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Prof. dr. T. L. C. Jansen



to my dear family





Contents

1 Introduction 1
1.1 DNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 DNA biochemical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Energetic photon-induced dynamics in DNA . . . . . . . . . . . . . . . . . . . . 6

1.3.1 Ultrafast processes in DNA . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.2 Non-covalent interactions in DNA . . . . . . . . . . . . . . . . . . . . . 7

1.4 X-rays interactions with DNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4.1 Radiation damage and therapeutic applications . . . . . . . . . . . . . . 8
1.4.2 Radiosensitizers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4.3 X-ray spectroscopy applications . . . . . . . . . . . . . . . . . . . . . . . 10
1.4.4 Near-edge soft X-ray absorption mass spectrometry . . . . . . . . . . . 11

1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Experiment 19
2.1 Paultje . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.1 DNA sample preparation for ESI . . . . . . . . . . . . . . . . . . . . . . 21
2.2 Nanocluster trap setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3 Ion funnel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Reflectron TOF measurement system (RTOF) . . . . . . . . . . . . . . . . . . . . 24

2.4.1 Mass resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4.2 The principles and design of RTOF . . . . . . . . . . . . . . . . . . . . . 25

2.5 Photon sources used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5.1 BESSY II synchrotron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5.2 FLASH II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.5.3 Infrared femtosecond laser in Potsdam . . . . . . . . . . . . . . . . . . . 31

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

vii



Contents

3 Site-selective soft X-ray absorption as a tool to study protonation and electronic
structure of gas-phase DNA 35
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4 Intramolecular hydrogen transfer in DNA induced by site-selected resonant core ex-
citation 51
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3 Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.4.1 Partial ion yield spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.5.1 Difference spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.5.2 Hydrogen transfer pathways in glycosidic bond cleavage . . . . . . . . 66

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.7 Supplementary Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5 Ionization and fragmentation of DNA monomer and G-quadruplex ions investi-
gated by ultrafast laser pulses 79
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.2 The photoabsorption process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2.1 Femtosecond near-infrared photoabsorption . . . . . . . . . . . . . . . . 81
5.2.2 Femtosecond vacuum ultraviolet photoabsorption . . . . . . . . . . . . 83

5.3 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.3.1 NIR lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.3.2 FEL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.5 Interactions of near-IR femtosecond laser pulses with oligonucleotide monomer

anions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.6 Interactions of near-IR femtosecond laser pulses with G-quadruplex anions . . 94
5.7 Interactions of vacuum ultraviolet FEL pulses with oligonucleotide monomer

anions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.7.1 Interactions of vacuum ultraviolet FEL pulses with G-quadruplex an-

ions [(dTTGGTT)4+NH4-7H]6− . . . . . . . . . . . . . . . . . . . . . . . 102
5.8 Pump-probe investigation of G4 melting . . . . . . . . . . . . . . . . . . . . . . 112

5.8.1 Alignment of pump and probe laser beams . . . . . . . . . . . . . . . . 112
5.8.2 Time-resolved results of [(dTTGGTT)4+NH4-7H]6- . . . . . . . . . . . . 114

5.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

viii



Contents

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

Summary 123

Samenvatting 127

Acknowledgements 132

Publications 135

ix





1

Chapter 1

Introduction

Abstract

When an energetic photon interacts with deoxyribonucleic acid (DNA) it may initiate
a series of electronic processes ultimately leading to charge distribution and structural
changes. The investigation of DNA response to photons is not only important for un-
derstanding fundamental physical and chemical processes in DNA, but in advancing
applications using photon irradiation. When energy is deposited into DNA molecules
by absorption of energetic photons, the molecules will try to give off the excess energy
by various decay channels involving with the molecular charge and structural dynamics.
If the deposited energy gets too high, DNA will further fragment and other destructive
chemical reactions will occur, resulting into DNA damage. Through the whole thesis, soft
X-ray, VUV and IR photons are used to investigate various DNA systems in gas phase,
including single-stranded DNA and G-quadruplexes. This study unveils multiple fun-
damental physical processes in DNA-photon interactions, such as DNA photoabsorption,
ionization and fragmentation in great detail.

In this introductory chapter, the DNA structures and physical properties related to our
study are briefly introduced.The photon-induced dynamics in DNA, especially the ultra-
fast processes and the role of weak interactions facilitating DNA energy relaxation are
summarized. The soft X-ray interactions with DNA and the experimental technique of
near-edge soft X-ray absorption mass spectrometry used to study the molecules ′ response
to those interactions are carefully discussed.
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1.1 DNA
DNA is a macromolecule that encodes the genetic information of all known living organisms
and many viruses. DNA was first discovered by Friedrich Miescher in 1869, who named it
“nuclein” [1]. In 1878, in a series of experiments nucleic acid and the individual nucleobases
were isolated [2]. However, the role DNA plays in genetic inheritance was only demonstrated
in 1943 by Oswald Avery [3]. In 1953, the well-known double helix model of DNA was pro-
posed correctly by James Watson and Francis Crick [4] based on the X-ray diffraction data
taken by Rosalind Franklin and Raymond Gosling [5] and the work of Maurice Wilkins [6].

Figure 1.1: DNA structure and bases with pairing rules. Courtesy: National Human Genome
Research Institute [7]

In the double helix model, the structure of DNA is composed of two DNA strands spirally
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wound around each other in an antiparallel direction. Each DNA strand consists of a long
chain of nucleotides — the basic building blocks of DNA primary structure. As it is shown in
fig. 1.1, a nucleotide is made up of a phosphate group, a deoxyribose sugar molecule, and one
of four nitrogenous bases: adenine (A), guanine (G), cytosine (C) and thymine (T), of which
A and G are purines, while C and T are pyrimidines. The nucleotides are combined together
forming a long chain through the covalent bonds between the phosphate of one nucleotide
and the sugar molecule of the neighboring nucleotide. This phosphate-sugar backbone is
located on the outside of the DNA helix. DNA double strands are held together by hydrogen
bonds between the nucleobases which are placed perpendicular to the axis of the helix [4], and
located on the inside of the helix. The base pairing is specific and the rule is that the hydrogen
bonds only form between A and T, or between G and C, leading to the fact that double strands
are complementary to each other. The base pairing rule also plays an important role in DNA
duplication. The DNA can reproduce by opening up the two paired strands. Each strand can
act as a template to reconstruct a new partner strand by following the base pairing rule. In the
end, one double-strand can replicate into two identically new DNA molecules.

In addition to the canonical helical structure of DNA, which is also called B-form DNA (B-
DNA), it has been found that DNA can form various secondary structures, such as A- DNA
and Z-DNA, which also belong to the DNA helix families [8], as well as triplexes [9] and G-
quadruplexes (G4) [10]. It was demonstrated that DNA capable of forming those structures
was conserved throughout evolution. These conformations are known to have critical func-
tional roles in vivo. In this thesis, structural dynamics of G4 unfolding are investigated on
the molecular level by near-infrared (NIR) and vacuum ultraviolet (VUV) photoabsorption
experiments. G4 self-assemble in solution from G-rich DNA monomers and fascinate with
their beautiful topology. More details of G4 are given in the following.

The high-order G4 structure formed from G-rich DNA sequences was first suggested in
1910 [11]. Gellert and his colleagues, by means of X-ray diffraction experiments [12], found
that four G moieties can form a G-quartet, in which neighboring G bind to each other by
Hoogsteen hydrogen bonds and form a stable square co-planar structure. The stacked G-
quartets are stabilized by cations centrally coordinated to the guanine O6 atoms [13–15]. In
vivo, this cations are usually monovalent metals with stabilization order K+ > Na+ >Li+

[16]. NH+
4 is commonly used as a counterion for producing stable G4 in the lab.

G4s can adopt various topologies depending on the diverse possible combinations of
strand orientation, strand length and loop structure [10, 17, 18]. As it is shown in fig. 1.2,
G4s can be formed within a single strand, or from multiple strands, leading to intramolecular
or intermolecular G4s, respectively. Computational analyses identified over 375,000 G4 motifs
in the human genome. The most common type is part of telomeric DNA [19–22]. Telomeres
are found at the end of chromosomes and play an important role in the replication of chromo-
somes during cell division [23, 24]. In humans the telomeric repeat-sequence is TTAGGG [23].
Telomere shortening is likely related to human aging [25, 26]. The “immortality” of cancer
cells therefore requires cancellation of telomere shortening during replication [23, 27]. Many
tumor cells exhibit high level of telomerase, an enzyme which can add TTAGGG units to the
ends of chromosomes and increase the lifetime of tumor cells by maintaining telomere length
[27]. It is known that antiparallel G4 can inhibit telomerase and as a consequence, stabilization
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Figure 1.2: Left: Schematic structure of a G-quartet. Right: Intramolecular G4 formed from a
single strand and intermolecular G4 formed from four parallel strands.

of telomeric G4 could be a possible pathway towards cancer treatment [28].
In this thesis, a few DNA systems are chosen to study the response of DNA to photons,

such as G-rich sequences, trinucleotides with radiosensitizers, and G-quadruplexes. Molecu-
lar structures of investigated DNA systems are presented in fig. 1.3. Singlely-protonated trin-
ucletides dFUAG are investigated with soft X-ray photons combining with time-dependent
density functional theory (TD-DFT), which are present in chapter 3 and chapter 4. The in-
vestigation of G-rich single-stranded DNA, such as dTTGGTT and dTTGGGT, as well as their
G-quadruplexes by using NIR fs laser and VUV free-electron laser (FEL) is reported in chapter
5.

1.2 DNA biochemical properties
In our experiments, the DNA samples are first made in solution before being brought into
vacuum, therefore here some basic (bio)chemical properties are presented.

DNA has both acidic and basic components [29]. The acidic component of DNA is its
phosphate group, which can donate protons and carry negative charges. Under very basic
conditions, also G, T and U can be deprotonated. The basicity of DNA is a property of ni-
trogenous bases but their basicity is relatively weak and different per base. Under acidic con-
ditions: C, A and G can be protonated. It was recently found that the basicity of the backbone
is even stronger than the bases U and T [30]. Generally, the acidity of the phosphate group
is stronger than the basicity of the nucleobases, so DNA as a whole has predominantly acidic
nature.

Protonation of the nucleobases is a common process, which can play an important role in a
variety of biochemical and mutagenic processes [31, 32]. Nucleobase protonation has impor-
tant structural implications. It is for instance often key to formation of non-canonical DNA
structures such as i-motifs [33], the four-stranded DNA structures that form in cytosine(C)-
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Figure 1.3: Selected DNA systems which are studied in this thesis. (a) dTTGGTT (b) dFUAG
(c) schematic G4 forming by four parallel dTTGGTT (blue line) with two G-quartets (yellow).

rich sequences and that are stabilized by stacks of Cprotonated-Cneutral base pairs. Nucle-
obases usually get protonated at their nitrogen and oxygen sites [34]. Nucleobase protonation
and the influence of protonation site have been intensively studied both theoretically and ex-
perimentally [35]. The proton affinity order is G>C>A>T [29] and the preferred protonation
sites in single-stranded DNA are the same as those determined for the nucleosides: N3 of C
residues, N1 of A residues and N7 of G residues, and O4 in thymine [29]. In chapter 3, the
protonation effect on a trinucleotide is carefully investigated.
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1.3 Energetic photon-induced dynamics in DNA
Fundamental studies of the response of DNA to energetic photons not only advance the un-
derstanding of the molecular mechanism underlying DNA radiation damage with all its bi-
ological implications such as mutations, genomic instability and carcinogenesis. Photon in-
teractions with DNA shed light on DNA electronic excited states and its molecular structures
[36]. The electronic excitation energy deposited into DNA by means of photoabsorption can
relax via a wide variety of decay channels, such as photon emission (fluorescence), nonra-
diative transitions to the ground state or intermediate electronic states, and photochemical
reactions. Fluorescence involves excited state lifetimes in the nanosecond range – orders of
magnitude longer than the timescales of other excited state reactions. Photochemical reactions
can result in DNA fragmentation and damage [36]. Nonradiative decay can be sufficiently fast
to efficiently prevent DNA damaging reactions from happening, providing a pathway of DNA
self-protection against breakup.

1.3.1 Ultrafast processes in DNA

The intrinsic lifetimes of excited DNA bases [36, 37] are directly related to ultrafast internal
conversion processes to the ground state. Excess electronic energy deposited into DNA by UV
absorption in the nucleobases can be efficiently converted into vibrational modes by internal
conversion to the ground state. Subsequent intramolecular vibrational redistribution (IVR)
can thermalize the excitation energy. As internal conversion can be faster than the destructive
photochemical reactions which for instance can lead to fragmentation of bases, it may protect
DNA bases against UV photodamage [36]. The effectiveness of internal conversion pathways
is strongly dependent on the molecular structure. Studies on nucleobase derivatives and iso-
mers have for instance found lifetimes that are orders of magnitude larger than those of canon-
ical bases [38–41], indicating that evolution has selected particularly photostable DNA bases
as the carriers of our genetic code.

Figure 1.4: the excited state lifetimes of canonical bases (red) and derivatives (green) in the
gas phase[36]. Copyright (2013) Taylor Francis. (www.tandfonline.com)

Intrinsic excited state lifetimes of canonical bases and their derivatives are presented in
fig. 1.4. Generally, purines (A, G) have short lifetimes in the sub-ps regime whereas pyrim-
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idines (C, T, U) have lifetimes of several ps. However, nucleobase derivatives have much
longer lifetimes in the 1 to 10 ns regime, and even beyond. No matter how subtle the change
in base molecular structure, lifetime differences are prominent. The reason is that internal
conversion relies on the precise topology of excited and ground state potential energy sur-
faces (PESs). The conversion process requires (avoided) crossings between PESs. It is at these
conical intersections where the Born-Oppenheimer approximation breaks down and the sys-
tem can transit between molecular electronic states by means of vibronic coupling. For the
base derivatives in fig. 1.4 ultrafast decay channels through conical intersections are quenched
leading to longer lifetimes.

1.3.2 Non-covalent interactions in DNA

Figure 1.5: NCI plots for a trinucleotide dFUAG, where the weak intramolecular interactions
are shown in the green surface corresponding to s=0.5 au with a color scale of -0.03 <ρ< 0.03
au. The left and right picture are with the rotation of 180◦.

Comparing to the covalent bonds formed by the shared electrons, non-covalent interaction
(NCI) is relatively weaker and caused by the dispersed variation of electromagnetic interac-
tions between molecules or within a molecule [42–44]. However, NCIs are critical in holding
the complex structure of large biomolecules, such as proteins and DNA. The NCIs in DNA
structures include hydrogen bonding, π − π interaction and van der Waals forces.

Hydrogen bonding plays a key role in biomolecular systems [45, 46]. H bonds are for
instance responsible for the base pairing that stabilizes the DNA duplex structure but may
also contribute to genetic mutations. In fig. 1.5, the NCI in a trinucleotide d(FUAG) are plot-
ted. The intramolecular hydrogen bonds are marked by arrows and the bond information is
given. Hydrogen migration can occur along intermolecular [47] or intramolecular [48] hydro-
gen bonds, as an efficient way of energy relaxation in DNA. For example, two photon experi-
ments on isolated adenine and adenosine suggested that adenosine has a significantly shorter
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excited-state lifetime than adenine [49]. For adenosine, ab initio calculations identified a barri-
erless excited-state deactivation mechanism, which involves the transfer of a proton along the
intramolecular O-H · · · N3 hydrogen bond through conical intersections [47]. Similar DNA
de-activations also occurs in Watson-Crick base pairs, hydrogen could transfer between the
hydrogen-bonded aromatic dimers [48] by means of ultrafast internal conversion at conical
intersections, which connect the electronic ground state (S0) and the charge transfer excited
state(ππ∗).

Base stacking [36, 49] or π − π stacking is another important NCI in DNA that occurs
between nucleobases. Dispersive forces between adjacent nucleobases contribute to the struc-
tural stabilization of DNA. Base stacking is responsible for the electronic coupling between
adjacent nucleobases and has been found to lower the rate of DNA excited state decay [50].
In DNA UV absorption experiments, the UV excitation can produces an exciton state which is
likely spread over no more than two stacked bases or stacked base pairs. The pi-stacking fa-
cilitates the fast decay to long lived excimer (excited dimer) states with strong charge transfer
character. The long lived excimer or exciplex state will further relax to the electronic ground
state by means of the charge recombination [51–53].

1.4 X-rays interactions with DNA

1.4.1 Radiation damage and therapeutic applications

Since German physicist Wilhelm Conrad Rontgen discovered X-rays in 1895 [54], X-rays have
become a powerful tool widely used in medicine and science, for instance in radiotherapy ,
computed tomography and X-ray spectroscopy. On the other hand, being classified as ion-
izing radiation X-rays can have negative effects as they have the potential to harm living
tissue [55]. X-ray induced ionization of cellular constituents such as biomolecules or water
can trigger a series of biological events [56], a consequence of which cellular functions can
be perturbed and cells can even die. In radiotherapy, this X-ray induced cellular damage is
employed to specifically target (and kill) tumor cells [57]. X-rays and other types of ionizing
radiation can either directly affect cellular DNA by modifying the chemical structure of nu-
cleobases, inducing glycosidic bond cleavage, breaking the sugar-phosphate backbone, or just
breaking the hydrogen bonds between nucleobase pairs of the double helix. Indirect damage
to DNA can occur when X-rays ionize or excite other molecules found in the cell, for instance
water. Water radiolysis and the break-up of other molecules leads to formation of free radicals
(such as OH radicals) [57] which in turn can diffuse towards biologically relevant molecules
such as DNA where they cause so-called indirect damage. Fig. 1.6 summarizes schematically
direct and indirect effects of ionizing radiation on DNA.

1.4.2 Radiosensitizers

In radiotherapy, radiosensitizers are used to increase the efficiency of ionizing radiation to kill
tumor cells. In particular a selective sensitization of tumor tissue allows for a reduction of
overall dose and accordingly a reduction of side effects to healthy cells. Radiosensitizers are
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Figure 1.6: Direct and indirect pathways of DNA damage by ionization radiation. SSB: single
strand break. DSB: double strand break [56]. Copyright (2021) Dove Medical Press.

chemicals or pharmaceutical agents, often small molecules (such as oxygen [58, 59]), macro-
molecules (such as proteins and peptides [60–62]), and nanomaterials (such as heavy metals:
Au, Ag [63, 64]). Radiosensitizers can increase both direct and indirect damage to DNA.

5-halouracils such as fluorouracil (FU), bromouracil (BrU), and iodouracil (IU) are a par-
ticular class of radiosensitizers that is widely used, for example, in treatments of colorectal
and breast cancers [65]. Furthermore, these molecules are commonly used in fundamental
biological and chemical research [66, 67]. The booster action of 5-halouracils requires incorpo-
ration of the modified nucleobase in cellular DNA. 5-halouracils have higher electron affinities
than all canonical nucleobases, and halouracil anions formed by electron attachment typically
feature dissociative autodetachment [67] which is a potential radiosensitization mechanism.
Dissociation products are reactive uracil-5-yl radicals and halide anions [68]. 5-FU can also
interfere with nucleoside metabolism and act like an antimetabolite drug, inhibiting the syn-
thetic process of enzyme thymidylate synthase (TS) in cells.
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1.4.3 X-ray spectroscopy applications

Therapeutic X-rays as well as fast ions used in radiotherapy efficiently induce inner shell exci-
tations and ionizations. After resonant 1s excitation, the molecule is left with a 1s vacancy and
an electron in an excited state. In light atoms, 1s vacancies are typically filled non-radiatively
in Auger-type transitions, where the excess energy facilitates the emission of an (Auger) elec-
tron [69]. These energetic (secondary) electrons are of high relevance for subsequent radiation
damage. As the initial soft X-ray absorption is always localized on a single atom, the sub-
sequent Auger transition will also be localized at the site of the core vacancy. The excited
electron can either participate in the Auger process and fill the 1s vacancy or it can act as a
spectator of the Auger process. In the latter case, it usually will be subject to a subsequent
valence-valence de-excitation process. Auger decay will therefore either result in one valence
hole (participator scenario) or in two valence holes (spectator scenario) in the system, as it is
shown in fig. 1.7.

Figure 1.7: Auger process induced by core electron excitation and ionization leading to q+1
and q+2 charged state, with q the initial charge state of the molecule.

The element selectivity [70] of soft X-ray spectroscopy is due to the very different inner-
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shell binding energies for different elements. On top of that, the chemical environment can
influence the inner-shell binding energies for a given element, allowing for more site speci-
ficity. For the case of DNA, another aspect of absorption site selectivity is due to the fact that
N atoms are for instance only found on the nucleobases, whereas P atoms are solely located in
the backbone. It is thus possible to use soft X-rays to specifically target bases or backbone by
choosing N or P inner-shell binding energies. In chapter 3 and 4, soft X-ray element and site
selectivity for DNA is investigated by soft X-ray partial ion yield spectroscopy and TD-DFT
inner shell excitation calculations.

1.4.4 Near-edge soft X-ray absorption mass spectrometry

Near-edge soft X-ray absorption mass spectrometry (NEXAMS) is a method which employs
a mass-spectrometric approach to investigate the effect of soft X-ray absorption by molecules.
In NEXAMS, the fragments caused by soft X-ray interactions are recorded as a function of
photon energy hereby highlighting the photon energy dependence of the various fragmenta-
tion channels. The strengths of the fragmentation channels are a reflection of the molecular
electronic structure subsequent to the photon absorption, and thus have a pronounced depen-
dence on the soft X-ray absorption sites.

