes from monomer-like states are presented
in figure 4.10. In the example of figure 4.10a, the trajectory is excited to an excitonic
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Figure 4.8: The CT vs PR values for each trajectory at each time step during several time
intervals are depicted in red. On the right side of each plot, the amount of
trajectories found to have the respective PR value are depicted as histograms,
the same is shown for the CT on top of each plot.
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Figure 4.9: Time evolution of a exemplary trajectory forming an exciplex from an excitonic
state. In all plots the active state is depicted with black circles. Top: relative en-
ergy of the lowest 10 excited states and active state with respect to the ground
state; the participation ration (PR, middle plot) and the charge transfer charac-
ter (CT, bottom plot) of the lowest three excited states and the active state. The
active state is only depicted every 4 fs for more clarity.
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Figure 4.10: Time evolution of a exemplary trajectory forming an exciplex from a monomer-
like state. In all plots the active state is depicted with black circles. a) Slow
formation of the exciplex, b) fast formation of the exciplex. In both plots, top:
relative energy of the lowest 10 excited states and active state with respect
to the ground state; the participation ration (PR, middle plot) and the charge
transfer character (CT, bottom plot) of the lowest three excited states and the
active state. The active state is only depicted every 4 fs for more clarity.
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Figure 4.11: Time evolution of a exemplary trajectory transitioning from the excitonic state
to a monomer within the first 30 fs. In all plots the active state is depicted with
black circles. Top: relative energy of the lowest 10 excited states and active
state with respect to the ground state; the participation ration (PR, middle
plot) and the charge transfer character (CT, bottom plot) of the lowest three
excited states and the active state. The active state is only depicted every 4 fs
for more clarity.

state. Within the first 10 fs the excitation is localised to a monomer-like state and
stays for around 300 fs. Then, in the energy curves it can be observed that the tra-
jectory is subjected to a hop to an energetically higher state but quickly converts
back to the S; state. After that hop the PR increases to values around 2.0, which is
characteristic for excimeric states and excitons but during the rest of the dynamics
the PR reduces constantly. Also the CT is increased to around 0.4 after the hop and
keeps increasing throughout the dynamics. Thus, it was concluded that it forms
an excimer state. However, since the PR is decreasing steadily while the CT is in-
creasing, it was concluded that the excimer state serves as an intermediate between
the monomer and exciplex states, where the exciplex is not yet formed within the
simulation time of 500 fs. In contrast in the example shown in figure 4.10b, the
transition from monomer to exciplex occurs within 10 fs. The trajectory occupies
a monomer-like state for the first 350 fs, where both PR and CT fluctuate slightly.
Within 10 fs, the CT then increases from 0.1 to 1.0 while the PR shortly increases
up to 2.4 and is reduced to 1.0. Hence, an excimer is still formed as intermediate
but the exciplex is formed almost instantly.

However, a large fraction of the population in the monomer-like states does
not undergo any transition within the first 500 fs of the dynamics. An example is
shown in figure 4.11. This trajectory is initially excited to an excimeric state but
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Figure 4.12: Populations of the different states (thin lines) and exponential fits for the kine-
tic model (bold lines).

within 30 fs a pure monomer-like state is formed. This state is stable throughout
the dynamics and not subjected to any major changes.

As already mentioned in the previous part, for six trajectories, the energy gap
between the S; and Sy was observed to be lower than 0.1 eV and they were assumed
to decay to the ground state. All six trajectories occupy monomeric states before
the assumed decay.

The time evolution of the populations of the different excited states and ground
state are depicted in figure 4.12. The thin lines are the actual populations and
the bold lines are exponential fits of the population of the respective states. The
kinetic model underlying the exponential fits is schematically represented in fig-
ure 4.13. Initially, exciton and monomer-like states are excited. The formation of
exciplexes directly from excitons was only observed in few trajectories and the in-
termediate formation of excimers was always very short. Therefore, in the model,
the transition was assumed to be directly from the exciton to the exciplex without
an excimer in between. The time constant for this conversion was found to be
135 & 64 fs. As stated above, this was only a minor pathway occuring in only
around 20 % of the excitons and observed in only few trajectories, which leads to
the impossibility of determining a more exact time constant. The largest part of the
initial excitons localise the excitation to monomer-like states, which occurs with a
time constant of 31 + 5 fs. Hence, around 80 % of the initially formed excitons relax
to monomers. From the monomer-like states, excimeric states can be formed. This
process takes place on a slower time scale with a time constant of 944 £ 180 fs. The
excimer is not a stable state and is only populated intermediately. It transforms to
the stable exciplex form with a time constant of 227 & 97 fs. For six trajectories oc-
cupying monomer-like states, energy gap lower than 0.1 eV was observed between
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Figure 4.13: Schematic representation of the assumed kinetic model with time constants
obtained from the exponential fits of the populations.

the S; and Sp. These were included in the model as deactivating to the Syp. The
time constant found for the deactivation from the monomer to the ground state is
2.9 4+ 0.8 ps, thus only around 1/4 of the monomer-like states decays to the ground
state.

Experimentally, a time constant for the monomer-like decay channel to the Sy
of ~2 ps was measured '3*4 and thus, the computational results slightly overestim-
ate the deactivation time. Kohler and coworkers'3 suggest that ~65 % of the ab-
sorbed photons generate exciplexes. Extrapolation of the kinetic model described
above yields an estimation of ~80 % of the population occupying exciplexes after
10 ps. Hence, also the population of the excimeric states is overestimated and con-
sequently the deactivation to the ground state is underestimated. This may be
caused by the fact that TDDFT usually cannot well describe the interaction between
the ground state and excited states. Furthermore, since deactivation to the ground
state is not possible within the framework of TDDFT, it was assumed that in each
region, where the potential energy surfaces of the S; and Sy are separated by less
than 0.1 eV, deactivation to the Sy takes place. This might be a reasonable approx-
imation but it neglects several factors such as the hopping probability.

The time constant for the population of the experimentally observed long-lived
excited states was around 400 fs.™*3 In order to have a comparable measure, the
populations of the excitonic and monomer-like states were combined to the initial
states and the excimers and exciplexes were attributed to the long-lived excited
states, since it is most likely that experimentally excimers and exciplexes are hardly
distinguishable. Then, the time constant for the population of the long-lived ex-
cited states was found to be 687 £ 109 fs. While this differs from the experimental
value, it is still in the same order of magnitude. One reason for the difference
may be the differentiation of monomers and excitons from excimers where cutoff
values for the PR and CT were chosen. Slight changes of these cutoff values yiel-
ded larger differences in the time constant. However, all these transient absorption
experiments mentioned above assigned the long-lived excited states to exciplexes
formed between two bases and highlighted the high charge transfer character of
the resulting exciting state. The computational results from this study fully sup-
port this assignment and although the time constants are not perfectly reproduced,
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Figure 4.14: Comparison of the experimental fluorescence decays recorded at 3.76 eV for
(dA)yo (black, solid) and dAMP (black, dashed) with the computed fluor-
escence decays convoluted with Gaussians with FWHM=100 fs (red) and
FWHM=450 fs (blue). The computed spectra are shifted temporally so that
the maxima of all spectra are aligned.

given the methodological restraints of the computational study, the results are still
in good agreement with the experiments.