The potential of NEXAMS experiments [71] was demonstrated in experiments on the dou-
bly protonated gas-phase oligonucleotide [dGCAT+2H]2+, irradiated by energetic photons (10
eV - 570 eV). The photofragmentation mass spectra were dominated by protonated and non-
protonated nucleobases (BH and B), and fragments of the sugar moiety. Fragments heavier
than the mass of single nucleosides were not observed. Comparing to the VUV photoab-
sorption, it was found that soft X-ray induced excitation or ionization of core level electrons
followed by an Auger process can shift the fragment distributions towards smaller masses.
This systematic study allowed for first insights into photon-induced DNA ionization and frag-
mentation mechanisms. Particularly, the crucial role of the sugar moiety in radiation induced
DNA damage, which was predicted on basis of isolated deoxyribose gas-phase experiments
is confirmed.

Recently, G-rich sequences, including the human telomere sequence dTTAGGG, and G-
quadruplexes have been investigated by means of NEXAMS using synchrotron VUV light
[72]. Oxidative DNA damage resulting from the hole migration induced by VUV photons was
experimentally studied. The results show that 5’-AGGG sequences with a particularly low
vertical ionization energy act as hole traps in gas-phase oligonucleotides implying they are
likely hotspots for oxidative damage. For large G-quadruplexes, VUV-induced fragmentation
is quenched and non-dissociative single and double electron detachment is mostly observed,
implying fast vibrational energy transfer from the initially photoionized G-rich monomer over
the entire G-quadruplex structure.

Wen et al. experimentally [73] demonstrated, by monitoring the positive fragmentation
patterns produced by absorption of soft X-ray and infrared photons, that the fragmentation
of oligonucleotide dTGGGGT is not a direct consequence of the initial K-shell vacancy but it
is rather due to the multiple detachment of valence electrons following the relaxation of the
K-shell vacancy.
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Figure 1.8: NEXAMS and TD-DFT simulation. Top panel: Normalized ion yields of A+,
G+, and FU+ and AH+, GH+, and FUH+ following X ray absorption near the N K edge
by [d(FUAG)+H]+. Bottom panel: Stick spectrum of TD-DFT oscillator strengths for N 1s
transitions. Middle panel: Convoluted TD-DFT data (Gaussian fwhm=0.6 eV). More details
can be found in chapter 3 and 4.

NEXAMS is the main experimental action spectroscopy technique used in this PhD thesis
research.

A NEXAMS experiment on oligonucleotide 5-d(FUAG) combining with TD-DFT calcula-
tions [35] has been recently performed. The agreement between experiment and theory un-
veils the electronic structures and core transitions leading to the soft X-ray absorption struc-
tures. In fig. 4.5, 5-d(FUAG) NEXAMS experiment and TD-DFT calculation at nitrogen K-edge
are present. More importantly, the study shows the potential soft X-ray application on probing
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DNA protonation effect and protonation sites.
To our knowledge, soft X-ray can also induce ultrafast process in DNA, such as electron

transfer and proton transfer. By doing DNA NEXAMS experiments, intramolecular H transfer
is widely observed [35, 71, 74]. However, previous studies on ultrafast H transfer have always
focused on valence excitation processes. In this thesis, the relevance of this phenomenon in
core-excited DNA will be for the first time investigated.

1.5 Thesis outline
This thesis is organized as follows:

• Chapter 2 introduces the home-built mass spectrometer — Paulje mostly used in the
experiments mentioned in this thesis. The most critical components of Paultje will be
explained, typically the newly designed and installed the reflectron ion mirror which
has improved the mass resolution up to around 3000 (at 555 m/z). The advanced laser
facilities, such as BESSY II, FLASH (free electron laser) will also be briefly introduced.

• Chapter 3 I will present the first investigation of DNA protonation by means of soft X-
ray spectroscopy. Partial ion yield spectroscopy of a protonated trinucleotides at the N
K-edge in combination with TD-DFT calculation is used to characterize the effects of
protonation on DNA electronic structures and core transitions.

• Chapter 4 intramolecular hydrogen transfer in DNA as induced by resonant soft X-ray
absorption will be studied. By combination of partial ion yield spectroscopy and time-
dependent density functional theory, the influence of X-ray absorption site on hydrogen
transfer will be demonstrated.

• Chapter 5 reports an attempt for a time-resolved investigation of photoinduced unfold-
ing of a self-assembling DNA nanostructure. G-quadruplex DNA and the respective
monomer oligonucleotides are exposed to femtosecond vacuum ultraviolet and near-
infrared pulses. The dependence on pulse energy on fragmentation and ionization will
be discussed.
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[60] J. E. González, J. F. Barquinero, M. Lee, O. Garcı́a, and A. Casacó, Cancer Biology &
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Chapter 2

Experiment

Abstract

The mass spectrometry experiments in this thesis are performed using our home-built
tandem mass spectrometer-Paultje, named in honor of Nobel laureate Wolfgang Paul, the
inventor of the radiofrequency ion trap [1]. The development of the experimental setup
started in 2006 and its research capacities have advanced ever since. The details of the
initial design and the documentation of later improvements is described in a series of
PhD theses [2–4]. The Paultje-setup is designed to study the structure and dynamics
of large gas-phase molecular ions. It is a mobile setup which can be easily transported
to synchrotrons, fast ion facilities and laser labs where the setup can be interfaced with
beamlines. Our group has used Paultje to conduct a whole series of experiments focus-
ing on soft X-ray and VUV induced excitation, ionization and fragmentation dynamics
of biomolecules [5–10], such as peptides, proteins, nucleotides, and astrochemically rel-
evant polyaromatic hydrocarbons (PAH) [11, 12]. The setup has also been used for keV
and MeV ion collision experiments [13, 14], time-resolved experiments using femtosec-
ond lasers [15, 16] and hydrogenation and abstraction reactions on PAH and DNA ions
[17, 18]. During my PhD project we have improved the mass resolution of the time-of-
flight (TOF) section of the apparatus by commissioning a home-built dual-stage reflectron
which replaced the original linear TOF system. With the reflectron TOF spectrometer an
one-order of magnitude better resolution was achieved at masses around m/z ≈ 555. This
improvement was key to the investigations presented in this thesis on oligonucleotides
with masses in the few kDa range and it allowed us to study isotope distributions and dis-
tinguish individual protonation states in the mass spectra. For some X-ray spectroscopy
experiments the nanocluster trap mass spectrometer [19], which is a fixed end-station at
the BESSY II synchrotron, has been used.

In my PhD project, several advanced photon sources are used: the BESSY II synchrotron
(Helmholtz-Zentrum Berlin, Germany), the PETRA III synchrotron (DESY, Hamburg,
Germany) , infrared femtosecond laser system at University of Potsdam (Potsdam, Ger-
many) and the FLASH II free electron laser (DESY, Hamburg, Germany). Brief descrip-
tions of these photon sources are given in this chapter.
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2.1 Paultje

Figure 2.1: Sketch of Paultje setup (top view). The photon or ion beam can enter from the side
of the ion trap. The working pressures of the setup components are indicated.
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The schematic lay-out of the Paultje setup is depicted in fig. 2.1, where the most impor-
tant components of the setup are shown. In the experiments, the sample molecules are dis-
solved in a suitable solvent and the solution is pumped through a needle biased at a few kV.
In the subsequent step of Electrospray Ionization (ESI), charged analyte-containing droplets
are formed which shrink by evaporation until unsolvated gas-phase analyte ions are formed
[20]. ESI is a technique that is well-known for its gentle way of transferring molecules, espe-
cially large biomolecules, from solution to gas phase. After being transported and phase-space
compressed by means of an ion funnel and an octopole ion guide, electrosprayed ions with
the desired mass-to-charge (m/z) ratio can be selected by a quadrupole mass filter. The mass-
selected ions are then transported into a three dimensional radiofrequency (RF) ion trap in
which the ions can be stored. In order to facilitate trapping, we inject 100 ms pulses of He
buffer gas at room temperature into the trap, synchronous with the pulsed and mass-charge
filtered ESI beam. Ion collisions with buffer gas atoms not only decrease the kinetic energy
of the trapped ions which improves the trapping efficiencies. The collisional cooling also
decreases the diameter of the trapped ion cloud which improves resolution of the TOF spec-
trometry. Depending on the ESI current the trap can be loaded for a variable period, ranging
from 50 ms to 3000 ms, in order to collect a sufficient number of ions. The ion capacity of
the Paul trap is limited and depends on the mass and charge state of the molecule sprayed.
In the trap, the ions can then be exposed to external beams. Lastly, the whole trap content is
extracted into a reflectron TOF analyzer and detected by a microchannel plate (MCP) detector
assembly. The mass resolution is around 3000 at m/z ≈ 555.

2.1.1 DNA sample preparation for ESI

Oligonucleotides, such as d(FUAG), dTTGGGT and dTTGGTT, are purchased from LGC
biosearch technologies (Risskov, Denmark) and are used without further purification. The
1mL solution for DNA monomers producing deprotonated ions consist of 20 µL 1mM
oligomers and 980 µL methanol (UHPLC grade Sigma-Aldrich). For producing protonated
ions, 20 µL acetic acid is added to facilitate protonation with 960 µL methonal and 20 µL 1mM
oligomers.

G4 is prepared from monomer samples by means of self assembly. In the experiment,
the intramolecular G4 formed by 4 single-stranded monomers and 3 ammonium cations is
chosen for studying the ultrafast G4 unwinding process. 1mL G4 solution contains 40µL 1mL
oligomers, 860 µL methanol, and 100 µL 1.5M ammonium acetate. To improve the production
of G4, the G4 solution is heated at 90 ◦C for three minutes in the water bath, afterwards leaving
the solution to cool down naturally to room temperature for 3 hours. All well-prepared DNA
solutions are stored under a temperature of -27 ◦C.
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2.2 Nanocluster trap setup

Some of the partial ion yield spectroscopy experiments are performed with the nanoclus-
ter trap, a fixed tandem mass-spectroscopy setup permanently interfaced to the BESSY II
UE52−PGM beamline. The setup is operated by the research group of T. Lau [19]. The setup is
designed for X-ray magnetic circular dichroism (XMCD) spectroscopy of cluster ions, molecu-
lar ions and ionic complexes. Different ion sources can be added due to the different systems.
In our experiments, an ESI ion source is used.

Figure 2.2: Sketch of Nanocluster trap. The ion density can reach to 5 ×107 cm−3 with the
photon flux of 1012 s−1. In our experiments, the cluster source is replaced by ESI and ion
funnel. The ions in the trap are cooled down to around 20 K. Permission granted by Prof. Dr.
Tobias Lau.

As it is shown in fig. 2.2, the nanocluster trap setup has similar components as Paultje.
When the ESI source is operating, electrosprayed ions pass the ion funnel and are subse-
quently guided by the RF hexapole ion guide into the mass filter, where the desired m/z ratio
can be selected. Then the selected ions are focused by electrostatic ion lenses and deflected into
the linear quadrupole ion trap by a quadrupole ion bender. The quadrupole ion trap is cooled
by liquid helium. In our experiments, the temperature of the trap was around 20K. Trapped
ions are thermalized with the cryogenic He buffer gas in the trap on a several µs timescale.
The relatively slow cooling process freezes out transient conformations but also reduces the
number of fundamental conformers. The trapped ions are then exposed to monochromatic
soft X-rays and the entire trap content is extracted into a reflectron TOF mass spectrometer.
An action-spectroscopy approach is applied for determination of the soft X-ray photoabsorp-
tion cross sections, where photon energy is ramped in small steps ( 50 meV) across the inner
shell energy edges. TOF spectra are recorded successively as a function of photon energy and
relative ion yields for different photofragments can be extracted. The very large trap volume
of the setup in combination with the high soft X-ray resolution allows for rapid acquisition of
high resolution spectra. The mass spectrometer provides a resolution of about 1700, but only
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in a limited mass region.

2.3 Ion funnel

The first steps of electrospray ionization proceed at atmospheric pressure before the still partly
solvated ions pass a heated capillary (length= 20 cm , outer diameter=1.5875 mm, inner diam-
eter= 508 µm) that transfers the ions into the first vacuum chamber At this point, the ions do
not yet form a beam but are following the air flow through the capillary. Ion transport in the
first vacuum chamber (p≈10−1 mbar during operation) is hampered by Coulombic repulsion,
leading to ion cloud expansion and by collisions with gas molecules. In order to minimize
these effects, in the Paultje setup an ion funnel is installed between the heated capillary and
the octupole ion guide in the following vacuum chamber (p≈10−4 mbar during operation) to
compress the phase space of electrosprayed ions and improve ion transmission.

Figure 2.3: Ion funnel. The ion funnel can be fully disassembled and thus cleaned thoroughly
in an ultrasonic cleaner.

The funnel implemented in Paultje was purchased from GAA Custom Engineering, LLC
(Benton City, WA , USA) and follows the design of Gordon Anderson and his group [21–23].
A photograph of a partially disassembled funnel is shown in fig. 2.3. The funnel consists of
two opposite PCB plates, which work as electric DC and RF coupling boards, respectively. A
stack of 100 square funnel plates with metal ring electrodes of progressively smaller internal
diameter, which are soldered onto the two DC and RF coupling boards PCBs. The 99 insu-
lating spacers between the funnel plates can be easily disassembled and cleaned manually.
Four 0.15” PEEK rods and four 4-40 set screws make sure the funnel is perfectly aligned and
conveniently installed in the first vacuum chamber of the Paultje setup. The funnel is driven
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by a modular RF/DC power system called Modular Intelligent Power Supply (MIPS) also
purchased from GAA Custom Engineering. The RF is generated by a high Q head within the
two DC bias voltages from MIPS. The system is specifically designed for mass spectroscopy
research applications. Generally, for the DNA systems studied in this thesis the RF funnel is
operating at 820 kHz with an amplitude around 430 mV.

Figure 2.4: Assembled ion funnel with three DC wires (left) and two RF wires (right)

2.4 Reflectron TOF measurement system (RTOF)

The original design of the Paultje setup featured a linear TOF mass spectrometer with a mass
resolution in the range of 300 at m/z≈555. This mass resolution was sufficient for experiments
on smaller ions, such as PAHs. However, such a mass resolution is insufficient to investigate
larger biomolecular ions with 1 Da resolution. The high mass resolution is of particular impor-
tance for studies of protonation and for hydrogenation attachment experiments. To overcome
the limitation in resolution, an RTOF was designed and constructed to replace the old linear
TOF mass spectrometer.

2.4.1 Mass resolution

In the old linear TOF system, the trapped ions would be extracted by two DC block pulses
applied to the end-caps of the Paul trap (+950 V/-950 V or less), and injected through a lens
system into the TOF drift tube, which is floated on HV typically 1500-2000 V. In an ideal
situation, when all ions start from the same point in space, ions with the same mass to charge
ratio have the same velocity in the drift tube and reach the detector at the same time. The
MCP detector records the flight time (t) of the ions, and based on the transformation m/z =

[((t − a)/b)]2 (a, b are fit parameters) we can get the mass spectrum from the measured TOF
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Figure 2.5: Schematic figure of initial spatial distribution of trapped ions and their velocity
distribution in the ion trap. The extraction filed creates a small potential difference across the
ion cloud leading to an additional velocity spread in the extracted ions.

region. The mass resolution would be only limited by the electronics delivering the extraction
pulses and by the detection system. However, the ions have an initial distribution in space
and an initial velocity distribution before they enter the drift tube, which further limits the
mass resolution [24]. The space distribution comes from the fact that the ions in the trap have
various distances to the exit, leading to slightly different initial energies of the ions gained
from the potential associated with the extraction field. The ions which are closer to the exit
will possess less kinetic energy. Besides, the trapped ions, which are cooled down by He gas
at room temperature, still have a low, but non-zero velocity. Due to those initial conditions,
the group of ions with the same m/z will have a distributed arrival time centered at a time t
with a full width half maximum height (FWHM) ∆t. And the mass resolution is defined as:

m

∆m
=

t

2∆t
, (2.1)

2.4.2 The principles and design of RTOF

A well-established way to increase the mass resolution is employing an electrostatic ion mirror
in the drift tube [25]. In the mirror the ions get bounced in backward direction (see fig. 2.6 ).
For the ion bunches entering the ion mirror, the faster ions will penetrate more deeply and
travel longer in the ion mirror. The slower ions will spend less time in the mirror and on the
way out at some point will be overtaken by the faster ions. The whole system can be arranged
such that all ions arrive at the MCP detector with as little time spread as possible.

The reflectron design doubles the flight path and thus the TOF. The mirror in which the
ions are slowed down and bounced back also lengthens the TOF but more importantly it
focuses the bunch of ions of a specific mass thus reducing ∆t. According to the relation 2.1 ,
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Figure 2.6: Schematic drawing of ion trajectories in the reflectron TOF spectrometer. The red
ion has the same mass to charge ratio as the blue ion but a slightly higher kinetic energy.

the mass resolution is substantially improved by the reflectron TOF mass system as it increases
t and reduces ∆t.

In fig. 2.7, the designed ion mirror is shown. The ion mirror is made of 13 circular metal
plates with the center openings of identical diameter. All these electrodes are forming a resis-
tive chain, interconnected by 10 MΩ resistors. The voltage on the first mirror plate (V1) is the
same as the voltage on the drift tube, while the voltages on the second plate (V2) and the plate
on the back of the mirror Vback can be changed. The electric field in the mirror is thus divided
into two regions by V1, V2 and Vback, forming a layout called dual-stage reflector. In this first
region of the ion mirror, the ions from the high-voltage drift tube are thus strongly decelerated
over a short distance. Then the ions enter a second region in which the actual reflection takes
place. The first two plates are covered with a wire mesh which are used to define the electric
field more precisely. The two meshes prevent field penetration into the drift tube and guar-
antee maximum homogeneity of the electric field, which is of key importance as the field is
relatively strong. The downside is that some ions are scattered on the mesh wires when going
through the mesh reducing the intensity of the ion beam. The electroformed nickel meshes are
purchased from Thin Metal Parts, consisting of 50 wires per inch. The transmission per mesh
is around 88%, thus the intensity is decreased with over 40% as the ions pass the both meshes
two times.

To optimize the mass resolution of the RTOF, several critical parameters were examined,
such as the extraction voltages, the voltages of the ion lenses, drift tube, mirror plates, the
length of the ion mirror, the angle of the MCP detectors with respect to the incoming molecular
ions. An example of RTOF settings used in the optimization is listed in the table 2.2.
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Figure 2.7: Left: ion mirror (by Wessel Douma). Right: the first two mirror plates with mesh.

component A component B length (mm)
trap first mirror plate 1298
trap drift tube 467

mesh on 1st mirror plate mesh on 2nd mirror 10
total mirror length 142

1st mirror plate detector 811

Table 2.1: the distance between relevant parts of reflectron system

parameter values
extraction voltage (ESI) 777 V
extraction voltage (TOF) -925 V

trap RF amplitude 2 kV
lens 1 voltage -80 V
lens 2 voltage -2.2 kV

drift tube voltage -1.5 kV
1st mirror plate voltage -603 V
last mirror plate voltage -27.6 V

Table 2.2: optimized settings that were used to obtain the mass resolution in fig. 2.8

The extraction voltages applied to the end caps of the trap determine the electric field
that extracts the ions from the Paul trap, and thus the velocity with which the ions enter the
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following ion lens. The way of extraction voltages affecting the mass resolution is discussed
above. In our case, high extraction field is always chosen to obtain better resolution. The typ-
ical RF amplitude peak-to-peak voltage (Vpp) applied to the trap ring electrode is 2 kV at 1
MHz. The Vpp has an influence on the starting position and initial velocity of the ions upon
extraction. Higher Vpp results into a more confined ion cloud in space giving thus higher mass
resolution. The effect of the starting position of the ions on the velocity distribution after ex-
traction is explained above. Another aspect is the time delay between shutting down the RF
ring voltage and turning on the cap extraction pulse. If this delay is too short, there is still an
RF field present during the extraction, so the extraction pulse will not work properly. If the
delay is too long, the ions will have dispersed more in the trap, thus smearing out the starting
position of the ions before extraction. Finding a suitable delay can also be helpful for the mass
resolution. The ion lens focuses the ion beam in space, ensuring the trajectories of the ions
that arrive at the detector are as parallel as possible. In that case, the lens has an optimal effect
on the resolution. Additionally, the lens voltages are chosen such that the ions are accelerated
after extraction from the trap leading to the increasing of the ion velocity, and therefore influ-
ences the ability of the mirror to focus the ions. The drift tube can accelerate or deceletate the
velocity of ions depending on the relative voltage applied on the lens and drift tube, which
also affects the operation of the ion mirror. As it is discussed above, mass resolution is de-
pendent on the settings of several critical components of RTOF system. Obtaining a relatively
good mass resolution requires all components to be well matched and function optimally at
the same time. During the experiments, such parameters needs to be optimized by iterating
through many possible combinations of settings which are strongly linked.

We used leucine-enkephalin( leu-enk: m/z ≈ 555) in the mass resolution tests as it is
a peptide that can be easily electrosprayed with high ion yields. The comparison of mass
spectra of (leu-enk+H) taken with the linear and reflectron TOF system are shown in fig. 2.8,
where it is seen that the RTOF has improved the mass resolution by over 10 times.

2.5 Photon sources used

2.5.1 BESSY II synchrotron

The experiments in chapter 3 and 4 are performed at the third-generation synchrotron fa-
cility BESSY II (Helmholtz-Zentrum Berlin, Germany). Here, a linear accelerator is used to
accelerate electrons up to an energy of 1.72 GeV, i.e. close to the speed of light. These rel-
ativistic electrons are then injected into the storage ring up to a maximal operational ring-
current of 300 mA. The storage ring is operated in the Top-Up mode, to assure a constant ring
current of about 300 mA is provided with the regular electron injections at a rate of 0.1 Hz.
Focusing magnets and dipole deflection magnets installed along the storage ring confine the
electrons to an approximately circular path. As the relativistic electrons pass through certain
arrangements of alternating dipole magnets (undulators), the electrons are accelerated and
emit electromagnetic radiation with a continuous wavelength distribution defined by the ar-
rangements of the undulators. The ultrabright photon beams provided by these undulators
cover the energy range from Terahertz to hard X-ray (6 meV to 150 keV).The polarization of
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Figure 2.8: Leu-enk mass spectrum. Top: filtered mass spectrum by new designed RTOF.
Mass resolution here is 2137. Two isotope peaks are well distinguished. Bottom: filtered mass
spectrum by old linear TOF. The mass resolution is 188.

the light is controllable. About 50 beamlines in BESSY II are offered for the users.
Experiments with dilute gas-phase targets as the ones presented in this thesis require very

high photon fluxes to obtain measurable signals. The beamlines used in our experiments
provided the photon flux of 1012 to 1013 ph/s.

The soft X-ray mass experiments were performed at the U49/2PGM1 “open port” beam-
line [26], which provides photon energy of 85 to 1600 eV with a high photon flux of 1013 /s. A
plane grating monochromator (PGM) has been designed for the U49-2 undulator, where the
collimation has been conducted in the dispersive and horizontal direction. The U49-2 undu-
lator is made up of 84 periods with 49 mm period length and a minimal 15.64 mm gap.

The partial ion yield experiments with the Nanocluster Trap were conducted at the U52PGM
beamline [27]. The U52 elliptical undulator can provide circularly and linearly polarized soft
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X-rays with a broad energy range from 120 eV to 1600 eV. This covers the K-edges of C, N ,
O, F and the L-edges of P. A linear polarized soft X-ray beam of 130-720 eV with an energy
resolution of around 100 meV and typical photon fluxes of 1012 photons/s was used in our
experiments.

2.5.2 FLASH II

Figure 2.9: Kai Siegbahn hall at FLASH II. Our setup is positioned in the hatch and interfaced
with the beamline FL24.

The Free-electron-LASer at DESY in Hamburg (FLASH) is the first XUV and soft X-ray
free-electron laser (FEL) in the world, which has started regular user operation in 2005 [28, 29].
FLASH can produce uniquely intense (>1016 W/cm2) XUV/soft X-ray pulses with pulse
lengths down to less than 30 fs by Self-Amplified Spontaneous Emission (SASE) [30]. At
FLASH, high-quality electron bunches are generated in a photon injector and accelerated to
relativistic energies of 1.25 GeV by a superconducting linear accelerator. The FLASH accelera-
tor is equipped with seven 12 m long TESLA-type 1.3 GHz modules and each module consists
of eight 1 m long superconducting accelerating cavities. FEL pulses are produced when elec-
tron bunches passes through a 30 m long undulator.

The high-speed electron bunches emit synchrotron radiation when passing a periodic
magnetic undulator. The induced electromagnetic radiation field further interacts with the
electrons, resulting in a charge density modulation within the specific periodic bunch. This
way, the intensity and coherence of the emitted light are enhanced exponentially.

At present there are two parallel SASE beamlines available for user operation: FLASH1
and FLASH 2 utilize the same electron accelerator but allow for independent photon beam
parameters [29, 31]. The time-resolved photofragmentation experiments on oligonucleotide
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Figure 2.10: The Paultje setup interfaced with the FL24 beamline at FLASH2 (Hamburg, Ger-
many).

anions presented in chapter 5 were conducted at FLASH2, and the Paultje setup was interfaced
to the FL24 beamline. FLASH2 consists of upgraded undulators as compared to FLASH1. This
allows variation of the FEL pulse wavelength over a wider range. FLASH2 photon energies
range from 14-310 eV (λ =90-4 nm). The pulse duration is 10-200 fs with an average power of
1-1000 µJ. The number of photons per pulse is 1011-1014, which is comparable to the photon
flux per second at synchrotron beamlines.

2.5.3 Infrared femtosecond laser in Potsdam
Before FLASH experiments, we have performed pilot pump-probe experiments with the near-
infrared (NIR) fs laser in Potsdam. Here a Ti sapphire Coherent Astrella laser produces a total
laser power of 7 W, which is splitted into two arms with power of 6 W and 1 W, respectively.
The 1W laser arm is interfaced with Paultje and used for our DNA absorption experiments.
The laser pulse has a duration of 47 fs with the wavelength of 800 nm. The focus size of the
laser is around 103 µm, with a repetition rate of 1 kHz. Michelson interferometer is used in
the time-dependent measures and it splits the pulse into two identical pulses via the beam
splitter. The variable path length in one arm of the interferometer allows to adjust the delay
between the two pulses. The beam height is increased by Periscope to fit the entrance window
of our ion trap. Before the beam goes into the ion trap, 1 m lens is used to focus the NIR beam
at the center of the trap. The pulse energy from 15 to 600 µJ is used during the measurements.

The laser intensity dependence and time dependence of fragmentation and ionization of
DNA monomers and G4 are carefully investigated.
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Figure 2.11: Schematic layout of the pump-probe experiments performed with the infrared
laser system in Potsdam.

Figure 2.12: Paultje in laser lab in Potsdam



2

Bibliography 33

Bibliography
[1] W. Paul, Reviews of modern physics 62, 531 (1990).

[2] S. Bari, The influence of peptide structure on fragmentation pathways, Ph.D. thesis, University
of Groningen (2010).

[3] O. Gonzalez-Magaña, Ionization-induced fragmentation dynamics of isolated complex
biomolecules, Ph.D. thesis, University of Groningen (2013).

[4] D. Egorov, Photoionization and excitation processes in proteins and peptides, Ph.D. thesis, Uni-
versity of Groningen (2018).

[5] D. Egorov, L. Schwob, M. Lalande, R. Hoekstra, and T. Schlathölter, Physical Chemistry
Chemical Physics 18, 26213 (2016).

[6] S. Bari, O. Gonzalez-Magaña, G. Reitsma, J. Werner, S. Schippers, R. Hoekstra, and
T. Schlathölter, The Journal of Chemical Physics 134, 024314 (2011).
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Chapter 3

Site-selective soft
X-ray absorption as a tool to study protonation
and electronic structure of gas-phase DNA

Abstract

The conformation and the electronic structure of gas-phase oligonucleotides depends strongly
on the protonation site. 5’-d(FUAG) can either be protonated at the A-N1 or at the G-N7
position. We have stored protonated 5’-d(FUAG) cations in a cryogenic ion trap held
at about 20 K. To identify the protonation site and the corresponding electronic struc-
ture, we have employed soft X-ray absorption spectroscopy at the nitrogen K-edge. The
obtained spectra were interpreted by comparison to time-dependent density functional
theory calculations using a short-range exchange correlation functional. Despite the fact
that guanine has a significantly higher proton affinity than adenine, the agreement be-
tween experiment and theory is better for the A-N1 protonated system. Furthermore, an
inverse site sensitivity is observed in which the yield of the nucleobase fragments that
contain the absorption site appears substantially reduced, which could be explained by
non-statistical fragmentation processes, localized on the photoabsorbing nucleobase.

Published: Wang, X., Rathnachalam, S., Bijlsma, K., Li,W., Hoekstra, R., Kubin, M., Timm, M.,
von Issendorff, B., Zamudio-Bayer, V., Lau, T., Faraji, S., Schlathölter, T., Physical Chemistry
Chemical Physics 23, 11900 (2021)
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of gas-phase DNA

3.1 Introduction

Under most circumstances, DNA in biological systems is multiply negatively charged, be-
cause of the phosphate groups in its backbone. Under slightly acidic conditions, cytosine and
adenine moieties become protonated and at even lower pH, also guanine is found protonated
[1]. Nucleobase protonation has important structural implications. It is for instance often key
to formation of non-canonical DNA structures such as i-motifs, four-stranded DNA structures
that form in cytosine(C)-rich sequences and that are stabilized by stacks of protonated C - neu-
tral C base pairs. In solution, widespread techniques for investigating oligonucleotide struc-
tures (such as protonation sites) and structural transitions are UV absorption spectroscopy [2]
and circular dichroism spectroscopy [3]. Due to unresolved issues concerning solvent interac-
tions, however the exact correlation between measured spectral features and DNA structure
is still under debate for many systems.

A powerful approach for studying DNA structure in more detail and without the influence
of solvent interactions are gas-phase studies. Electrospray ionization is an ideal tool to trans-
fer intact biomolecular ions from solution into the gas phase, in particular when performed
under “native” conditions, i.e. when for instance DNA tertiary structures are conserved in
the process [4]. Relatively straightforward mass-spectrometric tools such as collision induced
dissociation can already deliver valuable information on the protonation site in gas-phase
oligonucleotides [5]. The much more structure-sensitive ion-mobility spectrometry has been
used to determine the precise ground-state protonation site in gas-phase protonated nucle-
obases, and even different low-energy tautomeric forms could be distinguished [6]. Infrared
multiple photon dissociation action spectroscopy techniques in combination with quantum
chemical calculations have also proven to be very useful for the determination of protonation
sites in nucleosides and nucleotides [7].

Over the last years, soft X-ray action spectroscopy techniques have evolved as novel tools
for studying electronic structure and conformation of biomolecular ions in the gas phase, with
some emphasis on protein folding [8, 9]. By soft X-ray absorption, inner shell electrons are ex-
cited to unoccupied molecular orbitals (MOs) or ionized to the continuum. The soft X-ray
excitation is element specific. Even more so, the absorption edge of a given element features
resonances that reflect both, the chemical shift of the inner shell orbital and the unoccupied fi-
nal MO. Tuning to a resonance thus allows to address a particular transition and electronically
excite a molecule in a site-selective manner, for instance to induce scission of selected bonds or
to probe the local electronic structure and conformation. Site selective bond scission induced
by resonant soft X-ray absorption has been observed in photoion-photoelectron coincidence
experiments on a selection of relatively small neutral molecules such as ClCH2Br [10]. Also
for N-methylacetamide, a molecule containing a peptide bond, excitation of the strongest N-
1s resonance significantly increases breakage of that peptide bond [11]. On the other hand,
for 2Br-pyrimidine, a model halopyrimidine nucleobase analogues, fragmentation depends
on the final electronic state of the molecule only, and not on the initial photoabsorption site
[12]. Very recently, Schwob and coworkers could demonstrate a site effect in the photofrag-
mentation spectrum of the protonated S-containing peptide [Met5]-enkephalin for soft X-ray
absorption at the sulfur L-edge [13].
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In this study we combine high resolution soft X-ray partial ion yield spectroscopy at cryo-
genic temperatures with time-dependent density functional theory (TD-DFT) using a short-
range exchange correlation functional (SRC) that is specifically tailored for inner-shell exci-
tation processes [14, 15]. The approach involves two different types of site-sensitivity: i) the
precise choice of soft X-ray photon energy not only allows to target a particular element by
its inner shell absorption edge, but also to further specify the absorption site by selection of
a suitable inner-shell excitation resonance. ii) selection of the mass of the photoion under in-
vestigation defines a fragmentation channel, i.e. a particular bond scission that resulted from
the initial absorption event. The two-fold site-sensitivity is employed to distinguish between
two possible protonation sites in the gas-phase oligonucleotide 5’-d(FUAG) and to investi-
gate energy dissipation in this molecule. The 5’-d(FUAG) model system contains the nucle-
obases adenine (A), guanine (G) and the nucleobase analog 5-fluorouracil (FU). The latter is
employed because its high ionization potential and very low proton affinity render it a spec-
tator for both, protonation and positive charge transport. Furthermore, it features a unique F
atom that allows for selective soft X-ray targeting in future studies. The schematic structure
is displayed in fig. 3.1 with the conventional atom numbering. Note that atoms attached to
a ring atom have the same number as the ring atom itself. 5’-d(FUAG) features a decrease
in nucleobase vertical ionization potential from the 5’ to the 3’-terminal (FU: 9.46 eV [16], A:
8.37 eV, G: 8.1 eV [17]) that favors hole migration to the 3’-terminal, i.e. charge transport.
Proton affinities follow an opposite trend, being lowest for N atoms on FU and very similar
but much higher for A-N1 (9.77 eV) and G-N7 (9.84 eV) [18]. By spectroscopically targeting
the N K-edge around 400 eV, the focus of the study is set on the nucleobases (the only groups
containing N atoms) and in particular on protonation of N atoms. N atoms in nucleobases
have either amine (three single bonds, >N-) or imine (one double bond, =N-) character with
the respective N-1s electrons being either weakly (imine) or strongly (amine) bound [19]. In
X-ray absorption spectra, this manifests in a transition-energy band π1 (imine-N 1s-π∗) and a
higher transition energy band π2 (amine-N 1s-π∗), that has been observed for nucleotides in
solution [20] or for nucleobases in the gas-phase [19, 21] but not for gas-phase DNA. In our
model oligonucleotide, the ratio between amine and imine N atoms varies (amine: FU-N1,
N3, A-N6,N9, G-N1,N2,N9; imine: A-N1,N3,N7, G-N3,N7). Protonation of either A-N1 or G-
N7 (the most likely protonation sites) strongly increases the respective N-1s binding energy,
as the N character changes from imine to an imine/amine mixture.

3.2 Experiment
The bulk of the experiments was performed using the nanoclustertrap apparatus [22–24],
which is a fixed endstation at the high-resolution soft X-ray beamline UE52-PGM of the BESSY
II synchrotron radiation facility. The photon energy was calibrated using the Ne 1s line for the
first 3 monochromator orders. For the N K-edge, the error bar of the photon energy was ± 100
meV. Protonated [d(FUAG)+H]+ cations where produced by means of electrospray ionzation
(ESI) from a 20 µM solution in methanol. The mass-selected cations where accumulated in
a cryogenic (T≈ 20 K) linear radiofrequency (RF) ion trap. An action-spectroscopy approach
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of gas-phase DNA

Figure 3.1: A schematic of the 5’-d(FUAG) oligonucleotide showing the site-numbering con-
vention as well as the vertical ionization potentials [17] and the highest proton affinities [18]
for the isolated nucleobases. The two most likely protonation sites A-N1 and G-N7 are indi-
cated in green. The bottom panel displays a high resolution N K-edge soft X-ray photofrag-
mentation mass spectrum for [d(FUAG)+H]+ (EX=407 eV, recorded at room temperature).
IPv : vertical ionization potential, PA: proton affinity.

is employed for determination of the soft X-ray photoabsorption cross sections, i.e. photon
energy EX-ray was ramped in 50 meV steps across the nitrogen K-edge (398-410 eV). For each
EX-ray, the trapped protonated oligonucleotides were exposed to monochromatic (∆E ≈ 100

meV) soft X-rays and the entire trap content including the photo-products were extracted into
a time-of-flight (TOF) mass spectrometer. The relative ion yields for the different photofrag-
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ments were determined from the TOF spectra and plotted against the X-ray photon energy
to obtain N K-edge X-ray absorption spectra for the dominant fragments. Large trap volume
and high soft X-ray resolution allowed for swift acquisition of high resolution spectra. Three
independent scans of the X-ray energy were recorded and averaged. The variation between
consecutively recorded spectra was small. Multi-photon absorption by the [d(FUAG)+H]+

precursor cations is negligible. The thermalization of the oligonucleotide ions with the cryo-
genic He buffer gas in the trap occurs on a several µs timescale. The relatively slow cooling
process freezes out transient conformations but also reduces the number of fundamental con-
formers present in the trap. Possible effects of molecular conformation on the recorded soft
X-ray spectra would therefore be minimized. Furthermore, the cryogenic buffer gas quenches
fragmentation processes that occur on long (µs and more) timescales. This way, fragmentation
processes that occur long after intramolecular vibrational redistribution will be quenched.

3.3 Theory
For the theoretical part, the ground-state molecular structures were optimized in the gas
phase using density functional theory (DFT) at the ωB97X-D/cc-pVDZ level of theory. As
a reference, we first optimized the geometry of the neutral system. Subsequently, we opti-
mized the geometry of the protonated oligonucleotide for two different positively charged
systems being protonated on the A-N1 and on the G-N7 moiety, respectively (A-N1 and G-
N7 are long known as the most likely protonation sites in isolated 2’-deoxyadenosine and
2’-deoxyguanosine, respectively but also for nucleotides embedded in single stranded DNA
[1].). All minimized structures were confirmed by Hessian calculations and no imaginary fre-
quency was found. A detailed exploration of the conformational space was beyond the scope
of this study. The core-excitations were then computed using TD-DFT with Tamm-Dancoff
approximation [25]. Calculations were performed with restricted single excitation subspace
that involved excitation only from the 1s orbital of a single N atom at a time. The short-
range exchange correlation functional SRC2-R1 [14, 15] with the parameters CSHF = 0.55,
µSR = 0.69a−1

0 , CLHF = 0.08 and µLR = 1.02a−1
0 in combintation with a cc-pVDZ basis

set was employed. All computations were done using the Q-Chem 5.1 quantum chemistry
package [26].

3.4 Results and discussion
Figure 3.2 displays the calculated oscillator strengths at the N K-edge for neutral d(FUAG) and
for d(FUAG)+H]+, protonated at A-N1 and G-N7 (top row, middle row, and bottom row, re-
spectively). The columns in fig.3.2 show the data for the N sites belonging to each nucleobase,
separately. The insets show isosurfaces of the canonical orbitals that dominate the final state
character of the strongest transitions (isovalue: 0.05). It has been shown previously, that X-ray
absorption spectra of nucleobases are generally only weakly affected by DNA secondary and
tertiary structure [21] and even their direct chemical environment [27] and this is confirmed
by the fact that all final states are localized on single nucleobases and have π∗ character.



3

40
3. Site-selective soft X-ray absorption as a tool to study protonation and electronic structure

of gas-phase DNA

Figure 3.2: Oscillator strengths for d(FUAG)+H] at the N K-edge. Top row: neutral molecule;
middle row: protonation at A-N1; bottom row: protonation at G-N7. Initial N 1s site on FU
(left column), A (middle column) or G (right column). Insets show isosurfaces (isovalue=0.05)
of the canonical orbitals that dominate the final state of the strongest transitions. The two blue
arrows indicate the transition from A-N1, the two red arrows indicate transitions from G-N7.
L+n stands for LUMO+n.
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For the neutral molecule (fig. 3.2, top row) in the case of FU, the two strong lowest-energy
transitions around 402.5 eV are from the FU-N1 and FU-N3 amine sites that both feature
strongly bound 1s levels. In the case of A and G, the spectra in fig. 3.2 are more complicated,
as both nucleobases contain amine and imine nitrogens, with their different N-1s binding en-
ergies. For the neutral molecule and the case of A, transitions from the imine nitrogens A-
N1,N3,N7 to the unoccupied π∗-orbitals LUMO+1 and LUMO+3 all have transition energies
around 400.2 eV. The transition from amine nitrogens A-N6,N9 to the LUMO+1 orbital are
observed at 401.7 eV and 402.7 eV. A similar situation is found for G, where transitions from
imine G-N7,N3 to the LUMO+5 orbital are found at 400.2 eV and 401.1 eV, whereas the tran-
sitions from amine G-N1,N2,N9 to the LUMO+4 orbital are found at 402.3 eV, 402.7 eV and
402.9 eV.

A-N1 protonation (fig. 3.2, middle row) significantly alters the molecular electronic struc-
ture. The additional positive charge leads to a general increase in binding energies in both,
core and valence electrons. The overall appearance of the absorption spectra for FU and for G
remains unchanged, even though protonation alters both, molecular geometry and energetic
ordering of the final states. For the protonated nucleobase A itself, the situation is different.
The LUMO is now localized on A. Protonation of the A-N1 site increases the binding energy
of the respective 1s orbital from the lowest of all N 1s orbitals in the molecules to the highest.
Accordingly, the respective transition changes from 400.1 eV (neutral) to 402.6 eV (protonated,
see blue arrows in fig. 3.2). The situation is very similar for G-N7 protonation (fig. 3.2, bottom
row). Despite a significant alteration in geometry and electronic structure, the overall appear-
ance of the absorption spectra for FU and for A remains unchanged. However, the LUMO is
now localized on G and protonation of the G-N7 site increases the (initially very low) binding
energy of the corresponding 1s orbital to the highest N-1s binding energy in the molecule. As
a consequence, the only low-energy transition on the G moiety shifts from 400.2 eV (neutral)
up to 402.3 eV (protonated, see red arrows in fig. 3.2). The final state of this transition is the
LUMO.

How does this compare to the experimental data? Gas-phase protonated oligonucleotides
are generally less stable with respect to soft X-ray absorption than their deprotonated counter-
parts. Gonzalez-Magaña et al. showed that for soft X-ray photoabsorption at the C, N and O
K-edges, the doubly protonated 4-mer [d(GCAT)+2H]2+ is subject to extensive fragmentation,
with glycosidic bond-cleavage (see fig. 3.1) being a dominating process [28]. The bottom panel
in fig. 3.1 shows a high-resolution photofragmentation mass spectrum for [d(FUAG)+H]+ at
the N K-edge ((Ephoton=407 eV). The spectrum is again dominated by fragments due to gly-

cosidic bond cleavage, in particular the nucleobase radical cations A+ and G+ and their pro-
tonated counterparts [A+H]+ and [G+H]+. The corresponding FU+ and [FU+H]+ ions are
observed with much lower relative yields (the low-mass cutoff of the ion trap was around
m/q = 110 amu).