4.4 TIME-RESOLVED FLUORESCENCE SPECTRUM

There are several records of experimental time-resolved fluorescence spectra for
polyadenine, 48894 that lead to the interpretation of the long-lived excited states
as excitons. Here, a fluorescence spectrum was simulated as a sum over Gaussians
for each trajectory at each step, positioned at the energy difference between the
active state and ground state with the oscillator strength assigned to the height.
Then a gaussian convolution was applied on the time axis in order to mimic the
time-resolution of the experiment. Gustavsson and coworkers®® stated that their
apparatus function was 450 fs full width at half maximum and judged the time-
resolution to be 100 fs after deconvolution. Therefore, two convolutions with gaus-
sian functions with a width of 450 and 100 fs were applied o the computational
data. The experimental time-resolved fluorescence spectra for (dA)y) and aden-
osine monophosphate (dAMP) are shown together with the two computational
fluorescence spectra in figure 4.14. In the experiment the fluorescence decay was
recorded at 3.76 eV. Since in the computational absorption spectrum a blue shift
of 0.7 eV with respect to the experiment was observed, the computational fluores-
cence was evaluated between 4.4 and 4.5 eV. The computational spectra are shifted
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Figure 4.15: Average distance between the centers of mass of neighboring nucleobases in
the QM region.

temporally so that the maxima of all the spectra are aligned in order to facilitate a
comparison.

It can be seen that in the computed dynamics the fluorescence decay is a lot
faster for (dA)y than in the experiment. The decay time depends largely on the
applied convolution but in both cases, the computational decay is closer to the
experimental result for AAMP than for (dA ).

Further in-depth analysis is necessary in order to discover the cause of the dis-
crepancy between the computed and experimental time-resolved fluorescence spec-
trum.

4.5 INTER BASE SEPARATION

In addition to the analysis of the electronic wavefunction it necessary to investigate
the nuclear motion and thus the geometrical changes throughout the dynamics.
For polyadenine the most interesting structural feature is the inter base separation
since according to several experimental and computational studies stacking of the
nucleobases controls the dynamical behaviour. Therefore, the distance between the
centers of mass of the four nucleobases included in the QM region was averaged
for each time step. This is shown in figure 4.15. The two nucleobases on the edge
of the QM region behave very similar. The distance to the respective neighboring
base inside the QM region is initially high at around 3.95 and 3.98 A but decreases
very rapidly to 3.85 and 3.90 A, respectively, after 200 fs. After that, another slight
increase can be observed. The distance between the two bases in the middle of the
QM region increases within the first 120 fs from 3.89 to 3.93 A and then decreases
fast to 3.82 A after 350 fs. It can be seen that after 350 fs of the dynamics all
nucleobases are closer to each other than initially.
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Figure 4.16: Time evolution of the spatial separation of the bases involved in the different
excited states, and of the neighboring bases in the case of the monomers.

However, to interpret this with respect to the different types of excited states, it
is necessary to investigate the average distances between the bases involved in the
respective excitation. Thus, figure 4.16 shows the time evolution of the distance
between the centers of mass of the nucleobases involved in the excitation for ex-
ciplexes, excimers and excitons. For monomer-like excitations the distances to both
neighboring bases are plotted. Table 4.3 shows the average of the nucleobase dis-
tances for the different excited states, which are averaged over all time steps and
all trajectories of the dynamics simulation.

Nucleobases on which monomer-like states are localised are generally the most
separated. The separation to both neighboring nucleobases behaves very similar,
although the left neighbors (left according to the depiction of the strand in fig-
ure 4.1) tend to be slightly closer to the excitation. The two nucleobases forming

Table 4.3: Average over all time steps of spatial separation of the nucleobases involved
in the different excited states, and of the neighboring bases in the case of the

monomers.
state nucleobase separation (A)
monomer, right 3.881
monomer, left 3.822
exciton 3.791
exciplex 3.671

excimer 3.575




4.6 CONCLUSION

an exciplex are up to 0.25 A closer to each other than in the case of the monomer.
The averages of the distance of the monomer-like excitation to neighboring bases
are 3.881 and 3.822 A, while the two nucleobases forming an exciplex are separ-
ated by 3.671 A in average. The separation of excitonic states is only plotted for
the first 50 fs, because after that point excitons were almost no more observed.
Their separation seems to lay between the separation of monomer-like excitations
and exciplexes with an average of 3.791 A. The nucleobases involved in the form-
ation of an excimer are even closer than in the exciplex, but the time evolution is
only plotted after 150 fs since due to the small number of excimers formed before
that, the average was oscillating heavily. The overall average separation of the two
nucleobases involved in an excimeric state is the lowest with 3.575 A.

Using these characteristics of the different excited states, the overall average dis-
tances can tentatively be interpreted. For the nucleobases on the edge it seems that
at the beginning the amount of monomer-like excitations is high since the overall
separation is large. After 200 fs excimers and exciplexes start being formed, with
excimers as intermediates. This leads to the large decrease in the inter base sep-
aration. Since in excimers the nucleobases are even closer than in exciplexes there
is a slight increase after 250 fs when more exciplexes are being formed. The two
bases in the center are initially closer together which indicates a higher percent-
age of excitons. The average separation increases within the first 100 fs, which can
be interpreted as monomers being formed. After 150 fs another decrease can be
observed due to the formation of exciplexes.

Since stacked nucleobases are spatially closer to each other than unstacked bases,
this analysis underlines the importance of base stacking for the formation of long-
lived excited states. As mentioned in the previous sections the long-lived excited
states observed in polyadenine can be characterised as exciplexes and they occur
between bases with less spatial separation.

4.6 CONCLUSION

In this section the excited states dynamics of (dA)yy was simulated for 500 fs,
describing four adenine bases at the TD-CAM-B3LYP/def2-SV(P) level of theory,
while the other nucleobases, the backbone and explicit aqueous solution are treated
classically.

Initially, around 80 % of the trajectories were excited to excitonic states and the
other 20 % to monomer-like states. Of the initially formed excitons around 20 %
decayed to exciplexes in a temporarily localised way. The larger part of the excitons
(80 %) transformed to monomer-like states, with a time constant of 31 + 5 fs. Within
the first 100 fs nearly all of the initially formed excitons transitioned in either of
the two ways.

From the monomer-like states, two deactivation channels were observed. For
only 6 of the trajectories, energy gaps below 0.1 eV between the S; and Sy were
observed, and it was assumed that deactivation to the ground state would take
place at these points. This occurred through the an out of plain distortion of the
C2 group that was also observed for the S; /Sy conical intersection of the adenosine
monomer.?3 However, around 75 % of the monomer-like states transitioned to the
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intermediate excimeric state and ended in the exciplex state. Hence, the results
of this simulation show that the long-lived excited states observed experimentally
in (dA)y upon irradiation with UV light, are exciplexes. This supports the find-
ings of several experimental groups. As mentioned before, there has been some
controversy about whether states with high charge transfer character'3>'~>4 or ex-
citons 153134 are formed during the dynamics. The findings of this computational
study strongly indicate that excitons are only formed upon irradiation but are not
stable and decay to states with high charge transfer (exciplexes). The overall time
constant observed for the decay to the ground state was found to be 2.9 0.8 ps,
which is good agreement with the experimental value of around 2 ps. For the oc-
cupation of the long-lived excited states (exciplexes), the experiments deduced a
time constant of around 400 fs. The simulated dynamics yielded the time constant
to be 687 £ 109 fs, which is comparable to what was observed in the experiments.

It was also aimed to reproduce the experimental time-resolved fluorescence spec-
trum. However, the spectrum obtained from the simulation is very close to the ex-
perimental fluorescence spectrum of the adenosine monomer but not to (dA)y. It
is unclear where this difference exactly arises from, but during the dynamics sim-
ulation hardly any excitons were observed, although excitons should be the states
responsible for fluorescence, and the experimentalists concluded the presence of
excitons from their spectra.

A structural analysis with respect to the inter base separation between the bases
of the QM region showed that the nucleobases forming exciplexes are spatially
closer than the ones in monomer-like states. The separation of bases forming ex-
citons is found to be larger than in exciplexes and smaller than in monomers.
Since the structural differences between excitons and exciplexes are smaller than
between monomers and exciplexes, the transition can take place more easily. This
may be part of the reason why exciplexes are faster formed from excitons than
from monomers who first generate a more stable intermediate excimer. The obser-
vation of the reduced separation of the nucleobases in the long-lived exciplexes
is also supported by several experimental studies.'>*4 They concluded that base
stacking, which results in spatially closer nucleobases, controls the excited state
dynamics of (dA).™3

This simulation of the excited state dynamics of (dA)y provided valuable in-
sights on the decay channels and types of excited states formed. Several experi-
mental findings are well reproduced and the hypothesis about the long-lived ex-
cited states being exciplexes was fully supported.



SUMMARY

In this thesis, the excited state dynamics of single stranded DNA, consisting of
20 adenines, (dA)jo, in aqueous solution were investigated. In the literature, sev-
eral transient absorption and time-resolved fluorescence experiments are reported
to have found that upon excitation with UV radiation long-lived excited states
are formed in (dA)j. The nature of these long-lived excited states was subject
of some controversy. The transient absorption experiments suggested states with
high charge transfer character such as exciplexes or excimers are formed.'3*'724
In contrast, the time-resolved fluorescence experiments indicated that excitons are
not only formed initially but are also the observed long-lived excited states.*#3%34
A recent computational study *® showed that the absorption spectrum of (dA)y is
determined by excitonic and monomer-like states, where states with high charge
transfer character only contribute minorly. However, these computations only shed
light on the states initially excited not their evolution. Therefore, the scope of this
work was to simulate 500 fs of the excited state dynamics of (dA )y and performing
a thorough analysis of the electronic wavefunction in order to identify the nature
of the long-lived excited states.

In the first part, the influence of methodical changes on the absorption spec-
trum were investigated. A QM/MM scheme with the QM region being described
at the TD-CAM-B3LYP>°/def2-SV(P)7 level of theory was used. It was found that
including either four or six nucleobases at the QM level of theory did not sig-
nificantly change the absorption spectrum. However, usage of the Tamm-Dancoff
approximation”? led to an even higher overestimation of the excitation energy than
obtained with TDDFT and yielded too high contributions of charge transfer states.
Furthermore, it was seen that while a much larger basis set, def2-TZVP, decreases
the energy of the absorption spectrum, it does not notably change the composition
of the spectrum with regard to charge transfer character and delocalisation of the
states. Hence, four nucleobases are treated at the CAM-B3LYP/def2-SV(P) level of
theory using the standard formulation of TDDFT. The other nucleobases, the back-
bone of the single strand as well as the surrounding water are described at the
classical level employing the Amber ffgg force field. According to the absorption
spectrum, this was considered a suitable method for the simulation of (dA)y in
aqueous solution.

With this method, the excited state dynamics of 100 trajectories were simulated
for 500 fs. For the propagation of the semi-classical trajectories, an interface was de-
veloped for the SHARC program package394° to perform QM /MM on-the-fly elec-
tronic structure calculations with the ORCA3%55 and Tinker®! programs. Employ-
ing the TheoDORE program®4%3 enabled performing an on the fly wavefunction
analysis, which was used to differentiate monomer-like states, excitons, excimers
and exciplexes.
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Figure 5.1: Graphical summary of the main findings of this study, the excited states formed
upon photoexcitation of (dA)y. The percentages are extrapolated values and
all with respect to the initial population.

Figure 5.1 graphically summarises the main findings of the non-adiabatic surface
hopping dynamics simulation. Initial excitation was observed to excitonic states
(80 %) and monomer-like states (20 %). From the initial excitons, the larger part
(64 % of the total population) transitions to monomer-like states, while the smal-
ler part directly forms exciplexes. From the monomer-like states deactivation to the
ground state is possible and in total 21 % of the initally excited population were ex-
trapolated to deactivate. The other part of the monomer-like state (63 % of the total
population) form exciplexes through an intermediate excimeric state. The findings
of this computational study strongly indicate that excitons are only formed upon
irradiation but are not stable and decay to states with high charge transfer (ex-
ciplexes). The overall time constant observed for the decay to the ground state was
found to be 2.9 + 0.8 ps, which is good agreement with the experimental value of
around 2 ps. For the occupation of the long-lived excited states (exciplexes), the
experiments deduced a time constant of around 400 fs. The simulated dynamics
yielded the time constant to be 687 £ 109 fs, which is comparable to what was
observed in the experiments.