Fig. 3.3 shows the sum of all 6 nucleobase ion ([G+H]+, [A+H]+, [FU+H]+, G+, A+ FU+)
yields as a function of photon energy. For a direct comparison, the corresponding theoret-
ical data from fig. 3.2 both A-N1 and G-N7 protonated [d(FUAG)+H]+ are shown. For the
theoretical spectra, the N atoms from all three nucleobases were combined and the calculated
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Figure 3.3: Comparison of integral N K-edge X-ray absorption spectrum for [d(FUAG)+H]+

fragments [G+H]+, [A+H]+, [FU+H]+, G+, A+ FU+ (grey symbols) and theoretical data from
fig. 3.2, convoluted with the experimentally observed resolution (0.5 eV) A-N1 (blue line) and
G-N7 (red line) protonation. Note, that the axis of the theoretical data is shifted with respect
to the experimental data by -0.65 eV. The non-resonant background has been subtracted from
the experimental data and the spectrum has been scaled to the intensity of the theoretical
spectrum.

excitation energies and oscillator strengths were convoluted with Gaussian functions of 0.5 eV
full width half maximum (FWHM), to account for the experimentally observed peak broad-
ening. The energy scale for the theoretical data has been shifted by -0.65 eV with respect to
the experimental data and the experimental data has been scaled to fit the theoretical data.
For the π1 band, excellent agreement between experiment and theory is observed. For the π2

band, the agreement is markedly better for the A-N1 protonated system.

For a more detailed comparison, it is useful to utilize the final state information and plot
the experimental data for each nucleobase fragment separately. The top panel in Fig. 3.4 dis-
plays the recorded soft X-ray spectra for the 3 hydrogenated nucleobase-related fragments
[G+H]+, [A+H]+ and [FU+H]+. Note, that formation of these fragments requires glycosidic
bond cleavage and hydrogen transfer. In addition, one (singly protonated nucleobase loss) or
two (unprotonated nucleobase loss) H atoms need to have migrated towards the nucleobase
[28]. The panel below shows the results for the systematically less intense regular nucleobase
fragments G+, A+ FU+. All 6 spectra are qualitatively very similar but differ in absolute and
relative intensity. The spectra are dominated by the π∗

1 band centered at 399.5 eV and the π∗
2

band around 401.7 eV. Above 403 eV, a broad continuum is observed for A and G that extends
to higher photon energies. Whereas for π∗

1 peak is found at identical energy for all fragments,
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the π∗
2 peak appears shifted by about 0.5 eV to lower energies for G+ and [G+H]+.

For comparison between experiment and theory, the bottom panel of fig. 3.4 displays theo-
retical X-ray absorption spectra, obtained by plotting the FU, the A and the G data from fig. 3.2
for the neutral oligo, the A-N1 protonated oligo and the G-N7 protonated oligo, respectively
(the neutral data in only shown for comparison). The calculated excitation energies and oscil-
lator strengths have again been convoluted with a 0.5 eV Gaussian and the energy scale of the
theoretical data is shifted by -0.65 eV.

From the theoretical data in fig. 3.4 it is very clear that both energy and relative intensity
of the (π∗

1 ) band are very similar for both protonation states and even for the neutral oligo,
whereas the π∗

2 band is visibly influenced by protonation and protonation site. For A-N1
protonation, the energetic position and the width of the π∗

2 band resemble the experimental
data rather closely, whereas for G-N7 protonation, the π∗

1 -π∗
2 splitting is slightly too large and

the π∗
2 is significantly too narrow. This is in line with the fact that our calculations find the

A-N1 protonated structure energetically favored by about 0.03 eV, in contrast to the energetic
ordering of the proton affinities of the isolated nucleobases, which suggest G-N7 being favored
(see fig. 3.1).

A deeper look into connection between photoabsorption site and fragmentation channel
can be obtained by zooming into the π1 and π2 bands of the experimental data (fig. 3.5) and
by inspecting the actual transitions that contribute to the π∗

1,2 bands. Fig. 3.2 shows that the π∗
1

band only has transitions from A-sites (G-N7 protonation) or from A and G-sites (A-N1 proto-
nation). In the latter case, the A-contribution still is about twice the G-contribution, so theory
shows that in any case π∗

1 -band excitations predominantly occur on the A moiety. However,
experimentally the relative intensity of the π∗

1 -band is highest for G+ and [G+H]+ fragments.
(The yields for FU related fragments are generally smaller due to the high ionization potential
of this nucleobase, but even though in the π∗

1 energy range, no N-1s absorption is possible
on the FU moiety, both FU+ and [FU+H]+] have comparable intensities for π∗

1 and π∗
2 (see

fig. 3.4).) Fig. 3.5 also displays the difference [G+H]+-[A+H]+ (top) and G+-A+ (bottom). For
the π1 band, the difference spectra both peak at 399.5 eV, as do the [G+H]+, [A+H]+, G+ and
A+ peaks, i.e. the peaks merely differ in intensity. The same is true for the π2 band and the
G+ and A+ peaks. It is however clear that in the [G+H]+ spectrum, the π2 band is markedly
shifted to lower photon energies. A look at the difference spectrum shows that this is due to
transitions at 401.1 eV, 0.6 eV below the 401.7 eV center of the π2 band.

Fig. 3.2 reveals that transitions on the A moiety contribute most in this energy range. Soft
X-ray photofragmentation of protonated 5’-d(FUAG) cations thus shows a non-intuitive site-
sensitivity: Yields of fragments directly related to the absorption site appear reduced. This
could be explained in a model of competing fragmentation processes: glycosidic bond cleav-
age leading to the observed fragments necessarily is a relatively slow process, as it involves
motion of a high-mass fragment as well as hydrogen transfer to the nucleobase. It is very likely
that a large fraction of the photo-excitation energy has distributed over the entire molecule,
before glycosidic bond cleavage is completed. However, in the photofragmentation spectra
we also observe small peaks due to nucleobase fragmentation products. It is very likely that
nucleobase fragmentation is a faster process that occurs before the energy has equilibrated.
As a consequence, the yield of (intact) nucleobase fragments appears reduced for the X-ray
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Figure 3.4: Top panel: Experimental N K-edge X-ray absorption spectra for [d(FUAG)+H]+

for the fragments [G+H]+, [A+H]+ and [FU+H]+ (top panel) and for G+, A+ FU+ (middle
panel). The intensities are relative to the non-resonant intensity just below the N K-edge.
Bottom panel: Theoretical data from fig. 3.2, convoluted with the experimentally observed
resolution (0.5 eV) for the neutral oligo as well as for A-N1 and G-N7 protonation. Note, that
the axis of the theoretical data is shifted with respect to the experimental data by -0.65 eV.

absorbing nucleobase. This is in agreement with the thymidine xuv photoionization experi-
ments of Mansson et al. who found lifetimes of about 200 fs for the glycosidic bond cleavage
channel, but substantially shorter lifetimes of several 10 fs for the formation of small fragments
[29].
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Figure 3.5: Zoom into the region of the π1 and π2 bands from the two top panels in fig. 3.4.
Only the data [G+H]+ and [A+H]+ (top) and for G+ and A+ is shown. The black line shows
the difference between the two spectra.

Only for EX > 407 eV, the yields for FU+ and [FU+H]+ are increasing to a similar relative
intensity that is observed for A and G. In this energy range, direct N 1s ionization becomes
the dominating channel, leading to removal of an additional electron. Coulomb repulsion of
the charges increases the probability of finding the 3’-terminal FU positively charged.

3.5 Conclusion

In conclusion, we have shown that the combination of TDDFT calcuations using a short-range
exchange correlation functional and high-resolution soft X-ray spectroscopy allows for a de-
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tailed understanding of the soft X-ray spectral features. Careful choice of the photon energy
allows for well-localized photoexcitation, that appear to induce an increase of fast fragmenta-
tion in the absorbing nucleobase. Protonation leads to dramatic changes for the transisitions
from the respective N atoms but the influence on the entire soft X-ray absorption spectrum
is only moderate.As an outlook, the single F atom on the high IP terminal of the system will
allow for localized F 1s excitation that can serve as a basis for soft X-ray pump-probe studies
on charge migration and energy transport in oligonucleotides.
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Chapter 4

Intramolecular hydrogen transfer
in DNA induced by site-selected resonant core
excitation

Abstract

We present experimental evidence for soft X-ray induced intramolecular hydrogen trans-
fer in the protonated synthetic tri-oligonucleotide d(FUAG) in the gas-phase. The trinu-
cleotide cations were stored in a cryogenic ion trap and exposed to monochromatic syn-
chrotron radiation. Photoionization and photofragmentation product ion yields were
recorded as a function of photon energy. Predominanly glycosidic bond cleavage lead-
ing to formation of nucleobase-related fragments is observed. In most cases, glycosidic
bond cleavage is accompanied by single or double hydrogen transfer.

The combination of absorption-site-sensitive soft X-ray spectroscopy with fragment spe-
cific mass spectrometry allows to directly relate X-ray absorption site and fragmentation
site. We observe pronounced resonant features in the competition between single and
double hydrogen transfer towards nucleobases. A direct comparison of experimental data
with time-dependent density functional theory calculations, using short range corrected
hybrid functionals, reveal that these hydrogen transfer processes are very universal and
not limited to population of particular excited states localized at the nucleobases. Instead,
hydrogen transfer can occur upon X-ray absorption in any nucleobase and in the DNA
backbone. Resonances seem to occur because of site-selective suppression of hydrogen
transfer channels.

Furthermore, non-covalent interactions of the optimized ground state geometries were
investigated to identify intramolecular hydrogen bonds along which hydrogen transfer is
most likely.

Published: Wang, X., Rathnachalam, S., Bijlsma, K., Li,W., Hoekstra, R., Kubin, M., Timm, M.,
Von Issendorff, B., Zamudio-Bayer, V., Lau, T., Faraji, S., Schlathölter, T., Physical Chemistry
Chemical Physics 24, 7815 (2022)
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4.1 Introduction

Hydrogen bonding, one of the most important weak molecular interactions in nature, plays
key roles for structure and dynamics of biomolecules such as proteins [1] and DNA [2]. Hy-
drogen bonds (H bonds) are for instance responsible for the secondary structure of proteins
and DNA, with the DNA double helix being the most iconic example. H bonding is also one
of the fundamental interactions in structural DNA nanotechnology [3]. Because of their role
in DNA structure, H bonds are often involved in dynamic processes. For instance, hydrogen
transfer along intermolecular [4] or intramolecular [5] hydrogen bonds is an efficient way of
energetic relaxation in DNA.

It is a well established fact that ππ∗ UV excitation of free nucleobases leads to population
of excited states with very short intrinsic lifetimes ranging from sub-picosecond to several pi-
coseconds [6]. For instance, the de-excitation of cytosine can proceed radiationless on subpi-
cosecond timescales via two consecutive conical intersections between the ππ∗ and nπ∗ states
and the nπ∗ state and the ground state (S0) [7]. Such rapid decays can protect nucleobases
from UV-induced radiation damage. Perun, Sobolewski and Domcke have theoretically in-
vestigated ultrafast radiationless decay in isolated adenine and identified similar 2-step pro-
cesses, with the nπ∗ transition to the ground state proceeding via out of plane deformations of
the 6-membered ring [8]. This process appeared to be very sensitive to nucleobase bonding in
DNA. Subsequent experiments indicated that for instance gas-phase adenosine has a signifi-
cantly shorter excited-state lifetime as compared to adenine [9]. Ab initio calculations revealed
that the femtosecond excited-state lifetime in adenosine is due to a barrierless excited-state
deactivation mechanism, which involves proton transfer along the intramolecular O-H · · ·N3
hydrogen bond between sugar and nucleobased through a conical intersection [4]. Deexcita-
tion mechanisms involving hydrogen transfer were also found for aminopyridine clusters,
serving as model systems for Watson-Crick pairing in DNA [5]: Here, hydrogen transfer
between two hydrogen-bonded aminopyridine rings proceeds by ultrafast internal conver-
sion via a conical intersection which connects the electronic ground state and the excited ππ∗

charge transfer state.

As compared to UV excitation, inner shell excitation and ionization processes in DNA
have received much less interest, despite their fundamental relevance for biological radiation
damage. Therapeutic X-rays as well as fast ions used in radiotherapy efficiently induce inner
shell excitations, either directly in DNA or in surrounding water molecules. The resulting
inner-shell vacancies are typically filled by Auger processes, leading to emission of energetic
electrons which are of high relevance for radiation damage [10]. In contrast to nucleobase ππ∗

or nπ∗ UV-excitation, resonant soft X-ray absorption in e.g. nucleobases implies 1s electron
excitation to unoccupied valence orbitals (π∗). Only subsequently, in an Auger-type decay
process, one valence electron de-excites to fill the 1s vacancy while another valence electron
is emitted. In most cases, the subsequent Auger decay will thus result in a doubly or even
higher excited electronic configuration.

First X-ray absorption experiments [11] on the doubly protonated gas-phase oligonu-
cleotide [dGCAT+2H]2+ found glycosidic bond-cleavage leading to formation of nucleobase
ions (B+) and protonated nucleobase ions (BH+) as the main fragments. Glycosidic bond scis-
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sion in a non-protonated oligonucleotide would in the first place produce (B-H) fragments. As
a consequence, in ref [11] the B+ fragment was ascribed to originate from a protonated nucle-
obase and the BH+ fragment would originate from a protonated nucleobase acting as an ac-
ceptor in a H transfer process. More recent experiments have challenged this interpretation, as
even in deprotonated gas-phase oligonucleotides, soft X-ray absorption predominantly pro-
duces B+ and BH+ fragments [10]. This finding suggests that B+ fragments can originate
from non-protonated sites and their formation then normally involves single H transfer, while
B+H+ formation even requires double H transfer. To elucidate the underlying processes it is a
straightforward strategy to measure the relative strength of single and double H-transfer pro-
cesses in glycosidic bond-cleavage processes as a function of photon energy at all inner-shell
absorption edges. The inner-shell edges of the elements constituting DNA are energetically
well separated, which allows to selectively target inner shells in an element specific way. Fur-
thermore, for a given element the inner-shell binding energies depend on the chemical envi-
ronment. Resonant soft X-ray absorption is therefore sensitive to the local electronic structure.
In a recent study, we have utilized soft X-ray spectroscopy at the N K-edge to investigate the
influence of the protonation site on the electronic structure of protonated [dFUAG+H]+ at the
nitrogen K-edge [12].

In this work, we investigate [dFUAG+H]+ photofragmentation at the C, N, O and F K-
edges. By means of near-edge soft X-ray absorption mass spectrometry (NEXAMS) spec-
troscopy [13, 14] partial ion yields of nucleobase fragments are determined. We do not focus
on the photoabsorption process itself, but on the hydrogenation stages of the fragments to
study H transfer and its enhancement or reduction by element and site-selective resonant soft
X-ray absorption. The experimental quantity of interest will therefore be the relative intensity
of BH+ with respect to B+.

4.2 Experiment
Two types of soft X-ray experiments were conducted to investigate DNA photofragmentation
and photoabsorption in the gas phase. For both experiments, the modified single-stranded
trinucleotides were purchased from LGC Biosearch Technologies. A 20 µM oligo solution
in HPLC methanol was used. For 1mL solution, 20 µL acetic acid was added to facilitate
protonation. The oligonucleotide cations were transferred from solution to the gas phase by
means of electrospray ionization (ESI). Singly protonated [d(FUAG)+H]+ was then selected
by a quadrupole mass filter and guided to a radiofrequency (RF) ion trap. The stored oligonu-
cleotide cations were then exposed to monochromatic soft X-rays. Eventually, the trap content
was extracted into a reflectron-type time-of-flight mass spectrometer.

In the first type of experiments, a home-built tandem mass spectrometer [15, 16] was inter-
faced with the U49/2-PGM1 beamline [17] of the BESSY II synchrotron (Helmholtz Zentrum
Berlin, Germany). The mass-selected cations were trapped in a classical Paul trap and cooled
down to room temperature by collisions with a pulse of helium buffer gas. The trapped pro-
tonated oligonucleotides where then exposed to monochromatic X-rays for a well-defined
exposure time without buffer gas. After photoexposure, all positive ions in the trap were ex-
tracted into a high resolution ( M

∆M
≈ 2800) time of flight (TOF) spectrometer. High resolution
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mass spectra were recorded for a number of well-defined X-ray energies. This experimental
approach is optimized for high mass resolution and does not suppress fragmentation on long
time scales.

The actual NEXAFS experiments were conducted with the ion trap apparatus [18–20],
which is a fixed end-station at the high-resolution soft X-ray beamline UE52-PGM of the
BESSY II synchrotron radiation facility. Here, oligonucleotide cation were accumulated in
a cryogenic (T≈20 K) linear RF trap. An action-spectroscopy approach was employed for de-
termination of the soft X-ray photoabsorption cross sections, i.e. the photon energy EX was
ramped in small steps across the carbon, nitrogen, oxygen, and fluorine K-edge. For each EX ,
the trapped protonated oligonucleotides were exposed to monochromatic (∆E≈100 meV) soft
X-rays and the entire trap content including the photo-products was extracted into a TOF
mass spectrometer. The relative ion yields for the different photofragments as a function of
EX were then determined from the mass spectra. The much larger trapping volume of this
apparatus allows for faster acquisition and is ideally suited for high resolution spectroscopy,
requiring acquisition of hundreds of mass spectra per NEXAMS scan.

4.3 Calculations

The ground-state molecular structures in the gas phase were optimized using density func-
tional theory (DFT) at the ωB97X-D/cc-pVDZ level. The minimum structure was confirmed
by a Hessian calculation. The core-excitations were then computed using time-dependent
DFT (TD-DFT) with Tamm-Dancoff approximation [21]. Calculations were performed with
restricted single excitation subspace that involved excitation only from the 1s orbital of a sin-
gle atom at a time. The short-range exchange correlation functional SRC2-R1 [22, 23] with the
parameters CSHF = 0.55, µSR = 0.69a−1

0 , CLHF = 0.08 and µLR = 1.02a−1
0 in combintation

with a cc-pVDZ basis set was employed.
In this work, we computed the oscillator strenghts of 1s-excitations for C, N, O, and F

atoms. Furthermore, starting from the optimized ground state equilibrium geometry of the
d(FUAG)+ we determined the reduced density gradient for the system. Non-covalent inter-
actions (NCI) were then visualized as isosurfaces of the reduced density gradient using the
NCIPLOT method [24, 25] and the Visual Molecular Dynamics software package [26]. All
computations were done using the Q-Chem 5.1 quantum chemistry package [27].

4.4 Results

Fig. 4.1 shows a carbon K-edge mass spectrum of the soft X-ray photofragments of [d(FUAG)+H]+

for EX=297.5 eV at room temperature. Fragment ions with masses below 115 Da are not
trapped under the experimental conditions of this study. Yields of fragments with m/z larger
than 230 are very low at this photon energy. It is obvious that A+ , [A+H]+, G+ and [G+H]+

fragments dominate the mass spectrum (In the following, we will often refer to B+ as B and
BH+ as BH). Glycosidic bond cleavage is required for the generation of all these fragment
ions. However, as obvious from fig. 4.1, the fragment ion yields related to A, G, and FUH
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Figure 4.1: Soft X-ray photofragmentation mass spectrum of [d(FUAG)+H]+ (m/z=890) at
EX=297.5 eV (carbon K-edge). The inset shows the molecular structure of d(FUAG) with the
conventional atom numbering.

are very different, even though the nucleobases have identical abundances in the precursor
molecule. Adenine and guanine related fragments are significantly more intense than those
related to FUH. The ratios of B and BH are also very different: AH is much stronger than A
and also FUH is much stronger than FU, whereas G and GH are similar. The largest fragment
observable in fig. 4.1 is a commonly observed cyclic complex containing the five-membered
sugar ring and the adenine nucleobase [A+s]+ (m/z=216).

Many weak additional fragments can be observed, some of which are due to further dis-
sociation of the nucleobases. The fragmentation patterns are qualitatively similar in all soft
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X-ray mass spectra at the C, N, O, F K-edges.

4.4.1 Partial ion yield spectra

Figure 4.2: The two types of photoabsorption processes contributing to the experimentally
obtained partial ion yields at a given inner-shell absorption edge. Left: Non-resonant ioniza-
tion of a valence orbital (or a weaker bound core level). Right: Resonant inner-shell excitation
into unoccupied molecular orbitals followed by Auger decay. The Auger decay can involve
various combinations of valence electrons.