It was also aimed to reproduce the experimental time-resolved fluorescence spec-
trum. However, the spectrum obtained from the simulation is very close to the ex-
perimental fluorescence spectrum of the adenosine monomer but not to (dA)y. It
is unclear where this difference exactly arises from, but during the dynamics sim-
ulation hardly any excitons were observed, although excitons should be the states
responsible for fluorescence, and the experimentalists concluded the presence of
excitons from their spectra.

A structural analysis with respect to the inter base separation between the bases
of the QM region showed that the nucleobases forming exciplexes are spatially
closer than the ones in monomer-like states and excitons. The observation of the re-
duced separation of the nucleobases in the long-lived exciplexes is also supported
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by several experimental studies. >4 They concluded that base stacking, which res-
ults in spatially closer nucleobases, controls the excited state dynamics of (dA ). "3

This simulation of the excited state dynamics of (dA)yy provided valuable in-
sights on the decay channels and types of excited states formed. Several experi-
mental findings are well reproduced and the hypothesis about the long-lived ex-
cited states being exciplexes was fully supported. This study provides the first
computational evidence of charge transfer states forming in (dA)y through ex-
cited state dynamics simulations.






BIBLIOGRAPHY

[1] A.L.LEBNINGER, D. L. NELsoN, M. M. Cox: Lehninger Principles of Biochemistry,
W.H. Freeman, New York, 4 edition (2004).

[2] J. D. Watson, F. H. C. Crick: Molecular Structure of Nucleic Acids: A Struc-
ture for Deoxyribose Nucleic Acid, Nature, 171, 737 (1953).

[3] S. ZaMENHOF, G. BRAWERMAN, E. CHARGAFF: On the desoxypentose nucleic
acids from several microorganisms, Biochimica et Biophysica Acta, 9, 402 (1952).

[4] B. ALBERTS, A. JoHNSON, J. LEwis, M. Ra¥r, K. RoBERTS, P. WALTER: Molecular
Biology of the Cell, Garland Science, 4th edition (2002).

[5] A. SaNcaR: Structure and function of DNA photolyase, Biochemistry, 33, 2
(1994).

[6] F. L. GaTes: A Study of the Bactericidal Action of Ultra Violet Light: Iii. the
Absorption of Ultra Violet Light by Bacteria, The Journal of General Physiology,

14, 31 (1930).

[7]1 J. E. CLEAVER: Defective Repair Replication of DNA in Xeroderma Pig-
mentosum, Nature, 218, 652 (1968).

[8] J. Moan: Visible light and UV radiation, in D. Brune, R. HELLBORG,
B. PErRssoON, R. PAAKKONEN (editors), Radiation at home, outdoors and in the work-
place, 69-85, Scandinavian Science Publisher, Oslo (2001).

[0] R. P. Sinna, D. P. HADER: UV-induced DNA damage and repair: a review,
Photochemical & Photobiological Sciences, 1, 225 (2002).

[10] I. TiNoco: Hypochromism in Polynucleotides1, Journal of the American Chem-
ical Society, 82, 4785 (1960).

[11] W. RHODES: Hypochromism and Other Spectral Properties of Helical Polynuc-
leotides, Journal of the American Chemical Society, 83, 3609 (1961).

[12] J. E1sINGER, R. G. SHULMAN: Excited Electronic States of DNA, Science, 161,
1311 (1968).
[13] C. CrEspo-HERNANDEZ, B. CoHEN, B. KOHLER: Base stacking controls excited-

state dynamics in A-T DNA, Nature, 436, 1141 (2005).

[14] D. Markovitsy, D. ONipas, T. GusTavssoN, F. TALBOT, E. LazzaroTTO: Collect-
ive Behavior of Franck-Condon Excited States and Energy Transfer in DNA
Double Helices, Journal of the American Chemical Society, 1277, 17130 (2005).

[15] I. BucavarOv, Q. WANG, M. RayrcHEv, A. TriroNov, T. FiesiG: Electronic
energy delocalization and dissipation in single- and double-stranded DNA,
Proceedings of the National Academy of Sciences, 104, 4794 (2007).

65


http://dx.doi.org/10.1038/171737a0
http://dx.doi.org/10.1016/0006-3002(52)90184-4
http://dx.doi.org/10.1021/bi00167a001
http://dx.doi.org/10.1085/jgp.14.1.31
http://dx.doi.org/10.1038/218652a0
http://dx.doi.org/10.1021/ja01503a007
http://dx.doi.org/10.1021/ja01503a007
http://dx.doi.org/10.1021/ja01478a017
http://dx.doi.org/10.1038/nature03933
http://dx.doi.org/10.1021/ja054955z
http://dx.doi.org/10.1073/pnas.0606757104

66

Bibliography

[16] S. Tonzani, G. C. Scuarz: Electronic Excitations and Spectra in Single-
Stranded DNA, Journal of the American Chemical Society, 130, 7607 (2008).

[17] E Prasser, H. LiscakA: Electronic excitation and structural relaxation of the
adenine dinucleotide in gas phase and solution, Photochemical & Photobiological
Sciences, 12, 1440 (2013).

[18] J. J. NoGuUEIRA, F. PLAsSER, L. GoNzALEz: Electronic delocalization, charge
transfer and hypochromism in the UV absorption spectrum of polyadenine
unravelled by multiscale computations and quantitative wavefunction ana-
lysis, Chemical Science, 8, 5682 (2017).

[19] J.-M. L. Pecourr, J. PeoN, B. KonLer: DNA Excited-State Dynamics: Ultra-
fast Internal Conversion and Vibrational Cooling in a Series of Nucleosides,
Journal of the American Chemical Society, 123, 10370 (2001).

[20] C. E. Cresro-HErNANDEZ, B. ConeN, P. M. Harg, B. KoHrLER: Ultrafast
Excited-State Dynamics in Nucleic Acids, Chemical Reviews, 104, 1977 (2004).

[21] C.T. MippLETON, K. DE LA HARPE, C. SU, Y. K. LAaw, C. E. CRESPO-HERNANDEZ,
B. KonLErR: DNA Excited-State Dynamics: From Single Bases to the Double
Helix, Annual Review of Physical Chemistry, 60, 217 (2009).

[22] C. E. Crespo-HERNANDEZ, B. KOHLER: Influence of Secondary Structure on
Electronic Energy Relaxation in Adenine Homopolymers, The Journal of Phys-
ical Chemistry B, 108, 11182 (2004).

[23] W.-M. Kwok, C. Ma, D. L. PaiLLips: Femtosecond Time- and Wavelength-
Resolved Fluorescence and Absorption Spectroscopic Study of the Excited
States of Adenosine and an Adenine Oligomer, Journal of the American Chemical
Society, 128, 11894 (2006).

[24] T. Takava, C. Su, K. p. L. HarrEg, C. E. CrReEsro-HERNANDEZ, B. KoHLER: UV
excitation of single DNA and RNA strands produces high yields of exciplex
states between two stacked bases, Proceedings of the National Academy of Sci-
ences, 105, 10285 (2008).

[25] K. pE La Harre, B. KoHLER: Observation of Long-Lived Excited States in
DNA Oligonucleotides with Significant Base Sequence Disorder, The Journal
of Physical Chemistry Letters, 2, 133 (2011).

[26] J. CuEN, A. K. THAZHATHVEETIL, F. D. LEwis, B. KoHrLER: Ultrafast Excited-
State Dynamics in Hexaethyleneglycol-Linked DNA Homoduplexes Made of
A-T Base Pairs, Journal of the American Chemical Society, 135, 10290 (2013).

[27] C. E. Cresro-HERNANDEZ, B. ConEN, B. KoHLER: Molecular spectroscopy:
Complexity of excited-state dynamics in DNA (Reply), Nature, 441, E8 (2006).

[28] J. CHEN, B. KoHLER: Base Stacking in Adenosine Dimers Revealed by Femto-
second Transient Absorption Spectroscopy, Journal of the American Chemical
Society, 136, 6362 (2014).


http://dx.doi.org/10.1021/ja7103894
http://dx.doi.org/10.1039/C3PP50032B
http://dx.doi.org/10.1039/C3PP50032B
http://dx.doi.org/10.1039/C7SC01600J
http://dx.doi.org/10.1021/ja0161453
http://dx.doi.org/10.1021/cr0206770
http://dx.doi.org/10.1146/annurev.physchem.59.032607.093719
http://dx.doi.org/10.1021/jp0496046
http://dx.doi.org/10.1021/jp0496046
http://dx.doi.org/10.1021/ja0622002
http://dx.doi.org/10.1021/ja0622002
http://dx.doi.org/10.1073/pnas.0802079105
http://dx.doi.org/10.1073/pnas.0802079105
http://dx.doi.org/10.1021/jz101470m
http://dx.doi.org/10.1021/jz101470m
http://dx.doi.org/10.1021/ja4049459
http://dx.doi.org/10.1038/nature04904
http://dx.doi.org/10.1021/ja501342b
http://dx.doi.org/10.1021/ja501342b

[29]

[30]

[33]

[34]

[35]

[40]

Bibliography

B. ConeN, C. E. CReEsPO-HERNANDEZ, B. KOHLER: Strickler-Berg analysis of
excited singlet state dynamics in DNA and RNA nucleosides, Faraday Discus-
sions, 127, 137 (2004).

R. PrLEssow, A. BRockHINKE, W. EIMER, K. KoHse-HOINGHAUS: Intrinsic Time-
and Wavelength-Resolved Fluorescence of Oligonucleotides: A Systematic In-
vestigation Using a Novel Picosecond Laser Approach, The Journal of Physical
Chemistry B, 104, 3695 (2000).

D. Markovirs, T. Gustavsson, F. TALBOT: Excited states and energy transfer
among DNA bases in double helices, Photochemical & Photobiological Sciences,

6, 717 (2007).

G. OLaso-GONzZALEZ, M. MERCHAN, L. SERRANO-ANDRES: The Role of Aden-
ine Excimers in the Photophysics of Oligonucleotides, Journal of the American
Chemical Society, 131, 4368 (2009).

F. SANTORO, V. BARONE, R. IMPROTA: Influence of base stacking on excited-state
behavior of polyadenine in water, based on time-dependent density functional
calculations, Proceedings of the National Academy of Sciences, 104, 9931 (2007).

I. VavA, T. GustavssoN, T. Douki, Y. BERLIN, D. MarkovriTst: Electronic Ex-
citation Energy Transfer between Nucleobases of Natural DNA, Journal of the

American Chemical Society, 134, 11366 (2012).

I. ConTi, P. ALTOE, M. STENTA, M. GARAVELLI, G. ORLANDI: Adenine deac-
tivation in DNA resolved at the CASPT2//CASSCF/ AMBER level., Physical
Chemistry Chemical Physics, 12, 5016 (2010).

I. ConTtI, A. NENOV, S. HOFINGER, S. A. FLAvVIO, I. RivaLTA, E. DUMONT, G. OR-
LANDI, M. GARAVELLI: Excited state evolution of DNA stacked adenines re-
solved at the CASPT2//CASSCF/Amber level: from the bright to the excimer
state and back., Physical Chemistry Chemical Physics, 17, 7291 (2015).

R. ImrroTA, FE SaANTORO, V. BARONE, A. Lamr: Vibronic Model for the
Quantum Dynamical Study of the Competition between Bright and Charge-
Transfer Excited States in Single-Strand Polynucleotides: The Adenine Dimer
Case, The Journal of Physical Chemistry A, 113, 15346 (2009).

F. NEese: The ORCA program system, Wiley Interdisciplinary Reviews: Compu-
tational Molecular Science, 2, 73 (2011).

M. RicHTER, P. MARQUETAND, ]. GONZALEZ-VAZQUEZ, 1. SoLA, L. GONZALEZ:
SHARC: ab Initio Molecular Dynamics with Surface Hopping in the Adiabatic
Representation Including Arbitrary Couplings, Journal of Chemical Theory and
Computation, 7, 1253 (2011).

S. Mar1, P. MARQUETAND, L. GONzZALEZ: A general method to describe intersys-
tem crossing dynamics in trajectory surface hopping, International Journal of
Quantum Chemistry, 115, 1215 (2015).

67


http://dx.doi.org/10.1039/B316939A
http://dx.doi.org/10.1039/B316939A
http://dx.doi.org/10.1021/jp994132u
http://dx.doi.org/10.1021/jp994132u
http://dx.doi.org/10.1039/b705674e
http://dx.doi.org/10.1021/ja808280j
http://dx.doi.org/10.1021/ja808280j
http://dx.doi.org/10.1073/pnas.0703298104
http://dx.doi.org/10.1021/ja304328g
http://dx.doi.org/10.1021/ja304328g
http://dx.doi.org/10.1039/b926608a
http://dx.doi.org/10.1039/b926608a
http://dx.doi.org/10.1039/c4cp05546b
http://dx.doi.org/10.1021/jp906278t
http://dx.doi.org/10.1002/wcms.81
http://dx.doi.org/10.1002/wcms.81
http://dx.doi.org/10.1021/ct1007394
http://dx.doi.org/10.1021/ct1007394
http://dx.doi.org/10.1002/qua.24891
http://dx.doi.org/10.1002/qua.24891

68

Bibliography

[41] E. SCHRODINGER: Quantisierung als Eigenwertproblem, Annalen der Physik,
384, 361 (1926).