In the following, we report the yields of the main 6 photofragment ions B+ and BH+ as a
function of photon energy EX . We refer to these spectra as NEXAMS [13]) spectra. In the soft
X-ray range, valence photoabsorption cross-sections (and thus also partial photofragment ion
yields) decrease with increasing photon energy. At the C, N, O, F K-edges however, resonant
excitation and ionization of the respective inner shells leads to increasing photoabsorption
cross sections. For better comparison of the NEXAMS spectra, we normalize to the (continu-
ous) background signal which results from non-resonant photoionization of valence electrons
or weaker bound core electrons (see fig. 4.2). The normalized partial ion yield Y norm is ob-
tained from the raw partial ion yield Y as the following:

Y norm =
Y

b(EX)
(4.1)
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where
b(EX) = aE−3.5

X (4.2)

is a baseline function fitted to the pre-edge data of Y , which represents the background with
E−3.5

X being the common dependence of the cross section for valence photoionization on the
photon energy EX . a is a parameter defined by the pre-edge data. For each nucleobase B+, we
have Y norm

B , YB , and bB(EX); For each protonated nucleobase BH+, we have Y norm
BH , YBH ,

and bBH(EX). An example for the baseline determination of the spectra at F K-edge is shown
in the fig. 4.3, where the partial ion yields for A+ and AH+ are used as an example. For most
of the edges, the typical structure of NEXAMS spectra is observed: The low energy part of
the spectrum features resonances, which are due to inner-shell excitations into unoccupied
molecular orbitals (see figure 4.2), usually of π∗ character. At intermediate energies, higher
lying excited states are involved. A multitude of energetically close transitions makes them
difficult to assign. The high energy part is due to inner-shell ionizations into the continuum
and lacks resonant features.

Carbon K-edge

Fig. 4.4 shows experimental and theoretical photon absorption results at the C K-edge of
[d(FUAG)+H]+. Six resonant peaks at 286 eV, 286.7 eV, 287.2 eV, 288 eV, 288.8 eV and 289.45
eV can be identified in the partial ion yield spectra. The overall spectral appearance is quali-
tatively similar for all BH+ and B+ ions, though for FU+ and FUH+, the low intensities make
it more difficult to distinguish individual resonance peaks.

The corresponding TD-DFT oscillator strengths are shown in the bottom panel of fig. 4.4
as a stick spectrum. For better comparison to the experiment, the middle panel of fig. 4.4
shows the theoretical data convoluted with a Gaussian of full width half maximum (fwhm)
of 0.4 eV. This peak broadening reflects the fact that a given electronic transition can involve
a broad range of vibrational levels in the final state. The used fwhm gives good agreement to
the experimental data.

The convoluted TD-DFT absorption spectrum exhibits the same 6 maxima, labeled as aC

to fC , as found in the experimental data. The color code on the stick spectra reveals that
all transitions below about 290 eV are localized on the nucleobases which corresponds to the
first 4 peaks in the experimental data. Bands eC and fC both have mixed character and thus
contain contributions from transitions on nucleobases and backbone. we have selected six
transitions with high oscillator strength to represent each maximum. The absorption bands
aC to eC are localized and have π∗ character, while the fC band is of σ∗ character.

Nitrogen K-edge

The N K-edge NEXAMS nucleobase spectra of [d(FUAG)+H]+ are shown in the top panel of
fig. 4.5. This spectrum is dominated by two absorption bands at 399.5 eV and 401.5 eV. It is to
be noted that the ion spectra of A (AH) and G (GH) in fig. 4.5 have different relative intensities
at the two bands. The intensities for G and GH are higher in the first band than in the second
one, while for A and AH the intensities are quite similar.
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Figure 4.3: Normalization for AH+ and A+. Top panel: raw data and fitted baseline function
b (EX). Bottom panel: normalized data. The yellow area indicates the section of the spectrum
that features resonances.

The TD-DFT X-ray absorption spectrum shows the same two absorption bands, labeled
aN and bN . aN is solely due to 1s excitation of the imine N atoms (A-N7, A-N3 and G-N7)
in adenine and guanine. The imine A-N1 atom of adenine is the most likely protonation site
in [d(FUAG)+H]+. In A-N1 is protonated, its lowest energy transition contributes to the bN

band rather than the aN band [12]. Band bN is generally comprising transitions on amine
nitrogen atoms in all three nucleobases. The final states of the transitions contributing to both
bands aN and bN all have π∗ character and are localized on the nucleobases. This is discussed
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Figure 4.4: Top panel: Normalized Carbon K-edge partial ion yields Y norm for
[d(FUAG)+H]+ for nucleobase fragments (A+, G+ and FU+) and their singly protonated
counterparts (AH+, GH+, FUH+). Bottom panel: Stick spectrum of TD-DFT oscillator
strengths for C 1s transitions. Core excitations localized on the nucleobases are colored or-
ange, while core excitations on the backbone are colored green. 6 particular transitions are
labeled. Middle panel: TD-DFT absorption spectrum obtained by convoluting the stick spec-
trum with Gaussian functions of fwhm of 0.4 eV). The black curve is the sum spectrum of all
core transitions based either on the nucleobases (orange) or on the backbone (green).

in detail in ref [12].
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Figure 4.5: Top panel: Normalized ion yields of A+, G+, and FU+ and AH+, GH+, and
FUH+ following X ray absorption near the N K edge by [d(FUAG)+H]+. Bottom panel: Stick
spectrum of TD-DFT oscillator strengths for N 1s transitions. Middle panel: Convoluted TD-
DFT data (Gaussian fwhm=0.6 eV). Color codes as in fig. 4.4

Oxygen K-edge

The O K-edge NEXAMS spectra are shown in the top panel of fig. 4.6. This spectrum fea-
tures two relatively broad absorption bands at energies of 532.2 and 538 eV. Furthermore, a
weak band at an energy of 534.4 eV is observed. The TD-DFT X-ray absorption spectrum has
similar absorption bands as the experimental data. Band aO corresponding to the peak at
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Figure 4.6: Top panel: Normalized ion yields of A+, G+, and FU+ and AH+, GH+, and
FUH+ following X ray absorption near the O K edge by [d(FUAG)+H]+. Bottom panel: Stick
spectrum of TD-DFT oscillator strengths for O 1s transitions. Middle panel: Convoluted TD-
DFT data (Gaussian fwhm=0.4 eV). Color codes as in fig. 4.4

532.2 eV consists of 1s- π∗ transitions of the O atoms in FU and guanine. Band bO is based
on the backbone and is due to core transitions in the O2” and O4” atoms, which are double
bonded with P atoms in the phosphate group. The TD-DFT calculation shows that the broad
featureless high-energy part of the spectrum (above 535 eV) is mostly due to a large number
of energetically closely-spaced 1s excitations localized on backbone sugar-phosphate sites.
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Figure 4.7: Top panel: Top panel: Normalized ion yields of A+, G+, and FU+ and AH+, GH+,
and FUH+ following X ray absorption near the F K edge by [d(FUAG)+H]+. Bottom panel:
Stick spectrum of TD-DFT oscillator strengths for F 1s transitions. Middle panel: Convoluted
TD-DFT data (Gaussian fwhm=0.6 eV). Color codes as in fig. 4.4

Fluorine K-edge

Fig. 4.7 (top panel) shows the last of the K-edge NEXAMS spectra for [d(FUAG)+H]+, the ones
taken near the F K edge. Note that the entire molecule contains only a single F atom, located
in the halogenated nucleobase FU. Accordingly, the cross section for F 1s absorption is very
small as compared to C (29 atoms), O (16 atoms), and N (12 atoms). As a consequence, the F
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K-edge spectra have relatively low intensity above the pre-edge spectra, nevertheless a broad
peak at 689.6 eV is observed which can be ascribed to the FU-F5 transition. It is interesting to
note that this peak is only observed for nucleobase fragment ions other than FU+ and FUH+.
FU is a single-ring pyrimidine while the purines A and G consist of two rings. Therefore it is
possible that photoabsorption in FU is more prone to fragment the pyrimidine ring and as a
consequence to an absence of the fluorine resonance in the FU+ spectrum.

In the theoretical data (fig. 4.7 bottom panel) the stick spectrum shows that only a single
transition to the σ∗ orbital is dominating. In contrast to the strong lowest energy 1sπ∗ transi-
tions observed at the other edges, here the final σ∗ state is distributed not just over the excited
nucleobase but also over the entire sugar-phosphate backbone and it is energetically above
the π∗ states on A and G.

4.5 Discussion
The spectral shapes of background subtracted, normalized ion yields of nucleobase fragments
following soft X-ray photoabsorption by d(FUAG) are in excellent agreement with our TD-
DFT calculations. The overall shape of the partial ion yield spectra for all B+ and BH+ ions
are similar. However, in particular in the spectral regions of resonant absorption features there
are distinct differences in the peak intensities between nucleobase (B+) and protonated nucle-
obase (BH+) fragment ions. The photon energy dependence of relative differences in B+ and
BH+ may thus shed light on the processes that define the extent of H transfer accompanying
glycosidic bond cleavage induced by soft X-ray K shell excitation.

Important information for identification of different H transfer mechanisms can be drawn
from the site-selectivity (X-ray absorption in specific nucleobases versus absorption in the
backbone) of soft X-ray absorption at specific resonances. For photon energies near the C K
edge, 29 C atoms contribute to X-ray absorption of which 15 are backbone constituents and 14
are nucleobase constituents. As Fig. 4.4 shows the nucleobase C atoms (orange sticks/spectra
in the theoretical data) are primarily addressed at energies below 290 eV, while above 290 eV
photon absorption in backbone C atoms (green sticks/spectra in the theoretical data) dom-
inates. The situation for O is similar to the C case, with the exception that the two distinct
bands are observed. The band centered at 532 eV is due to nucleobase excitation and the
broader band at higher energy is dominated by backbone transitions (see fig. 4.6, same color
coding as for C). For both, N atoms and F atom, the situation is less complicated as both ele-
ments are solely found in the nucleobases, and photoabsorption near the N and F edges must
therefore be localized at the nucleobases.

For a better visualization of the enhancement or reduction of H transfer at element-specific
and site-specific soft-X-ray K-shell absorption resonances we introduce difference spectra for
the nucleobases. These spectra show the difference ∆(EX) in ion yield between protonated
and radical nucleobase ions BH+ and B+ as a function of X-ray energy.

4.5.1 Difference spectra

∆(EX) is defined as follows:
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Table 4.1: Pre-edge ratios (aBH/aB) of A, G, and FU for the C, N, O, and F K-edges.

K-edge aAH/aA aGH/aG aFUH/aFU

C 2.92 1.26 1.68
N 2.21 1.21 1.42
O 2.33 1.13 1.39
F 2.25 1.11 1.21

∆(EX) = Y norm
BH (EX)− Y norm

B (EX) (4.3a)

∝
(
1− bBH(EX)

bB(EX)

SB(EX)

SBH(EX)

)
(4.3b)

where Si(EX) is the total intensity on top of the non-resonant background (Si = (Y norm
i (EX)−

1)bi(EX)) with i being either B+ or BH+. The ∆(EX) spectra therefore start at zero in the pre
absorption edge region. The bBH(EX)/bB(EX) = aBH/aB is constant (see Eq. 4.2) and quan-
tifies the ratio of the pre-edge intensities of BH+ and B+.

Table 4.1 displays the pre-edge ratios aBH/aB for the K-edges of C, N, O, and F. These
ratios quantify the transfer of one or more H atoms during glycosidic bond cleavage triggered
by non-resonant soft X ray absorption involving valence electrons or weaker bound inner-shell
electrons. Lowest ratios of approximately 1.1 are found for G. Slightly higher (10-30%) values
are observed for FU. The pre edge ratios for A are about twice as high as the ones for G and FU.
Most likely, the ratios for A are systematically higher because A is the preferred protonation
site in [d(FUAG)+H]+ [12]. Therefore AH formation just requires single H transfer, while the
transfer of two atoms is needed to produce FUH and GH.

For soft X-ray photon energies ∆(EX) is positive, SBH(EX)/SB(EX) is larger than the
pre-edge ratio aBH/aB , i.e. H transfer to the nucleobase must be more efficient. Negative
∆(EX) values indicate less efficient H transfer.

The full set of ∆(EX) difference spectra at the C, N, O, and F K-edges is plotted in fig. 4.8.
Only at the C K-edge, ∆(EX) features negative values for photon energies above 294.7 eV
(photoionization regime). All other ∆(EX) spectra are positive with maxima located at the
photon energies matching the absorption resonances. The top panel for each K-edge displays
the convoluted TD-DFT data with the usual color coding (nucleobase transitions: orange,
backbone transitions: green). For the N K-edge, the TD-DFT data is shown for the individual
nucleobases.

The general conclusion from these findings is that resonant K-shell excitation of soft X-
rays promotes H transfer. In the following we will focus on a more detailed investigation
of the photoexcitation regime for the nucleobases adenine and guanine. Due to the single
absorption site, statistics for FU are insufficient for a meaningful analysis of the respective
data (see fig. 4.8. For adenine and guanine the trends observed in the difference spectra can
be summarized as follows:
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Figure 4.8: Difference spectra ∆(EX) at the K-edges of a) C, b) N, c) O, and d) F. The vertical
dotted gray lines indicate the resonant photon absorption maxima observed in figs. 4.4,4.5, 4.6
and 4.7. Color codes as in fig. 4.4 (a, c, d). In b) nucleobases are shown separately.
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Adenine: For A, the ∆A(EX) spectra qualitatively agree with the respective partial ion
yield spectra for all K-edges, i.e. the X-ray induced facilitation of H transfer is not site specific
and is observed for nucleobase and backbone absorption.

Guanine: For G, ∆G(EX) shows a clear site-dependence. At the C K-edge, nucleobase
absorption has almost no effect on H transfer, whereas backbone absorption does. At the N
K-edge, both low energy resonances are reduced to their low-energy flank which is caused
by absorption on the A nucleobase (see TD-DFT data in the top panel). At the O K-edge, the
nucleobase resonance at 532 eV is almost absent (note, that only G and FU feature O atoms),
whereas the backbone feature at higher energies is similar to the A case. The observed ∆(EX)

trends are summarized in tab. 4.2, where the upwards arrows mark an increasing ratio while
the ” -” indicates no change in intensity.

Table 4.2: Classification of ∆(EX) for resonant photoexcitation on different parts of the
[d(FUAG)+H]+ molecule. The upwards arrows mark an increasing ratio while the ” -” in-
dicates no change in intensity.

site AH+/A+ GH+/G+

A ↑ ↑
G ↑ −

FU ↑ ↑
backbone ↑ ↑

4.5.2 Hydrogen transfer pathways in glycosidic bond cleavage
In the last section we demonstrated clear evidence for a direct effect of resonant X-ray ab-
sorption on H-transfer accompanying glycosidic bond cleavage (see fig. 4.8). Interestingly, [B-
H]+ fragments resulting from photoionization of non-protonated bases without subsequent
H-transfer are very much absent in the spectra, i.e. glycosidic bond cleavage without H trans-
fer is very unlikely, at least for nucleobases which were not initially protonated. The only
observed channel that does not involve H-transfer is formation of B+ from an initially proto-
nated nucleobase, most likely A. We therefore limit this discussion to the pathways yielding
B+ and BH+ with a focus on the absorption site-dependent enhancement of BH+ formation.

For light atoms such as C, N and O, K-shell vacancies as induced by X-ray absorption are
predominantly filled non-radiatively by Auger decay (see fig. 4.2, right panel). As the Auger
decay process is localized at the site of the K-vacancy and leads to an ionization at this site,
in the following we will refer to inner-shell photoexcitation plus Auger decay as X-ray pho-
toionization. The process can be classified according to the photoionization site into backbone
based ionization (BBI), neutral nucleobase ionization (NBI) or protonated nucleobase ioniza-
tion (PBI) (see fig. 4.9a).

The intermediate [d(FUAG)+H]2+ resulting from photoionization can leave nucleobases
uncharged, singly charged and doubly charged (see Fig. 4.9b). The resulting charge distribu-
tion is unlikely to have be energetically favorable. PBI will even lead to two positive charges
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Figure 4.9: Schematics of the pathways leading to B+ or BH+ fragments after soft-X-ray K-
shell excitation and subsequent Auger decay in [d(FUAG)+H]+. a) Sketch of the three differ-
ent photoionization sites: neutral base ionization (NBI), protonated base ionization (PBI) and
backbone ionization (BBI). b) Nucleobase charge after photoionizaton for the three sites. c)
Nucleobase charges after charge equilibration and required H transfer processes for forma-
tion of B+ or BH+. In a) and b), the ”+”-sign indicates the existing charge due to protonation,
in c) it indicates a positive charge in general.

localized on a single nucleobase. It is likely that charge migration and relaxation proceeds on
shorter timescales as compared to fragmentation. Glycosidic bond cleavage will then occur
as a subsequent step, involving either a neutral nucleobase, a singly ionized nucleobase or
a protonated nucleobase. Fig. 4.9c shows the H transfer process(es) that are required for the
formation of B+ and BH+ fragments for the three different cases.

Cleavage of the glycosidic bond between sugar and nucleobase is one of the most common
dissociation processes in oligonucleotides. Wu et al. have recently studied glycosidic bond
cleavage in in N7-protonated deoxyguanosine and deoxyguanosinemonophosphate and in
N1-protonated deoxyadenosine and adenenosinemonophosphate [28] using collision-induced
dissociation (CID) and and DFT. They observed a multi-step dissociation process, where bond
scission is accompanied by nucleobase rotation and transfer of the deoxyribose 2’ H atom to
the G-N9 or to the A-N9 site, respectively occuring before the actual cleavage process. For the
case of [d(FUAG)+H]+, this explains that with A being the most likely protonation site, the A
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pre-edge ratio aAH/aA is systematically higher than the pre-edge ratios for the other two nu-
cleobases (see table 4.1). We therefore consider glycosidic bond cleavage accompanied by H-
transfer from the sugar (i.e. from the backbone) the generic H transfer process for the system
under study (H transfer process I). H transfer can also occur along intramolecular H bonds.
This process has been intensively studied as a potential efficient ultrafast decay channel in
excited nucleosides. For example, It has been shown that excited state lifetimes of nucleosides
are significantly shorter than those of the respective isolated nucleobases [4, 8]. In both sys-
tems electronic excitations decay radiationless and this decay typically proceeds via a conical
intersection between the low-lying excited states and the ground state. The short lifetime for
the nucleoside was attributed to hydrogen transfer processes along the nucleobase-sugar hy-
drogen bonds. We will show in the following, that H transfer along intramolecular hydrogen
bonds (H transfer process II) very likely is responsible for the pronounced dependence of H
transfer on X-ray photon energy.

Note that H atoms could also be transferred from one nucleobase to another. In the follow-
ing, however, we focus on H from the sugar-phosphate backbone, where the nucleobase acts
as H acceptor, and the backbone as H donor. The bottom panel of fig. 4.2 gives examples for
H and proton transfer processes accompanying glycosidic bond cleavage, that can lead to the
observed B+ and BH+ cations from a neutral, singly positive and doubly positive/protonated
nucleobase moiety.

A first step for a deeper investigation of H transfer along intramolecular H bonds is the
identification of such bonds in [d(FUAG)+H]+. In our previous work [12], we have already
theoretically studied d(FUAG) as a neutral system as well as in A-N1 protonated and in G-N7
protonated form. Non-covalent interactions (NCI) are characterized by a combination of large
electron density gradient at low electron density. As a consequence, the quotient of density
gradient and density, i.e. the reduced density gradient, becomes large in NCI regions [24].
Fig. 4.10a shows the reduced density gradient for A-N1 protonated d(FUAG)+ in the form of
isosurface (0.5 a.u.). The most prominent NCI is the strong NCI due to π-stacking of A and
G. However, a close inspection of the more subtle features of fig. 4.10a reveals four localized
H bonds between nucleobase and backbone (see arrows), which are present in the neutral
molecule as well as for both protonation sites. The three most obvious hydrogen acceptors
that can be identified in the nucleobases are FU-O2, A-N3 and G-N3. Interestingly, G also has
a H bond donor site at G-N2, which binds to the O4” in the phosphate group.

Fig. 4.10b shows a sketch of the proposed soft X-ray absorption induced scenario. 1s pho-
toexcitation (e.g. to a π∗ orbital) leads to formation of a core excited d(FUAG)+ 1sπ∗ or 1sσ∗.
The induced K-shell vacancy has a typical lifetime of few femtoseconds only [29] and will pre-
dominantly be filled by an Auger decay. The intermediate state formed by this Auger decay
is usually a multiply-excited dication state, with two valence holes and an electron in the π∗

orbital. This is different from e.g. UV photoexcitation, which leads to singly excited states
(e.g. ππ∗ or πσ∗) and no ionization. In a last step, the multiply excited dication further decays
to the ground state and this process is accompanied by H transfer along an H bond. Glyco-
sidic bond cleaveage is occuring when the H transfer is complete, implying that the H transfer
process needs to be very fast.

Without detecting of the emitted Auger electron, the Auger decay can involve any combi-
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nation of valence electrons and accordingly it can lead to a multitude of multiply excited states
[30]. However, the experimental data suggests that H transfer is a very general phenomenon.
This suggests that H transfer is part of the de-excitation pathway for most intermediate mul-
tiply excited configurations. The H transfer could possibly be due to radiationless rearrange-
ment processes proceeding via conical intersections, as those observed for nucleobases and
nucleotides previously [8, 9].

How does the observed absorption site dependence fit to this scenario? From fig. 4.8
we have already concluded that H-transfer to adenine pretty much agrees with the partial
ion yield spectra for all 4 absorption edges under study. This implies that X-ray absorption
unspecifically facilitates H transfer to A. For G we observed a strong selectivity: H transfer to
G is only facilitated when absorption is not occurring on the G. In our previous publication we
have already shown that partial ion yields for G+ and GH+ are reduced for photoabsorption
on G [12]. We have explained this observation by fast fragmentation of the photoexcited G,
before the excitation energy can be distributed over the entire molecule. The inverse site effect
on H transfer shows that for those G moieties not destroyed by direct photoabsorption, the
photoabsorption process hampers H-transfer to the base, possibly because of faster glycosidic
bond cleavage. The reason why this effect is unobserved for A could lie in the fact that A is the
pronounced protonation site and formation of AH+ just requires single H transfer, whereas
formation of GH+ requires double H transfer.

4.6 Conclusion
In this chapter, we have investigated the influence of resonant soft X-ray absorption near the
K-edges of C, N, O and F on H transfer towards the nucleobases. Photoinduced glycosidic
bond cleavage was found to always lead to formation of B+ or BH+ fragment ions, even
though mere bond scission would lead to formation of (B-H)+. H transfer towards the nucle-
obases is thus a very fundamental phenomenon. By investigation of the ratio between BH+

yields and B+ yields as a function of photon energy, we have quantified the influence of soft
X-ray photon energy on the H transfer process. For A, we do not observe a pronounced site
sensitivity and the probability for H transfer depends on X-ray energy in the same way the
partial ion yield of A+ does. For G on the other hand, H transfer appears to be quenched for
soft X-ray absorption on the G-moiety. Possibly, for direct ionization of the G nucleobase, due
to the high excitation energy glycosidic bond cleavage is completed before H-transfer is.

The actual H transfer process is difficult to disentangle in this experiment, as inner-shell
excitation of the precursor cation is quickly followed by an Auger decay that leads to a dica-
tion that can be in a multitude of different multiply excited states. It is striking that despite the
large variety in intermediate excited states, H transfer is such a robust feature that for A does
not even depend on the absorption site and final state. For UV photoexcitation of nucleobases
and nucleotides, it has previously been found that de-excitation often proceeds radiationless
and ultrafast via a conical intersection to a H transfer state [4]. It is feasible that also in reso-
nant soft X-ray excitation, similar ultrafast H-transfer processes are at play and we have used
TD-DFT to identify the intramolecular H bonds, along which such transfer could proceed. For
a deeper understanding of the underlying dynamics, future studies with coincident detection
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of the Auger electrons and/or time-resolved studies would be very helpful.
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Figure 4.10: (a) NCI analysis of [d(FUAG)+H]+. Rotate the top structure by 180 degree to
get the bottom structure. The NCI surfaces correspond to s=0.5 au and a color scale of -0.03
<ρ< 0.03 au. The four nucleobases related hydrogen bonds are found. The bond lengths are
indicated. (b) Multistep-scenario for ionization and H transfer along H bonds.
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4.7 Supplementary Information

Table 4.3: Transition analysis at the carbon K-edge. Excitation energies are given in eV. f is the
oscillator strength and L is the lowest unoccupied molecular orbital (LUMO). Only transitions
with the high amplitudes are given.

excitation center excitation energy (f) transition (amplitude)
FU − C6 287.01 (0.059) 1s → L+2 (0.97)
A− C5 287.17 (0.033) 1s → L+1 (0.91)
A− C8 287.36 (0.06) 1s → L+1 (0.61)
A− C2 287.53 (0.07) 1s → L+1 (0.94)
A− C4 287.61 (0.056) 1s → L+0 (0.87)
G− C8 287.65 (0.052) 1s → L+6 (0.63)
G− C4 287.9 (0.051) 1s → L+3 (0.63)
FU − C5 288.11 (0.04) 1s → L+2 (0.92)
A− C6 288.32 (0.073) 1s → L+0 (0.94)
FU − C4 288.48 (0.062) 1s → L+2 (0.88)
G− C6 288.56 (0.067) 1s → L+3 (0.83)
G− C2 289.13 (0.078) 1s → L+6 (0.83)
G− C5′ 289.71 (0.05) 1s → L+11 (0.58)
FU − C2 289.72 (0.082) 1s → L+5 (0.95)
A− C5′ 289.91 (0.048) 1s → L+7 (0.77)
FU − C3′ 289.97 (0.056) 1s → L+7 (0.7)
A− C4′ 290.45 (0.043) 1s → L+13 (0.59)
A− C3′ 290.47 (0.033) 1s → L+11 (0.46)
FU − C4′ 290.48 (0.048) 1s → L+12 (0.34)
FU − C6 290.7 (0.028) 1s → L+12 (0.84)
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Table 4.4: Transition analysis at the nitrogen K-edge. Excitation energies are given in eV.
f is the oscillator strength and L is the lowest unoccupied molecular orbital (LUMO). Only
transitions with the high amplitudes are given.

excitation center excitation energy (f) transition (amplitude)
A−N7 400.11 (0.042) 1s → L+0 (0.77)
A−N3 400.19 (0.046) 1s → L+1 (0.81)
G−N7 400.22 (0.044) 1s → L+3 (0.62)
G−N3 400.96 (0.033) 1s → L+3 (0.6)
A−N6 401.91 (0.02) 1s → L+0 (0.97)
G−N2 401.98 (0.018) 1s → L+6 (0.89)
FU −N3 402.19 (0.021) 1s → L+2 (0.94)
A−N9 402.34 (0.029) 1s → L+1 (0.77)
A−N1 402.58 (0.031) 1s → L+0 (0.86)
G−N1 402.72 (0.022) 1s → L+3 (0.79)
G−N9 402.86 (0.032) 1s → L+6 (0.86)
FU −N1 402.9 (0.019) 1s → L+2 (0.93)
A−N6 404.63 (0.015) 1s → L+8 (0.87)
G−N1 404.67 (0.027) 1s → L+14 (0.84)
FU −N3 405.36 (0.024) 1s → L+24 (0.46)
A−N1 405.43 (0.027) 1s → L+8 (0.81)
A−N6 405.47 (0.028) 1s → L+10 (0.6)
FU −N1 406.5 (0.018) 1s → L+15 (0.54)
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Table 4.5: Transition analysis at the oxygen K-edge. Excitation energies are given in eV. f is the
oscillator strength and L is the lowest unoccupied molecular orbital (LUMO). Only transitions
with the high amplitudes are given.

excitation center excitation energy (f) transition (amplitude)
FU −O4 531.61 (0.038) 1s → L+2 (0.9)
G−O6 532.15 (0.027) 1s → L+3 (0.72)
FU −O2 532.91 (0.033) 1s → L+5 (0.95)

O4′′ 534.37 (0.018) 1s → L+11 (0.59)
O2′′ 534.7 (0.024) 1s → L+7 (0.86)

A−O4′ 536.66 (0.028) 1s → L+13 (0.53)
FU −O4′ 537.06 (0.028) 1s → L+16 (0.34)
A−O5′ 537.24 (0.039) 1s → L+13 (0.7)
FU −O3′ 537.25 (0.036) 1s → L+12 (0.47)

O1′′ 537.29 (0.043) 1s → L+17 (0.51)
G−O5′ 537.45 (0.032) 1s → L+9 (0.34)
FU −O4′ 537.68 (0.027) 1s → L+20 (0.24)

Table 4.6: Transition analysis at the fluorine K-edge. Excitation energies are given in eV.
f is the oscillator strength and L is the lowest unoccupied molecular orbital (LUMO). Only
transitions with the high amplitudes are given.

excitation center excitation energy (f) transition (amplitude)
FU − F5 688.9 (0.035) 1s → L+12 (0.57)
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Figure 4.11: Canonical orbitals for the most relevant excited states with isosurface of 0.05 au.
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Chapter 5

Ionization and fragmentation of DNA
monomer and G-quadruplex ions investigated
by ultrafast laser pulses

Abstract

DNA single strands rich in guanine self-assemble into G-quadruplexes (G4s), which are
common for instance in telomeric DNA [1, 2]. G-quadruplex formation and unfolding
plays a key role in aging and cancerogenesis. We started first exploratory investigations
to study unfolding of intermolecular G-quadruplex DNA in the gas-phase and on fem-
tosecond time-scales, using a FEL-pump - NIR-probe approach. By using high-resolution
mass spectrometry, we identify very short lived intermediates which might be used as
probes of G-quadruplex unfolding in unprecedented detail.
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5.1 Introduction

The role of guanine (G) rich DNA sequences, such as dTTAGGG (the repetitive sequence
of human telomere), dTGGGGT, and dTTGGGT is under investigation for many biological
processes, since these sequences are known to be an oxidation hot spot [3–5]. VUV photoab-
sorption in G-rich DNA sequences for instance leads to valence shell vacancies (holes) that
can be considered as an oxidative damage [6, 7]. G has the lowest ionization energy (IE)
among the four canonical bases (G, A, C, T: 8.26, 8.47, 8.89, 9.19 eV respectively) [8]. IEs
of G-repeat sequences decrease with increasing number of Gs, typically in the IE order of
G>GG>GGG>GGGG [9]. It is therefore energetically favorable for a VUV-induced hole to
transfer towards G moieties or if possible even to G repeats, where the hole subsequently re-
mains localized. The holes can either be localized on a single base or delocalized over several
bases [10–12]. Previous experimental and theoretical studies have shown that within a G re-
peat, the hole is more likely to be localized on the last 5’ G in the G repeat [13]. In any case,
the resulting oxidized G radical then has the potential to further develop into a DNA strand-
break. The dynamics of valence holes in DNA do not only play a key role in the development
of oxidative DNA damage but are the basis of many other processes in which charge trans-
port in DNA is involved, for instance in DNA-based molecular electronics. The π-stacking
between the nucleobases is of particular relevance in this context, as holes or electrons can
migrate through the stacked bases of the DNA double helix via coupling of the overlapping
π-orbitals [14–18].

Another important feature of G-rich strands is their ability to self-assemble into G-
quadruplexes (G4), consisting of stacked G-quartets of in-plane G bases, held together by
Hoogsteen hydrogen bonds [1]. Stacking of such quartets into a G4-arrangement requires
counter cations to stabilize the complex structure, such as K+, Na+ or NH+

4 [2]. G4s com-
monly exist in telomeric DNA which constitutes the end-caps of human chromosomes, pro-
tecting the genetic information during the cell division. G4s can be formed from one single-
stranded DNA, classified as intramolecular type, or formed from two to four strands leading
to intermolecular type. The wide variety of G4 topologies which depend on the sequences
plays an important role on G4-related biological functions [19].

The formation of G4 structures from single DNA strands as well as their unfolding are
thought to be pivotal for cancerogenesis and aging. The process of G4 folding from linear
DNA sequences can take hours to days and involves a variety of intermediate structures.
During the folding, the system goes through a series of well-defined intermediate structural
states of increasing stability until eventually the observed highly stable G4 structure emerges.
The cation association occurs along this process as it decreases the electrostatic repulsion [20].
In solution, UV melting of G4s is typically studied on timescales of minutes to hours [21].

Steinwand et al. [22] have studied photo-induced unfolding of a small model oligonu-
cleotide complex (oligoazobenzene foldamer) in solution by performing time-resolved exper-
iments and have been able to resolve time resolution on the order of 10 ps. The Gabelica group
has shown that telomeric DNA sequences retain their G4 structure when brought into the gas-
phase by means of electrospray ionization [23] and this structure was confirmed by means of
IR spectroscopy in combination with high resolution mass spectroscopy [24]. Recently, Marc-



5

5.2. The photoabsorption process 81

hand et al. have used ion mobility spectrometry to show that G4 folding involves long-lived
misfolded intermediates that persist on the timescale of many seconds.

In this chapter, we report the results of a series of photoabsorption experiments on gas-
phase oligonucleotides with photo-induction of a structural transformation in DNA monomers
and in G4s by using NIR fs laser and free-electron laser (FEL) ultrashort pulses. These exper-
iments aim at providing structural information on an atomistic level and to give access to
time-scales down to the fs range.

5.2 The photoabsorption process

5.2.1 Femtosecond near-infrared photoabsorption

In this chapter, the interaction of deprotonated oligonucleotide 6-mers such as dTTGGGT and
dTTGGTT with fs near-infrared pulses (λ = 800nm) is studied as a function of laser pulse
intensity, with a focus on photo-induced electron detachment and photofragmentation.

A thorough spectroscopy study on the interaction of UV photons with gas-phase depro-
tonated oligonucleotides has recently been published by Daly et al.. [25]. Their study focuses
on the homo-nucleobase 6-mer DNA strands dG6, dA6, dC6 and dT6 as well as on the G-
quadruplex (dTG4T)4 and combines action spectroscopy experiments with time-dependent
density function theory (TD-DFT) calculations of the photoabsorption spectrum. UV photoab-
sorption occurs in the nucleobase moieties in two broad absorption bands centered at 4.6-4.9
eV (band I) and at 6-6.4 eV (band II, the four nucleobases feature slightly shifted bands). Daly
and coworkers observe pronounced electron detachment upon single photon absorption for
G, A and T in band I. As the sum of adiabatic detachment energy and repulsive Coulomb
barrier for all bases is significantly lower than the excitation energy of band I, detachment
is tentatively assigned to population of an autoionizing state. It is interesting to note that al-
though the negative charge of the oligonucleotides is located initally on the phosphate groups,
electron detachment appears to occur on the nucleobases.

Fragmentation on the other hand can be the consequence of UV absorption in band I and
band II, after internal conversion of the electronic excitation energy into molecular vibrational
energy that is then thermalized by means of intramolecular vibrational energy redistribution
(IVR). A single UV photoabsorption is insufficient for fragmentation which is why this process
requires absorption of multiple UV photons. Internal conversion naturally competes with
deexcitation by photon emission.

The 800 nm (1.55 eV) photons used in our work are way below the onset of band I. Single
photon absorption is therefore expected to be a negligible process, but what about direct pho-
todetachment? The electron binding energies for the doubly deprotonated oligonucleotides
used in our study have not yet been experimentally determined. In the Daly paper, thresh-
old electron binding energies for triply deprotonated 6-mers as measured by photoelectron
spectrocopy were found to be dG6: ∼ 1.85 eV; dA6: ∼ 2.0 eV; dC6: ∼ 2.35 eV; dT6: ∼ 2.5 eV.
For doubly deprotonated 6-mers, the numbers will be even higher, implying that direct elec-
tron detachment with a single 800 nm photon is impossible. Instead, all the experimentally
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Figure 5.1: Schemes for UV photoexcitation and for resonant multiphoton NIR excication in
the oligonucleotide absorption bands I (a) and II (b). a) For excitation to band I, internal
conversion competes with autodetachment. b) For excitation to band II, autodetachment is
negligibe and mostly internal conversion occurs. For both bands, radiative deexcitation back
to the ground state is a competing process as well.

observed photoprocesses (electron detachment and fragmentation) discussed in this section
have to involve multi-photon processes.

As it is shown in fig. 5.1, Band I can be reached by resonant absorption of 3 NIR photons
(3 × 1.55 eV = 4.65 eV) and Band II can be reached by resonant absorption of 4 NIR photons
(4 × 1.55 eV = 6.2 eV). Variation of the fs laser pulse intensity allows to probe different inter-
action regimes: at low intensities, resonant 3 photon processes are unlikely and absorption is
quenched. At higher energies, resonant 3 and 4 photon process become possible. These will
manifest mostly in single electron detachment as the excitation energy from a single excita-
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tion to band I or band II is insufficient for fragmentation. At even higher intensities, multiple
3 or 4 photon processes become possible and multiple electron detachment and fragmentation
are expected. At the highest pulse intensities, tunneling ionization of valence electrons may
contribute.

5.2.2 Femtosecond vacuum ultraviolet photoabsorption

Figure 5.2: Schematic figure for DNA VUV photoabsorption leading to DNA excitation and
ionization.

UV photons with energy under 6 eV can not ionize or fragment DNA 6-mers by single-
photon absortion. VUV photons on the other hand can cause DNA excitation and valence ion-
ization [26]. In fig. 5.2, a DNA valence electron can be excited into unoccupied bound states
or directly ionized into the continuum by VUV photons. The VUV photoionization process
leaves behind a valence hole. Depending on the lifetime of this hole, it can migrate through
the molecule and manifest as oxidative damage at DNA sites that feature a low ionization po-
tential, usually the G moieties. Cauët has shown theoretically, that repetitive G sequences (as
used in this chapter) exhibit even lower ionization potentials [9]. In VUV photofragmentation
studies on G-rich deprotonated oligonucleotides, Li et al. have recently confirmed the special
role of G-repeats [27]. In their experiment, oligonucleotides were found to preferentially break
in the vicinity of a G-repeat.
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In this chapter, we have used VUV fs FEL pulses to investigate ionization and fragmenta-
tion of DNA monomers and G-quadruplexes. Due to the fs pulse-duration, the VUV absorp-
tion process can be used as a ”pump” process in pump-probe studies of the photofragmen-
tation process. In this chapter, the fs VUV pulse is used to trigger the unfolding of a G4 into
single strands. The ambitious goal of this chapter is to set the experimental scene to study the
dynamics of this process by conducting VUV-pump NIR-probe experiments and perform the
first experiments of this kind.

5.3 Experiment
Photoionization and photofragmentation experiments with fs near IR and VUV pulses were
performed using our home-built tandem mass spectrometer — Paultje [28, 29], see also in
chapter 2. Briefly, deprotonated oligonucleotide anions are produced by means of electro-
spray ionization. The ions are then phase-space compressed in a radiofrequency (RF) funnel,
bunched in a linear RF ion-guide/trap, mass selected by a quadrupole mass filter and even-
tually focused into a 3-dimensional RF ion trap. Trapping of a mass-selected oligonucleotide
anions bunch is facilitated by a synchronized pulse of He buffer gas that is entering the RF
trap through a bore in the ring electrode.

In the RF trap, the oligonucleotide anions can be exposed to the laser beams. For the ex-
periments presented in this chapter, both near-infrared femtosecond (NIR fs) laser pulses and
free-electron laser (FEL) pulses entered the trap through a bore in the ring-electrode and left
the trap through a bore on the opposite side of the electrode. Exposure time was regulated by
a mechanical shutter. Each trap-filling and photoexposure cycle ended by pulsed extraction of
the entire trap content (remaining precursor ions and photoproducts) into the reflectron mass
spectrometer, where the ions were detected by a double micro-channel plate (MCP) detector.
The effective potential of a ”classical” RF ion trap with ring electrode and hyperbolic end-caps
is independent on the sign of the ion charge, but with a given polarity of the extraction field,
either positive or negative ions are extracted into the TOF system. However, by switching
the voltage polarities for extraction field and reflectron voltages after acquisition of a mass
spectrum, both negative and positive photoproducts can be investigated sequentially, giving
more complete information about DNA fragmentation and ionization induced by absorption
of ultrafast laser pulses [30]. A more detailed description of the setup and sample preparation
is given in chapter 2.

5.3.1 NIR lasers

Two NIR fs lasers with the same wavelength of 800 nm (1.55 eV) were employed for the ex-
periments presented in this chapter. To map out suitable laser parameters for the FEL pump -
NIR probe experiment at the FLASH II facility, the apparatus was first interfaced with the Co-
herent Astrella Ti-sapphire NIR fs laser-system in the group of Markus Gühr at the University
of Potsdam.

A series of experiments are performed to study the laser intensity dependence of fragmen-
tation and ionization of DNA monomers and G-quadruplexes. The pump-probe experiments
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Figure 5.3: Time schemes of three advanced photon sources: Potsdam NIR (top), FLASH NIR
(middle) and FEL (bottom). The ∆t shows the delay of the pump (FEL) and probe laser (NIR).

for positive fragments of deprotonated DNA monomers are also conducted, where the laser is
split up into two identical laser beams both with the same intensity of 110 µJ. The time delay
between two pulses can be varied from 0 ps to 100 ps by means of a Michelson interferometer.
Table 5.1 lists the most relevant parameters of the Potsdam laser.

parameters NIR fs laser in Potsdam FLASH optical laser (FL24)
type Ti:Saphire OPCPA

wavelength (nm) 800 800 (tunable)
repetition rate (kHz) 1 100
pulse duration (fs) 47 41

spot size (µm) 103±5 249
pulse energy (µJ) < 600 < 200 (155 in the experiments)

Table 5.1: Nominal parameters of the NIR fs laser system in Potsdam and optical laser used in
FLASH II beamline FL24. OPCPA stands for optical parametrical chirped pulse amplification.
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The FLASH II in-house optical laser is based on optical parametrical chirped pulse am-
plification (OPCPA), giving higher flexibility in pulse properties than other conventional fs
lasers. The system is energy tunable at user request during the pump-probe experiments with
the same timing scheme as the FEL pulses. In our experiments, the laser is operated at a wave-
length of 800 nm. More parameters can be found in table 5.1. The NIR laser can be attenuated
by a combination of a λ/2 wave plate and a polarizer. By rotating the λ/2 wave plate, the
angle between the linear polarized laser and the polarizer can be varied, leading to a tunable
pulse energy with a maximum value of 200 µJ. However, comparison of the photofragmenta-
tion spectra obtained with the Potsdam laser and the FLASH II laser indicates that the actual
maximum pulse energy of the FLASH II laser must have been much lower than 200 µJ. The
pulse intensity was measured again after the beamtime, it turns out that the maximum pulse
energy was rather ∼ 155 µJ instead of 200 µJ. Besides, we have found double pulses in the
NIR beamline, approximately 6 ps apart from each other with roughly equal intensity. So the
maximum NIR pulse energy provided in the beamtime could be down to around 80 µJ, which
explains the weak photofragmentation mass spectra achieved by using FLASH II NIR laser.