[42] E. SCHRODINGER: An Undulatory Theory of the Mechanics of Atoms and Mo-
lecules, Phyical Reviews, 28, 1049 (1926).

[43] M. BornN, R. OrPENHEIMER: Zur Quantentheorie der Molekeln, Annalen der
Physik, 389, 457 (1927).

[44] P. HoHENBERG, W. KOHN: Inhomogeneous Electron Gas, Physical Review, 136,
B864 (1964).

[45] W. Konn, L. J. SmaMm: Self-Consistent Equations Including Exchange and Cor-
relation Effects, Physical Review, 140, A1133 (1965).

[46] P. ZiescHE, S. KurTH, J. P. PERDEW: Density functionals from LDA to GGA,
Computational Materials Science, 11, 122 (1998).

[47] J. P. PERDEW: Accurate Density Functional for the Energy: Real-Space Cutoff
of the Gradient Expansion for the Exchange Hole, Physical Review Letters, 55,

1665 (1985).

[48] J. Tao, J. P. PERDEW, V. N. STAROVEROV, G. E. Scuser1ia: Climbing the Density
Functional Ladder: Nonempirical Meta—Generalized Gradient Approximation
Designed for Molecules and Solids, Physical Review Letters, 91, 146401 (2003).

[49] A. D. Becke: Density-functional thermochemistry. III. The role of exact ex-
change, The Journal of Chemical Physics, 98, 5648 (1993).

[50] T. YaNar D. P. TEw, N. C. HANDY: A new hybrid exchange—correlation func-
tional using the Coulomb-attenuating method (CAM-B3lyp), Chemical Physics
Letters, 393, 51 (2004).

[51] S. GRIMME: Semiempirical GGA-type density functional constructed with a
long-range dispersion correction, Journal of Computational Chemistry, 27, 1787
(2006).

[52] S. GRIMME, ]J. ANTONY, S. EHRLICH, H. KRIEG: A consistent and accurate ab
initio parametrization of density functional dispersion correction (DFT-D) for
the 94 elements H-Pu, The Journal of Chemical Physics, 132, 154104 (2010).

[53] K. ErcakoRN, O. TREUTLER, H. OuM, M. HASER, R. AHLRICHS: Auxiliary basis
sets to approximate Coulomb potentials (Chem. Phys. Letters 240 (1995) 283-
290), Chemical Physics Letters, 242, 652 (1995).

[54] O. Vaurtras, J. ALMLOF, M. W. FEYEREISEN: Integral approximations for
LCAO-SCF calculations, Chemical Physics Letters, 213, 514 (1993).

[55] F. Neesg, F. WENNMoHS, A. HaNseN, U. BEcker: Efficient, approximate and
parallel Hartree-Fock and hybrid DFT calculations. A ‘chain-of-spheres’ al-
gorithm for the Hartree-Fock exchange, Chemical Physics, 356, 98 (2009).


http://dx.doi.org/10.1002/andp.19263840404
http://dx.doi.org/10.1002/andp.19273892002
http://dx.doi.org/10.1002/andp.19273892002
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1016/S0927-0256(97)00206-1
http://dx.doi.org/10.1103/PhysRevLett.55.1665
http://dx.doi.org/10.1103/PhysRevLett.91.146401
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1016/j.cplett.2004.06.011
http://dx.doi.org/10.1016/j.cplett.2004.06.011
http://dx.doi.org/10.1002/jcc.20495
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1016/0009-2614(95)00838-U
http://dx.doi.org/10.1016/0009-2614(93)89151-7
http://dx.doi.org/10.1016/j.chemphys.2008.10.036

Bibliography

[56] A. Dreuw, M. HEAD-GORDON: Single-Reference ab Initio Methods for the
Calculation of Excited States of Large Molecules, Chemical Reviews, 105, 4009

(2005).

[57] E. Runcg, E. K. U. Gross: Density-Functional Theory for Time-Dependent
Systems, Physical Review Letters, 52, 997 (1984).

[58] M. A. L. Marques, E. K. U. Gross: Time-dependent density functional theory,
in A Primer in Density Functional Theory, Lecture Notes in Physics, 144-184,
Springer-Verlag, Berlin Heidelberg (2003).

[59] E. K. U. Gross, N. T. MarTrA: Introduction to TDDFT, in Fundamentals of Time-
Dependent Density Functional Theory,, Lecture Notes in Physics, 53—99, Springer-
Verlag, Berlin Heidelberg (2012).

[60] M. Casipa, M. Huix-RoTrrLLANT: Progress in Time-Dependent Density-
Functional Theory, Annual Review of Physical Chemistry, 63, 287 (2012).

[61] F Prasser, H. LiscHKA: Analysis of Excitonic and Charge Transfer Interac-
tions from Quantum Chemical Calculations, Journal of Chemical Theory and
Computation, 8, 2777 (2012).

[62] F. PLasser, M. Wormit, A. DREuUw: New tools for the systematic analysis and
visualization of electronic excitations. I. Formalism, The Journal of Chemical
Physics, 141, 024106 (2014).

[63] S. Ma1, E PrLASsSER, J. DorN, M. FumaNAL, C. DANIEL, L. GONZALEZ: Quantit-
ative wave function analysis for excited states of transition metal complexes,
Coordination Chemistry Reviews, 361, 74 (2018).

[64] F. PLasser, A. ]J. A. Aquino, W. L. Hasg, H. Liscaka: UV Absorption Spec-
trum of Alternating DNA Duplexes. Analysis of Excitonic and Charge Trans-
fer Interactions, The Journal of Physical Chemistry A, 116, 11151 (2012).

[65] F. JENSEN: Introduction to Computational Chemistry, John Wiley & Sons,
Chichester, 2 edition (2007).

[66] S. A. Apcock, J. A. McCaMMON: Molecular Dynamics: Survey of Methods for
Simulating the Activity of Proteins, Chemical Reviews, 106, 1589 (2006).

[67] W. D. CornEeLL, P. CierLAK, C. I. Bayry, I. R. GouLp, K. M. MErz, D. M. FERr-
GUsoN, D. C. SPELLMEYER, T. Fox, J. W. CaLpwELL, P. A. KoLLMAN: A Second
Generation Force Field for the Simulation of Proteins, Nucleic Acids, and Or-
ganic Molecules, Journal of the American Chemical Society, 117, 5179 (1995).

[68] G. GrROENHOF: Introduction to QM /MM Simulations, in Biomolecular Simula-
tions, Methods in Molecular Biology, 4366, Humana Press, Totowa, NJ (2013).

[69] A. WARsHEL, M. LevIirT: Theoretical studies of enzymic reactions: Dielectric,
electrostatic and steric stabilization of the carbonium ion in the reaction of
lysozyme, Journal of Molecular Biology, 103, 227 (1976).

69


http://dx.doi.org/10.1021/cr0505627
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1146/annurev-physchem-032511-143803
http://dx.doi.org/10.1021/ct300307c
http://dx.doi.org/10.1021/ct300307c
http://dx.doi.org/10.1063/1.4885819
http://dx.doi.org/10.1063/1.4885819
http://dx.doi.org/10.1016/j.ccr.2018.01.019
http://dx.doi.org/10.1021/jp304725r
http://dx.doi.org/10.1021/cr040426m
http://dx.doi.org/10.1021/ja00124a002
http://dx.doi.org/10.1007/978-1-62703-017-5_3
http://dx.doi.org/10.1016/0022-2836(76)90311-9

70

Bibliography

[70] B. E E. CurcHOD, T.]J. MARTINEZ: Ab Initio Nonadiabatic Quantum Molecular
Dynamics, Chemical Reviews, 118, 3305 (2018).

[71] D. J. TANNOR: Introduction to Quantum Mechanics, University Science Books,
Sausalito (2007).

[72] A. R. Prastino, J. C. Muzzio: On the use and abuse of Newton’s second law
for variable mass problems, Celestial Mechanics and Dynamical Astronomy, 53,

227 (1992).

[73] L. VERLET: Computer "Experiments" on Classical Fluids. I. Thermodynamical
Properties of Lennard-Jones Molecules, Physical Review, 159, 98 (1967).

[74] J. C. TuLry, R. K. PRESTON: Trajectory Surface Hopping Approach to Nonadia-
batic Molecular Collisions: The Reaction of H+ with D2, The Journal of Chemical

Physics, 55, 562 (1971).

[75] J. C. TuLLy: Molecular dynamics with electronic transitions, The Journal of
Chemical Physics, 93, 1061 (1990).

[76] E. Prasser, G. GRaNuUCCI, J. PITTNER, M. BaArRBATTI, M. PERSICO, H. LISCHKA:
Surface hopping dynamics using a locally diabatic formalism: Charge transfer
in the ethylene dimer cation and excited state dynamics in the 2-pyridone
dimer, The Journal of Chemical Physics, 137, 22A514 (2012).

[77] D. Casg, V. BasBiN, J. BERRYMAN, R. BTz, Q. Ca1, D. CEruTTi, T. CHEATHAM,
T. DArDEN, R. Dukg, H. GoHLkE, A. GOETZ, S. GUsAROvV, N. HOMEYER,
P. Janowski, J. Kaus, 1. Korossvary, A. KovaLENKO, T. LEg, S. LEGRAND,
T. Lucuako, R. Luo, B. MapEgj, K. M. MEeRrz, E Paesani, D. Rog, A. Roirt-
BERG, C. SAGUI, R. SALOMON-FERRER, G. SEABRA, C. SIMMERLING, W. SMITH,
J. Swarrs, R. WALKER, ]J. WaNG, R. Worr, X. Wu, P. A. Korrman: AMBER 14

(2014).

[78] A. ScHAFER, H. HORN, R. AHLRICHS: Fully optimized contracted Gaussian
basis sets for atoms Li to Kr, The Journal of Chemical Physics, 97, 2571 (1992).

[79] S. HiraTA, M. HEAD-GORDON: Time-dependent density functional theory
within the Tamm-Dancoff approximation, Chemical Physics Letters, 314, 291

(1999).

[80] T. PETRENKO, S. KossMANN, F. NEEsk: Efficient time-dependent density func-
tional theory approximations for hybrid density functionals: analytical gradi-
ents and parallelization, The Journal of Chemical Physics, 134, 054116 (2011).

[81] M. HARGER, D. L1, Z. WANG, K. DALBY, L. LAGARDERE, J.-P. PIQUEMAL, ]J. PON-
DER, P. REN: Tinker-OpenMM: Absolute and relative alchemical free energies
using AMOEBA on GPUs, Journal of Computational Chemistry, 38, 2047 (2017).

[82] H. M. SENN, W. TaIEL: QM /MM Methods for Biomolecular Systems, Ange-
wandte Chemie International Edition, 48, 1198 (2009).


http://dx.doi.org/10.1021/acs.chemrev.7b00423
http://dx.doi.org/10.1007/BF00052611
http://dx.doi.org/10.1103/PhysRev.159.98
http://dx.doi.org/10.1063/1.1675788
http://dx.doi.org/10.1063/1.1675788
http://dx.doi.org/10.1063/1.459170
http://dx.doi.org/10.1063/1.459170
http://dx.doi.org/10.1063/1.4738960
http://dx.doi.org/10.1063/1.463096
http://dx.doi.org/10.1016/S0009-2614(99)01149-5
http://dx.doi.org/10.1063/1.3533441
http://dx.doi.org/10.1002/jcc.24853
http://dx.doi.org/10.1002/anie.200802019
http://dx.doi.org/10.1002/anie.200802019

Bibliography

[83] S. A. MEWEs, F. PLASSER, A. DREUw: Communication: Exciton analysis in time-
dependent density functional theory: How functionals shape excited-state
characters, The Journal of Chemical Physics, 143, 171101 (2015).

[84] A. Dreuw, G. R. FLEmING, M. HEaD-GorDON: Chlorophyll fluorescence
quenching by xanthophylls, Physical Chemistry Chemical Physics, 5, 3247 (2003).

[85] C.-P. Hsu, S. HiraTta, M. HEAD-GORDON: Excitation Energies from Time-
Dependent Density Functional Theory for Linear Polyene Oligomers:
Butadiene to Decapentaene, The Journal of Physical Chemistry A, 105, 451 (2001).

[86] A. Dreuw, M. HEeAD-GorpON: Failure of Time-Dependent Density
Functional Theory for Long-Range Charge-Transfer Excited States: The
Zincbacteriochlorin-Bacteriochlorin and Bacteriochlorophyll-Spheroidene
Complexes, Journal of the American Chemical Society, 126, 4007 (2004).

[87] J. P. ZoBEL, J. ]J. NoGUEIRA, L. GoNzALEZ: The IPEA dilemma in CASPT2,
Chemical Science, 8, 1482 (2017).