5.3.2 FEL

The FLASH II FEL is working in Self-Amplified Spontaneous Emission mode (SASE) without
the need for an external input signal. The FL24 beamline is an open port variable micro-focus
beamline optimized for the ’water-window’ (2.3-4.3 nm) and operable over the full wave-
length range (3.5-90 nm) due to its variable-gap undulators. The beamline parameters used in
our experiments are given in table 5.2.

The FEL pulses are mainly used for monitoring the ultrafast fragmentation of G-quadruplexes
into monomers within the pump-probe experiments. However, in order to determine the ideal
FEL pulse properties for the pump-probe experiment, the dependence of oligonucleotide ion-
ization and fragmentation on FEL pulse energy is also studied. High FEL intensity can in-
crease the possibility of DNA multiphoton absorption, which is supposed to be minimized in
the pump-probe experiments. This is why the FEL beam intensity is lowered and set to 0.1µJ
in the pump-probe experiments.

5.4 Results

In order to set up a pump-probe experiment for the investigation of photoinduced G4 unfold-
ing, it is important to identity a suitable G4 structure and to map out suitable laser pulse pa-
rameters. The key structural parameter that defines G4 stability is the number of G-quartets.
Therefore, the G-rich DNA 6-mers dTGGGGT, dTTGGGT, and dTTGGTT are investigated, as
they form G4 with 4, 3 and 2 G-quartets respectively. Fig. 5.4 illustrates this for the example
of a dTTGGTT monomer (left) from which a G4 with the minimum number of G-quartet (2) is
formed.
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parameters (used in our experiments) beamline FL24 at FLASH II
wavelength (nm) 22, 50, 51.7∗

repetition rate (kHz) 100
number of pulses per train 1, 10, 20, 40∗

pulse duration (fs) 50-100
focal spot size (µm) <10

pulse energy (µJ) 0.1∗-60
train repetition rate (Hz) 10

Table 5.2: FEL parameters which are used in our experiments. ∗ marks the parameters used
in pump-probe experiments.

In the following, first the response of oligonucleotide monomers to fs near-IR pulses will
be studied for different sequences and as a function of pulse energy. Subsequently, the corre-
sponding data for the respective G4s will be shown. For the fs VUV FEL pulses, a study of the
pulse energy dependence of dTTGGTT monomers and the respective G4s will be presented.

Finally, the actual single-color (NIR-NIR) and two-color (VUV-NIR) pump-probe exper-
iments will be presented. The last experiments aim at probing the time-dependence of the
unfolding process.

All experiments employ (multiply) deprotonated oligonucleotide anions, as protonated
G4s are much less stable and biologically not relevant.

5.5 Interactions of near-IR femtosecond laser pulses with
oligonucleotide monomer anions

In this section, the results of photoabsorption experiments of [dTTGGGT-2H]2- (m/z ≈ 918)
and [dTTGGTT-2H]2- (m/z ≈ 906) induced by 800 nm fs laser pulses are presented. At suffi-
ciently high laser intensities, both negative and positive photoions can be produced [30] which
is why pairs of positive and negative mode mass spectra are reported.

The [dTTGGGT-2H]2- is studied by Potsdam NIR fs laser and [dTTGGTT-2H]2- is studied
by FLASH II in-house NIR fs laser. The data are normalized to the yield of trapped precursor
ions and their exposure time to the laser beam (0.05 to 0.7s). For the normalization of positive
fragments mass spectra, the intensity of parent ions from the neighboring negative measure-
ments are used, due to the fact that the intensity of negative parent ions cannot be detected
when the setup is switched to the positive mode.

In fig. 5.5 the positive and negative photoion mass spectra for [dTTGGGT-2H]2- (M2−) are
shown in direct comparison for a relatively high laser intensity of 150 µJ and a pulse duration
of 47 fs. Note, that at such high intensities, negative photoions are only formed in the low-
intensity halo of the beam, which is why the negative ion mass spectra are qualitatively only
weakly dependent on laser intensity [30]. From the negative ion mass spectrum in fig. 5.5a it is
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Figure 5.4: Left: Molecular structure of the dTTGGTT oligonucleotide monomer. Right:
Schematic G4 structure that can form from the dTTGGTT monomers.

clear that non-dissociative electron detachment into [dTTGGGT-2H]2- (M−) is the dominant
channel. In addition, the singly charged w−

n series is observed almost entirely (n = 2 − 5).
Additional strong channels are from the (an −B)− series (B labels the nucleobase here either
T or G). Both complementary fragments are due to the cleavage of the 3’C-O phosphodiester
bond (in addition, for (an − B)− also a glycosidic bond is cleaved), commonly observed for
other activation methods such as collision induced dissociation (CID) [31]. They reflect the
ergodic nature of fragmentation of a vibrationally excited oligonucleotide anion. In addition,
the mass spectrum features (zn−B)− ions, commonly observed in UV laser photodissociation
[32] or electron photodetachment studies [33] but absent in CID experiments [31]. z-type
fragments are associated with the cleavage of the 5’C-O phosphodiester bonds in combination
with the glycosidic bond cleavage.

How does the sequence influence the negative photoion mass spectrum? Fig. 5.6 shows
the data for [dTTGGTT-2H]2- monomer dications, recorded at a high pulse intensity of 156
µJ and a pulse duration of 41 fs. As in fig. 5.5, non-dissociative photodetachment into M−

dominates and the complementary w−
n and (an − B)− fragment series are clearly observed.

However, the (zn − B)− ions observed for [dTTGGGT-2H]2- are absent. Fragment ions of
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Figure 5.5: Negative and positive photoion mass spectra of the oligonucleotide monomer
anion [dTTGGGT-2H]2− after exposure to 800 nm fs laser pulses at an intensity of 150 µJ and
a pulse duration of 47 fs.

d−n character are observed, instead. Both, d−n and (zn − B)− have been reported in photode-
tachment studies [32, 33] but not in CID [31]. It is surprising though, that a small change in
sequence and laser parameters leads to such a strong change in the mass spectrum.

The dominating interaction channel in the high-intensity regime is the formation of posi-
tive photoions. The respective spectrum for [dTTGGGT-2H]2- at 150 µJ and 47 fs is shown in
fig. 5.5b). First of all, ion yields are almost an order of magnitude higher in positive mode,
with the GH+ fragment being strongest and other G-related fragment cations such as G+,
(G-NH2)+ and (G+s)+ (a cyclic nucleoside complex consisting of guanine moiety and the five-
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Figure 5.6: Negative photoion mass spectra of the oligonucleotide monomer anion
[dTTGGTT-2H]− after exposure to 800 nm fs laser pulses at an intensity of 156 µJ and a pulse
duration of 41 fs.

membered sugar ring) [34] dominating the spectrum. Nucleobase-containing small fragments
are commonly observed for instance in X-ray or VUV photofragmentation of oligonucleotide
cations [27, 30, 35], indicating that fragmentation occurs after photodetachment of a three or
more electrons from the di-anion precursor. The fact that G rather than H is dominating the
mass spectrum reflects the high proton affinity and the low ionization energy of the G moiety.
Interestingly, two G-dimer related fragments are found at m/z ≈ 300 and 301, which are as-
signed as (2G−2H)+ and (2G−H)+, respectively. Sponer et al. have theoretically investigated
binding between nucleobase pairs and found that G-G dimers have particularly high binding
energies, both for stacked dimers (≈ 0.5 eV) and for H-bonded dimers (≈ 1 eV) [36]. It is con-
ceivable that these relatively strong bonds can either survive the photofragmentation process
or can be formed during photofragmentation.

The biggest positive fragment observed here is c1 at m/z ≈ 305.

Even though qualitatively neither positive nor negative photoion spectra depend strongly
on pulse intensity, there is a strong effect on the absolute fragment yields. Fig. 5.7 illustrates
the dependence of the negative photoion spectra on pulse intensity for [dTTGGGT-2H]2- pre-
cursor ions. In the top spectrum (39 µJ) solely non-dissociative electron detachment into
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Figure 5.7: Negative photoion mass spectra for the oligonucleotide monomer [dTTGGGT-
2H]2- after exposure to 800 nm/47 fs laser pulses for different pulse intensities.

[dTTGGGT-2H]− (M−) is observed (the strong negative peak is due to an overshoot of the
high intensity precursor peak).

Doubling the intensity to 80 µJ passes the onset of photofragmentation. Here, mostly w−
n -

type fragments are observed. From fig. 5.1a, it is obvious that 3 photon absorption is required
for electron detachment. Clearly, at least another 3-photon absorption process is required,
to trigger w−

n -type formation. The absence of the complementary a−
n fragment ion suggests,

that these fragments are neutral, supporting the assumption that fragmentation occurs after
electron detachment.

Doubling the intensity once more to 150 µJ facilitates formation of (zn−B)− and (an−B)−
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fragments. An increase in pulse intensity is not likely to lead to a reduction in electron detach-
ment. It is thus not likely that pairs of negative fragments are formed under these conditions.
Instead, the additional excitation energy appears to prevent the remaining negative charge
from settling predominantly on the 3’ end of the molecule.

A further doubling of the pulse intensity has only negligible effects on the fragmentation
pattern. Negative ion formation is competing with further electron detachment into neutrals
and positive photoions. As soon as these additional channels open, negative photoions are
suppressed. Negative photoions are then solely formed in the low-intensity part of the Gaus-
sian intensity distribution, in the halo of the beam.

Figure 5.8: Positive photoion mass spectra for the oligonucleotide monomer [dTTGGGT-2H]2-

after exposure to 800 nm/47 fs laser pulses for different pulse intensities.
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Fig. 5.8 now displays the positive photoion spectra, corresponding to the negative pho-
toion data in fig. 5.7. 39 µJ (top spectrum), no positive ion formation is observed. This is not
surprising as positive ion formation requires detachment of at least 3 electrons. In the reso-
nant multiphoton absorption scheme depicted in fig. 5.1a, this corresponds to absorption of at
least 3× 3 = 9 photons.

Doubling the pulse intensity to 80 µJ overcomes this threshold and the previously dis-
cussed fragments G+/GH+ and (G+s)+ appear, with GH+ being strongest. An increase in
intensity to 150 µJ and even 320 µJ leads to a dramatic increase in peak intensity (allowing
to distinguish less intense fragments from the background) but does not change the overall
appearance of the spectrum dramatically. With increasing intensity, the peak intensity slightly
shifts to smaller masses, though.

At 320 µJ the total positive fragment yield surpasses that of the negative fragment ions and
the variety of fragments also increases. In particular (G-NH2)+ and c+1 (related to cleavage of
the O-O phosphodiester bond are found.

Figure 5.9: Laser intensity dependence of the partial yields for selected negative photoions for
[dTTGGGT-2H]2- at 800 nm/47 fs.

Figs. 5.9 and 5.10 display the partial yields for the most relevant negative and positive
photoions, respectively. In the negative case, all photoion yields increase strongly for pulse
energies between 10 µJ and 150 µJ. At higher intensities all yields level off. As previously
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explained, the decrease in the high intensity regime is due to the increase of the positive pho-
toion channel, depleting negative photoion production.

The positive photoion yields all exhibit a monotonic increased over the entire range of
laser intensities. The onset of positive photoion production is at about 20 µJ and thus sub-
stantially higher than what is observed for negative photoions. At very high pulse intensities,
yields of larger framgents level off whereas small fragment yields (G-NH4)+, G+, GH+ exhibit
strong increases.

Figure 5.10: Laser intensity dependence of the partial yields for selected positive photoions
for [dTTGGGT-2H]2- at 800 nm/47 fs.

5.6 Interactions of near-IR femtosecond laser pulses with
G-quadruplex anions

As the goal of this study is the investigation of photo-induced structural dynamics, the next
step is to investigate the interaction of G4 anions with fs laser pulses. For this study, we have
chosen the [(dTGGGGT)4+3NH3-7H]4− system, containing 4 G quartets. We have chosen this
system, as the response of dTGGGGT-based G4s upon VUV photoabsorption and soft X-ray
photoabsorption have been studied previously [27, 30]. The yield of G4 formation is known to
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depend on the deprotonation state [25]. We found most efficient G4 formation for a quadruply
charged G4 anion, for which the photoionization data are shown in the following.

Figure 5.11: Negative and positive photoion mass spectra of the oligonucleotide G4 anion
[d(TGGGGT)4+NH3-7H]4- after exposure to 800 nm fs laser pulses at an intensity of 200 µJ at
a pulse duration of 47 fs.

Fig. 5.11 shows the photoion mass spectra for [d(TGGGGT)4+3NH4-7H]4- (m/z ≈ 1875)
(800 nm/47 fs laser pulses at a pulse intensity of 200 µJ). Both, negative and positive pho-
toion spectra are shown. The normalization procedure was the same as employed for the
monomers, before. For the negative photoion case (top panel), solely non-dissociative elec-
tron detachment into [d(TGGGGT)4+3NH4-7H]3- is observed. This is a remarkable finding,
as for monomers at such high pulse intensities, various w−

n , (an − B)− and (zn − B)− frag-
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ments can be observed (see fig.5.5). This could possibly be due to the lower charge state per
monomer in the G4 case. For the [dTTGGGT-2H]2− monomer, fragmentation was found to be
preceded by electron detachment. Electron detachment from each [d(TGGGGT)4+3NH4-7H]4-

building block would leave the system in a neutral state, not being trapped.
For positive photoions, the mass spectrum is qualitatively very similar to the spectrum

obtained for the [dTTGGGT-2H]2− monomer. This is a clear indication that in the high inten-
sity region of the beam, monomer fragmentation within a G4 proceeds in a way very similar
to fragmentation of a single monomer (see fig. 5.10).

Figure 5.12: Negative photofragmentation mass spectra of [(dTGGGGT)4+3NH4-7H]4- after
exposure to 800 nm / 47 fs pulses for different laser intensities.

How does [(dTGGGGT)4+3NH4-7H]4- photodetachment depend on the laser pulse inten-
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sity? We have measured positive photoion spectra for intensities ranging from 14.4 µJ to 555
µJ. Fig. 5.12 displays selected mass spectra for 52 µJ, 100 µJ, 200 µJ, and 400 µJ. No pho-
toions are observed below 52 µJ. It is obvious that no signs of negative fragment formation are
observed over the entire laser intensity range under study. Non-dissociative single-electron
detachment increases strongly from 52 µJ to 100 µJ but decreases at higher intensities. At 400
µJ, no negative ions are observed above the background, anymore.

Figure 5.13: Positive photofragmentation mass spectra of [(dTGGGGT)4+3NH4-7H]4- after
exposure to 800 nm / 47 fs pulses for different laser intensities.

The positive spectra are given in fig. 5.13, showing very similar results to those of the
monomer experiments. At a low laser intensity of 52 µJ, no positive ions are observed. How-
ever, with increase of the laser intensity, G-related fragments appear in the mass spectra and
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their relative intensities increase with laser intensity. The fragmentation pattern is very simi-
lar to what is seen in the monomer experiments. Typically, (G-NH2)+ fragments get abundant
when the laser intensity reaches 200 µJ .

Figure 5.14: Laser intensity dependence of the partial yields for single electron detachment
for [(dTGGGGT)4+3NH4-7H]4-.

Figs. 5.14 and 5.15 now display the partial yields for the most relevant negative and pos-
itive photoions, respectively for [(dTGGGGT)4+3NH4-7H]4- G4 precursor anions. For the
negative photoion case, the yield for non-dissociative ionization first increases strongly be-
tween 52 µJ and 100 µJ and then levels off again, down to zero at 400 µJ. This is similar to
the monomer case (see fig. 5.9) where maximum yields are observed at similar laser intensi-
ties (≈ 150µJ. However, for the monomer the decrease at higher laser intensities is much less
pronounced and the non-dissociative single electron detachment peak remains clearly visible
also at highest laser intensities.

The positive photoion yields all exhibit a monotonic increase over the entire range of laser
intensities. The onset of positive photoion production is at about 100 µJ, i.e. substantially
higher than what is observed for negative photoions, in agreement to what is found for the
monomer case (see fig. 5.10). At very high pulse intensities, yields of larger fragments level
off whereas smaller fragments such as GH+ and (G-NH2)+, exhibit a strong increase.

Based on the above NIR fragmentation mass spectra and NIR laser intensity spectra of



5

5.6. Interactions of near-IR femtosecond laser pulses with G-quadruplex anions 99

Figure 5.15: Laser intensity dependence of the partial yields for selected positive photoions
for the G4 [(dTGGGGT)4+3NH4-7H]4-.

DNA 6-mers and G-quadruplexes, the general finding is that fragmentation and non-dissociative
single electron detachment are the two observable responses upon fs pulse NIR photoabsorp-
tion. The more detailed findings can be summarized as follows:

a) The investigated monomers of dTTGGGT and dTTGGTT show different fragmentation
patterns for anionic photoproducts, especially in the low mass region. However, distributions
of cationic photoproducts for both monomers are rather similar. Anionic photoproducts ex-
hibit a wide mass range distribution, caused by the breakup of the DNA backbone, specifically
related to the single or multiple cleavage of a phosphodiester bond. Cationic photoproducts
have relatively small masses and are mostly G-related. The production of most of those posi-
tive fragments requires the cleavage of the respective glycosidic bond.

b) For the dTGGGGT-based G4 ([(dTGGGGT)4+3NH4-7H]4-), no negative photofragments
are observed, i.e. non-dissociative single electron detachment dominates the anion spectra.
Cationic photoproducts are similar to what is observed for the respective monomers. No
monomer ions from G4 unfolding are observed at any NIR laser intensity.

c) Clear threshold laser intensities for fragmentation of monomers and G4s are observed.
Non-dissociative single electron detachment sets in at much lower intensities than formation
of positive fragments and this difference is stronger for G4s than for monomers.
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d) Single electron detachment has an obvious resonant response to NIR laser intensity for
both monomers and G4. Multiple electron detachment is not observed even at very high laser
intensities.

e) The intensity dependence of positive fragment yields is very similar for monomers and
G4s. In both cases, the fragmentation channels most sensitive to laser intensity are G-related
fragments, GH+, G+, (G+s)+ and (G-NH2)+.

We found that absorption of fs NIR pulses does not lead to unfolding of [(dTGGGGT)4+3NH4-
7H]4- into observable monomer anions. This means that this G4 is not a suitable candidate for
time-resolved investigation of G4 unfolding. A pump-probe study requires a mass spectral
fingerprint trace of the G4 unfolding.

As G4 unfolding requires scission of the stabilizing H bonds, it is straightforward to look
into G4s with less G-quartets. The 6-mer dTTGGTT can form a G4 with the minimum number
of 2 G-quartets. We have investigated the response of [(dTTGGTT)4+NH4-7H]6- upon interac-
tion with fs NIR laser pulses using the 800 nm system at FLASH II. A typical negative ion mass
spectrum is given in fig. 5.16. The laser intensity was set to a nominal values of 156 µJ for this
spectrum, but later pump-probe experiments proved that the laser pulses had a double-pulse
structure implying that the absolute value of the intensity is not a reliable quantity.

In fig. 5.16, non-dissociative single electron detachment would lead to a peak at an m/z
of 1453 that is not observed. However, a clear signal due to dTTGGTT monomer anions is
observed. This finding was observed at various laser intensities, which is why it was decided
to focus on the G4 [(dTTGGTT)4+3NH4-7H]4- in the following.

5.7 Interactions of vacuum ultraviolet FEL pulses with
oligonucleotide monomer anions

In the previous section it was shown that dTTGGTT-based G4s are subject to unfolding into
their monomeric constituents, when exposed to NIR laser pulses, whereas dTTGGGT-based
G4s are not. In our VUV photoabsorption studies, we have therefore focused on dTTGGTT
monomers and G4s. Figs. 5.17 and 5.18 show the results of the interaction of VUV FEL pulses
with the monomer [dTTGGTT-2H]2- (m/z 906) (22 nm, 50 fs, repetition rate: 10 Hz, 40 mi-
crobunches). Five selected mass spectra for negative and positive fragments are shown with
FEL intensities being 1 µJ, 3.5 µJ, 7 µJ, 15 µJ and 30 µJ. The data are normalized to the intensity
of the trapped parent ions, their exposure time to the laser beam (0.05 to 0.7s) and the number
of pulse trains. For the normalization of positive fragment mass spectra, the intensity of par-
ent ions from the corresponding anion run are used, as the intensity of negative parent ions
cannot be detected in cation mode.

In fig. 5.17, non-dissociative single electron detachment as well as sequence ions due to
backbone fragmentation are observed. As observed for fs NIR pulses, most fragments are of
(an −B)−, d−n and w−

n type.
The main fragments are labeled, which contains dn-type fragments related to the 3’C-O

cleavage in phosphodiester linkage, w-type related to the 3’C-O cleavage in phosphodiester
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Figure 5.16: Negative photofragmentation mass spectra of [(dTTGGTT)4+NH4-7H]6- after ex-
posure to 800 nm / 41 fs pulses with a nominal intensity of 156 µJ.

linkage, and an-B type related to 5’C-O cleavage in phosphodiester linkage accompanied by C-
N glycosidic bond cleavage. Besides, backbone-related negative fragments (s+p) are observed.

The positive ion data is displayed in fig. 5.18. As for the fs NIR case, the dominating
fragments are G-related, with strongest peaks observed for GH+ and (G+s)+. The G-dimer is
tentatively observed at 300 m/z (2G-2H)+ and 301 m/z (2G-H)+.

Figs. 5.19 and 5.20 show the partial photoion yields for selected channels as a function of
FEL intensity.