[88] D. MarkoviTsi, A. SHARONOV, D. ON1DAS, T. GustavssoN: The Effect of Mo-
lecular Organisation in DNA Oligomers Studied by Femtosecond Fluores-
cence Spectroscopy, ChemPhysChem, 4, 303 (2003).

[89] M. BarsatTti, G. GrANUCCI, M. PERsicO, M. RUCKENBAUER, M. VAZDAR,
M. EckerT-MAKsIC, H. LiscHKA: The on-the-fly surface-hopping program sys-
tem Newton-X: Application to ab initio simulation of the nonadiabatic photo-
dynamics of benchmark systems, Journal of Photochemistry and Photobiology A:
Chemistry, 190, 228 (2007).

[90] E. PrasserR, M. RUCKENBAUER, S. Mai, M. Orrer, P. MARQUETAND,
L. GonzALrEz: Efficient and Flexible Computation of Many-Electron Wave
Function Overlaps, Journal of Chemical Theory and Computation, 12, 1207 (2016).

[01] G. Granucct, M. Persico, A. ZoccaNTE: Including quantum decoherence in
surface hopping, The Journal of Chemical Physics, 133, 134111 (2010).

[92] R. P. MuLLER: PyQuante, http:/ /pyquante.sourceforge.net/ (2014).

[93] M. BARBATTI, A. ]J. A. AQUINO, J. J. Szymczak, D. NACHTIGALLOVA, P. HOBzA,
H. LiscukA: Relaxation mechanisms of UV-photoexcited DNA and RNA nuc-
leobases, Proceedings of the National Academy of Sciences of the United States of
America, 107, 21453 (2010).

[94] D. Marxkovrrsy, F. TALBoT, T. GustavssoN, D. ONIDAS, E. LAZZAROTTO, S. MAR-
GUET: Molecular spectroscopy: Complexity of excited-state dynamics in DNA,
Nature, 441, E7 (2006).

71


http://dx.doi.org/10.1063/1.4935178
http://dx.doi.org/10.1039/B304944B
http://dx.doi.org/10.1021/jp0024367
http://dx.doi.org/10.1021/ja039556n
http://dx.doi.org/10.1039/C6SC03759C
http://dx.doi.org/10.1002/cphc.200390050
http://dx.doi.org/10.1016/j.jphotochem.2006.12.008
http://dx.doi.org/10.1016/j.jphotochem.2006.12.008
http://dx.doi.org/10.1021/acs.jctc.5b01148
http://dx.doi.org/10.1063/1.3489004
http://dx.doi.org/10.1073/pnas.1014982107
http://dx.doi.org/10.1073/pnas.1014982107
http://dx.doi.org/10.1038/nature04903




ACKNOWLEDGMENTS

The work in this thesis was conducted from February to September 2018 in the
group of Prof. Gonzélez at the Institut fiir Theoretische Chemie of the University of
Vienna. It would not have been possible without the support of numerous people.

First of all, I want to thank Prof. Leticia Gonzalez for convincing me to take on
the challenge of this topic, and for her continuous support and guidance during
this work.

I also want to thank Dr. Sebastian Mai for supervising me during the thesis and
for providing me with the SHARC program and developing the ORCA interface
with my assistance. I further want to thank him for patiently enduring all my
questions and all his detailed explanations that allowed me to understand the
work on a fundamental level.

Next, I would like to express my gratitude to Dr. Juan Jose Nogueira. Despite a
distance of 16000 km and 8 h time difference, he supported me throughout every
step of my thesis and without his long-distance supervision this work would not
have been completed successfully.

Furthermore, I want to thank Dr. Markus Oppel and Dimitri Robl for maintain-
ing the computational resources and keeping my computer and jobs running.

Special thanks go to Moritz Heindl and Maximilian Menger without whose sup-
port I would not have been able to develop the numerous scripts used throughout
the analyses performed and thanks to who I was able to obtain some usable skills
in python scripting. Additionally, I want to thank Moritz Heindl for the endless
(more and less) scientific discussions, future business plans and reading recom-
mendations. I express my most humble gratitude by metaphorically spitting in
your hand!

Also, special thanks to Sandra Goméz, who was the person who listened to
me whining, celebrating, being confused and whatever else arouse throughout
the course of this work on a daily basis. Thanks for providing me with advice,
help, company and not complaining when I did not stop talking about random
mathematical topics! (And for not breaking my nose!)

Furthermore, I would like to thank Martina de Vetta and Pedro Sanchez for
the numerous helpful discussions during my work. I am very grateful that I was
able to work in such a nice and enjoyable atmosphere and therefore want to
thank all the present and past members of the Gonzalez group, Davide Avagliano,
Omar Baig, Gustavo Cardenas, David Ferro, Philipp Marquetand, Boris Maryasin,
Nicolds Ramos, Clemens Rauer, Isolde Sandler, Francesco Talotta, Julia Westermayr
and Patrick Zobel.

Finally, I want to thank my family and friends for their continued support
throughout this thesis even when they were lost about what I was complaining.

On a final note, I want to thank our future virtual overlords, whose reign will
lift our scientific field to new glory.

73



	Abstract
	Acronyms
	Contents

	1 Introduction
	2 Theoretical Background
	2.1 The Schrödinger Equation
	2.2 The Born-Oppenheimer Approximation
	2.3 Density Functional Theory
	2.3.1 Formal Foundations
	2.3.2 Dispersion Correction
	2.3.3 Resolution of the Identity Approximation
	2.3.4 Time-Dependent DFT

	2.4 Wavefunction Analysis
	2.5 Molecular Mechanics
	2.6 Quantum Mechanics/Molecular Mechanics
	2.6.1 Link Atoms

	2.7 Molecular Dynamics
	2.7.1 Newton's Equations of Motion
	2.7.2 Surface Hopping


	3 Static Calculations
	3.1 Computational Details
	3.2 Size of QM Region and DFT Formulation
	3.2.1 Charge Transfer States
	3.2.2 Delocalisation Length

	3.3 Influence of the Edge Nucleobases
	3.3.1 Charge Transfer States
	3.3.2 Delocalisation Length

	3.4 Size of the Basis Set

	4 Dynamics Simulation
	4.1 Computational Details
	4.1.1 Choice of Initial Conditions
	4.1.2 Electronic Calculations
	4.1.3 Nuclear Dynamics
	4.1.4 SHARC-ORCA Interface

	4.2 Adiabatic Population Analysis
	4.2.1 Decay to the Ground State

	4.3 Characterisation of the Excited States
	4.3.1 Kinetic Model and Decay Mechanism

	4.4 Time-Resolved Fluorescence Spectrum
	4.5 Inter Base Separation
	4.6 Conclusion

	5 Summary
	Acknowledgments