For the negative fragments, all negative fragments show similar dependence and the ion
yields increase with increasing laser intensities. Unlike we found in the monomer NIR fs laser
experiments, the yields of negative fragments seem not to saturate let alone decrease at the
highest laser intensities.

For the positive ion yields, more fragments are produced when the FEL intensity is high.
However, after 15 µJ to 30 µJ, the increase slows down. G+, GH+ and (G+s)+ are the most
abundant fragments and especially, G+ and GH+ yields have the fastest growth.
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Figure 5.17: Negative photofragmentation mass spectra of DNA monomer [dTTGGTT-2H]2-

after exposure to 22 nm FEL pulses with laser intensities of 1 ro 30 µJ.

5.7.1 Interactions of vacuum ultraviolet FEL pulses with G-quadruplex
anions [(dTTGGTT)4+NH4-7H]6−

As a next step, we have studied the interaction of the FEL pulses with G4 anions [(dTTGGTT)4+NH4-
7H]6- (m/z ≈ 1211). The FEL parameters are identical to those from the last section, with one
exception: As the cross section of G4s is larger than the cross section of monomers, the number
of micropulses per macropulse was reduced to 1.

The negative photoion mass spectra for [(dTTGGTT)4+NH4-7H]6- are shown in fig. 5.21
for laser intensities of 7.5 uJ, 10 uJ, 20 uJ and 40 uJ. As for the fs NIR case, non-dissociative
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Figure 5.18: Positive photofragmentation mass spectra of DNA monomer [dTTGGTT-2H]2-

after exposure to 22 nm FEL pulses with laser intensities of 1 to 30 µJ.

single electron detachment into [(dTTGGTT)4+NH4-7H]6- is absent but fragmentation into
monomer anions is observed. Monomer formation is a fingerprint of G4 unfolding/melting
and its presence in the mass spectra therefore is direct evidence for FEL pulse induced G4
unfolding. In fig. 5.21, monomer formation is observed for all laser intensities under study,
indicating that G4 unfolding can be triggered by single or few photon absorption.

For positive photoion mass spectra shown in the fig 5.18, the patterns are very similar to
what has been observed in the previous sections: G-related fragments are dominating with
GH+ being the strongest fragment. Remarkably, T+ and TH+ fragments are observed for FEL
pulse absorption in G4s, but have neither been observed for fs NIR absorption in monomers
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Figure 5.19: 22nm FEL intensity dependence of the partial yields for selected negative pho-
toions of the monomer [dTTGGTT-2H]2−.

and G4s nor for FEL absorption in monomers.
It is now clear that both fs NIR pulses and 22 nm fs VUV pulses can induce melting of

[(dTTGGTT)4+NH4-7H]6- G4s in the gas phase. For the pump-probe studies that will be de-
scribed in the next section, we have chosen for a VUV pump - NIR probe scheme. A straight-
forward way of finding the time overlap for this combination of pulses is to use a VUV pulse
to excite gas-phase He atoms from the 1s ground state into a highly excited state such as 4p.
Subsequent absorption of an 800 nm NIR pulse then ionizes the He(4p). The yield of He ions
can then be used as an observable for the time overlap of both pulses. An ideal VUV photon
energy for the VUV pump - NIR probe experiments is therefore just below the He ionization
energy of 24.6 eV. We have chosen a FEL wavelength of 50 nm.

To investigate the effect of a lower photon energy, figs. 5.25 and 5.26 show the VUV
photofragmentation mass spectrum for 50 nm in direct comparison with the one taken at 22
nm. The pulse intensity was 7.5 µJ and the remaining FEL parameters remained unchanged.
VUV photoionization for both 22 nm and 50 nm addresses valence electrons, but for the case
of higher photon energies, the relative contribution of inner valence electrons (2s character,
high large binding energy) is usually higher [37].

As can be seen from fig. 5.25, melting/unfolding of the G4 structure that leads to for-
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Figure 5.20: 22 nm FEL intensity dependence of the partial yields for selected positive pho-
toions for of the monomer [dTTGGTT-2H]2−.

mation of the monomer anion is strong for both photon energies but two additional anionic
fragmentation channels appear for the 50 nm case: d−

2 at 626 m/z and a clear peak at m/z
1824 which remains unassigned. Furthermore, relative fragment yields are much higher for
50 nm as compared to 22 nm (by a factor of 6 for non-dissociative electron detachment). d−

2

formation is also a major fragmentation channel for the dTTGGTT monomer, activated by
VUV FEL pulses (see fig. 5.17) or activated by NIR pulses (see fig. 5.6). It is thus likely that
this fragment stems from further fragmentation of a monomer anion that originated from G4
melting.

From the comparison of the positive mass spectra in fig. 5.26, it is seen that the fragmenta-
tion channels are very similar, except for the stronger intensity of fragments in the 50 nm FEL
mass spectrum, for example the GH+ yield is nearly 10 times higher than it is in the 22 nm
FEL mass spectrum.

For both photon energy regimes however, high FEL intensities predominantly induce frag-
mentation into positive fragments. Predominance of multifragmentation processes is not a
desirable condition for the ’pump’ of a pump-probe experiment that is meant to determine
the timescale of G4 melting/unfolding. In the following section, we will therefore use FEL
pulses with a low pulse energy of 0.1 µJ to trigger G4 melting.
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Figure 5.21: Negative photofragmentation mass spectra of G4 [(dTTGGTT)4+NH4-7H]6- after
exposure to 22 nm FEL pulses with increasing laser intensity.
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Figure 5.22: Positive photofragmentation mass spectra of G4 [(dTTGGTT)4+NH4-7H]6- after
exposure to 22 nm FEL pulses with increasing laser intensity.
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Figure 5.23: 22 nm FEL intensity dependence of the partial yield of the monomer dTTGGTT
anion photoproduct from G4 anions [(dTTGGTT)4+NH4-7H]6-.
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Figure 5.24: 22 nm FEL intensity dependence of the partial yields for selected positive pho-
toions for of G4 anions [(dTTGGTT)4+NH4-7H]6-.
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Figure 5.25: Negative photofragmentation mass spectra for [(dTTGGTT)4+NH4-7H]6- expo-
sure to 50 nm and 22 nm FEL pulses with the laser intensity of 7.5 µJ.
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Figure 5.26: Positive photofragmentation mass spectra for [(dTTGGTT)4+NH4-7H]6- exposure
to 50 nm and 22 nm FEL pulses with the laser intensity of 7.5 µJ.
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5.8 Pump-probe investigation of G4 melting

In the previous section, we have thoroughly investigated the response of different G-rich
oligonucleotide anions and the respective G4s upon interaction with both, NIR and VUV FEL
pulses of fs duration. In this section, we will utilize the obtained information to set up a
pump-probe experiment to determine the characteristic timescale of G4 melting.

5.8.1 Alignment of pump and probe laser beams

The pump probe experiments are experimentally much more challenging as compared to the
NIR or VUV only experiments, as both photon beams need to overlap in space with each
other and with the cloud of trapped DNA anions in the center of the Paul trap. In addi-
tion, both photon beams need to be synchronized in time on a fs timescale. We have decided
to set FLASH II to a VUV wavelength of 51.7 nm (24 eV) and a pulse length of 50 fs. The
FLASH II macrobunch repetition rate was 10 Hz and we have used 40 microbunches per mac-
robunch. The microbunch period was set to 10 µs (fig. 5.3). A very low pulse intensity of 0.1
µJ was chosen, in order to have single photon conditions, predominantly inducing G4 un-
folding/melting with little monomer fragmentation. The probe NIR beam (800 nm) was set
to the maximum pulse intensity of 155 µJ . The NIR pulse train was identical to the Flash II
timing scheme and both photon sources were synchronized.

For spatial alignment, it is crucial to be able to visualize both beam profiles in the center of
the ion trap. From previous measurements it is known that the diameter of the ion cloud for
typical trap settings is around 300 µm. The beam position within the ion trap therefore needs
to be determined with 10 µm accuracy. To determine the actual beam profiles in the trap cen-
ter, a stainless steel needle was inserted into the trap through a bore in the ring electrode. The
angle between photon beams and this needle was 45o. The tip of the needle was coated with
fluorescent Ce:YAG powder. The NIR pulses led to emission of purple fluorescence photons
whereas the FEL light led to emission of green fluorescence photons. A CCD camera with a
zoom objective, mounted on top of the trap chamber was used to visualize the fluorescence
pattern through a 2 mm bore in the ring electrode that was under an angle of 90 o with respect
to the photon beams. A schematical layout is presented in fig. 5.28. Fig. 5.27 shows the real
geometry as well as a photograph of the tip in the trap (left), separated NIR and VUV beams
(middle) and overlapping beams (right).

Once both beams are spatially overlapping, it is necessary to achieve temporal overlap.
We have implemented a two-step strategy to determine ∆t = 0: For a coarse adjustment of
∆t, a photodiode was installed behind the ion trap. After passing the Paul trap, the laser
beams hit a tilted aluminum sheet and the photons emitted from the beam interaction with
the Al surface were detected by the photodiode. The photodiode signal of both NIR and VUV
pulses was visualized using an oscilloscope. We could reach a precision of about ∆t = 80 ps
(see fig. 5.29).

The described method allows for minimization of ∆t down to the tens of ps level. To
reach temporal overlap with fs precision, a second step is required: two-photon ionization of
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Figure 5.27: Photos of the spatial alignment of the NIR and VUV beam. Left: NIR (purple)
and VUV (green) beams on the tip (no alignment). Right: NIR and VUV beams are spatially
overlapping in the centre of the ion trap.

Figure 5.28: Schematic layout of tip, ion trap and camera for FEL-NIR alignment.

gas-phase He, according to the following scheme,

i) He(1s2 1S) → He(1s4p 1P ) (hν = 24 eV) (5.1)

ii) He(1s4p 1P ) → He+(1s 2S) + e− (hν = 1.55 eV) (5.2)
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Figure 5.29: Photodiode signals for NIR (800 nm) and VUV (22 nm) pulses.

The level scheme of He is shown in fig. 5.30. Using this scheme, He ionization can (only)
be observed, when the 24 eV VUV photon arrives first, in its ground state He is transparent
for 1.55 eV photons. A 24 eV photon excites the ground-state He to the 4p state, which has
a lifetime of 4 ns [38]. Subsequent absorption of a 1.55 eV photon leads to ionization of the
atom. In the experiment, we have flooded the chamber with He and used the reflectron TOF
mass spectrometer to record the yield of He ions. The 10 Hz macropulses of the laser system
served as a start for the TOF measurement. We then systematically changed ∆t in the NIR
beamline.

5.8.2 Time-resolved results of [(dTTGGTT)4+NH4-7H]6-

In this section, G4 [(dTTGGTT)4+NH4-7H]6- with its counter-monomer (dTTGGTT-2H)2- is
used for investigation of G4 unfolding, since it is the only G4 so far found to be able to dis-
sociate into monomers by photons. The 51.7 nm FEL pulse of 0.1 µJ intensity is chosen as the
pump laser beam, with 800 nm NIR pulse of 155 µJ as probe laser beam. Due to the observa-
tion of monomer anions from G4, we take negative mass spectroscopy to study G4 unfolding
processes.

Before the pump-probe results, we first show how G4 and monomer react to the single
pump pulse (FEL) and single probe pulse (NIR). In the fig. 5.31 and fig. 5.32, the photofrag-
mentation mass spectra of G4 and monomer with FEL only and NIR only are presented, re-
spectively. As it is shown in the fig. 5.31, the 51.7 nm FEL pulse can break G4 into the fol-
lowing fragments: d−

2 , (a3-G)−, (dTTGGTT)− and one undefined fragment at m/z 1825. The
VUV-pump part of interest clearly is formation of (dTTGGTT)− monomers, the evidence of
G4 unfolding. NIR pulses do not produce (a3-G)− while the other three fragments remain.
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Figure 5.30: Energy level scheme of parahelium (S=0, 1snl 1L) illustrating the FEL-NIR two
photon ionization process.

For the monomer case in in fig. 5.32, more fragments are found in both FEL only and NIR
only experiments. Non-dissociative single electron detachment (M−) is observed, while the
fragment at m/z 1825 is not. Similar to the G4 case, d−

2 is produced by both FEL and NIR,
while (a3-G)− is only observed in the FEL case.

Based on the above findings in fig. 5.31 (top), G4 unfolding can be triggered by absorption
of a VUV photon. The unfolding process will ultimately lead to the formation of anionic
monomers that may or may not fragment further.

The NIR probe pulse interacts with the photoproducts caused by the FEL pump pulse.
The interaction with (dTTGGTT)− will lead to a decrease in monomer yield and an increase
in fragment yields, related to the monomer.

Three selected G4 fragmentation mass spectra in the FEL-pump NIR-probe experiments
are presented in fig. 5.33 . In comparision to the G4 FEL-only mass spectrum, two additional
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Figure 5.31: G4 fragmentation spectra with FEL only (top) and NIR only (bottom). Same
parameters of FEL and IR are used in pump-probe experiments.

fragments (a2-T)− and d−
3 are observed. We recorded fragments d−

2 , (a3-G)−, (dTTGGTT)− as
a function of NIR delay. The results are plotted in fig. 5.34. Variation of the pump-probe delay
allows for tracking of the melting process in a time-resolved manner.

As it shows in the fig. 5.34, when we send the NIR pulse before FEL pulse (negative NIR
delay), the intensities of all three fragment yields remain stable, indicating that there is no
strong NIR-pump FEL-probe contribution. However, strong changes in the time range up
to <5 ps are observed in all three fragment yields. Very importantly, (dTTGGTT)− has a
substantially different time evoluation as compared to (a3-G)− and d−

2 . The (dTTGGTT)−

yield strongly decreases for long ∆t whereas (a3-G)− and d−
2 yields increase, which proves the
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Figure 5.32: d(TTGGTT)2- fragmentation spectra with FEL only (top) and NIR only (bottom).
Same parameters of FEL and IR are used in pump-probe experiments.

enhancement of small fragment ions ((a3-G)− and d−
2 ) occuring at the expense of the monomer

(dTTGGTT)−.
From the limited amount of time-resolved data presented here, it is difficult to draw hard

conclusions. The data in fig. 5.34 however indicates, that the melting process occurs on a
timescale of 100 ps, as all yields under study feature a strong increase (fragments) or decrease
(monomer) between ∆t = 5ps and ∆t = 100ps, before a much slower change in the opposite
direction occurs.
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Figure 5.33: G4 pump-probe fragmentation spectra at -15 ps (top), 0 ps (middle), and 15 ps
(bottom) NIR delay.



5

5.8. Pump-probe investigation of G4 melting 119

Figure 5.34: Time dependence for d−
2 , (a3-G)− and (dTTGGTT)− fragments of the G4

[(dTTGGTT)4+NH4-7H]6-. Positive time means FEL pump followed by NIR probe.
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5.9 Conclusion
We have studied photofragmentation and electron detachment in DNA G-rich deprotonated
oligonucleotide anion and their G4s using fs NIR and FEL pulses. Exploiting the advantage
of polarity-switchable mass spectroscopy, both negative and positive photoions were investi-
gated to draw a much more complete picture of DNA molecular response upon interactions
with NIR and FEL fs pulses than previously possible.

With low NIR photon energy of 1.55 eV, high pulse energies (more than 100 µJ) are re-
quired to fragment G4 [(dTGGGGT)4+3NH4-7H]4-. VUV FEL pulses on the other hand can
easily and efficiently break up both DNA monomers and G4s already at much lower pulse
energies (0.1 µJ). The relative yield in negative fragments is larger for the monomer case as
compared to the G4 case. Monomer and G4s share very similar positive fragmentation pat-
terns with most cationic fragments being G-related.

The yields of positive fragments generally increase as the laser intensity increases. For the
negative fragments however, an entirely different laser intensity dependence is observed: The
yields first increase with laser intensity until a plateau is reached. The yields even decrease for
highest pulse energies, because the relative cross section for multiple electron detachment and
formation of positive fragments increases. It is important to relatize that fs photodetachment
can lead to a variety of molecular responses. We need theoretical studies to unveil the role of
excited-state dynamics in the process of electron detachment.

Both, fragmentation and non-dissociative single electron detachment are observed for
both, fs NIR and VUV interaction with oligonucleotide anions. Besides fragments commonly
observed in mass spectrometric studies on oligonucleotide anions, a number of uncommon
channels were manifest in the spectra, such as G-dimer related fragments, which hint at
photon-induced intramolecular reactions or rearrangments. More in-depth studies are re-
quired to further characterize these channels.

By variation of the number of G-quartets within G4s (3, 2, and 1), we find
[(dTTGGTT)4+NH4-7H]6- as the best candidate for G4 unfolding investigations. Only in
[(dTTGGTT)4+NH4-7H]6- efficient photodissociation into anionic monomers, the fingerprint
of unfolding, is observed. With this particular G4, we have then successfully performed FEL-
pump NIR-probe experiments. By inspecting FEL-only and IR-only mass spectra on G4 and
its monomer, we have discussed the fragmentation channels and selected three representative
fragments (d−

2 , (a3-G)− and (dTTGGTT)−) to study G4 unfolding. A very clear time effect
on G4 unfolding is observed. However, due to technical difficulties during the experimental
campaign, more data for a detailed characterization of the unfolding process is required.
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Summary

Deoxyribonucleic acid (DNA) is the genetic carrier in all living organisms and in
DNA viruses. It was considered as “the secret of life” by Francis Crick who, together
with James Watson, Maurice Wilkins and Rosalind Franklin, discovered the DNA
double helix structure. The absorption of energetic photons in the UV and soft X-
ray region by DNA leads to electronic excitation or to direct ionization, initiating a
series of reactions that involve charge transport and structural changes. Studying
those reactions can not only help us understand DNA damage and repair processes
and give insights into evolution of DNA on the early earth. Photoinduced processes
in DNA are for instance also relevant for potential applications of DNA in molec-
ular electronics or as molecular machines. Multiple decay channels can open after
DNA photoexcitation, which include fluorescent decay, destructive chemical reac-
tions (fragmentation), and radiationless decay (vibrational cooling, internal conver-
sion and Auger decay). Many of the decay channels that involve DNA excited-state
dynamics, in particular radiationless decay, are ultrafast processes. Examples are
electron migration, electron transfer and proton transfer, which can occur on fem-
tosecond or even attosecond timescales.

To investigate the response of DNA upon absorption of energetic photons, a
home-built tandem mass spectrometer was used that combines an electrospray ion
source with a Paul trap for production and storage of gas-phase DNA ions, respec-
tively. The setup was designed to study large biomolecules interacting with high
energetic particles, such as VUV photons, soft X-ray photons and MeV ions. Both
cationic and anionic photoproducts can be investigated, independent of the precur-
sor charge state. For near-edge soft X-ray absorption mass spectrometry (NEXAMS)
experiments, fragment ion yields are recorded as a function of X-ray photon en-
ergy. The obtained mass spectra are due to resonant core-excitations into unoccupied
molecular orbitals and therefore contain information on the DNA electronic struc-
ture. More importantly, the fragmentation channels exhibit a subtle dependence on
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soft X-ray absorption sites. Only with the help of time-dependent density functional
theory (TD-DFT) calculations of the core excitation process is it possible to assign the
individual resonances observed experimentally and to investigate site-specificity of
soft-X-ray induced processes in gas-phase DNA.

In chapter 3, we have thoroughly investigated high-resolution NEXAMS fea-
tures of the trinucleotide cation [d(FUAG)+H]+ experimentally and compared the
results to TD-DFT calculations using a short-range exchange correlation functional.
Soft X-ray photon energies at the nitrogen K-edge were specifically chosen for pho-
toexcitation that is solely localized on the nucleobases. Two absorption bands, π∗

1

(399.6 eV) and π∗
2 (401.9 eV), were observed. By comparing TD-DFT data for neutral

d(FUAG) as well as for A-N1 protonated (A: adenine) and G-N7 protonated (G: gua-
nine) [d(FUAG)+H]+ we found that core transitions at imine-N sites contribute to
the π∗

1 band whereas the π∗
2 band is predominantly due to core transitions at amine-

N in the neutral system. Protonation of a N-site has a direct effect on the N 1s binding
energies: The additional H atoms attached to an imine-N shifts the respective core
transition from π∗

1 to π∗
2 . The core transitions in FU are not affected by the proto-

nation. As an outlook, tailored oligonucleotides which for instance only feature a
single imine N atom and excitation at π∗

1 energies would allow for perfectly local-
ized N 1s excitation that can serve as a basis for soft X-ray pump-probe studies on
charge migration and energy transport in oligonucleotides.

In chapter 4, we have investigated the influence of resonant soft X-ray absorp-
tion near the K-edges of carbon, nitrogen, oxygen and fluorine on intramolecular
hydrogen (H) transfer in the trinucleotide [d(FUAG)+H]+. It follows from our NEX-
AMS experiments, that photo-induced glycosidic bond cleavage always leads to the
formation of B+ or BH+ fragment ions (B: base). The formation of BH+ requires dou-
ble H transfer towards the base and the formation of B+ requires single H transfer.
H transfer from the DNA backbone towards the nucleobase is thus a fundamental
phenomenon occuring during the base loss process during DNA fragmentation. By
investigation of the ratio between BH+ yields and B+ yields as a function of photon
energy, we have quantified the influence of soft X-ray photon energy on the H trans-
fer process. For A, pronounced site sensitivity is not observed and the probability
for H transfer depends on X-ray energy in the same way as the partial ion yield of
A+ does. For G, on the other hand, H transfer appears to be quenched for soft X-ray
absorption on the G moiety.

In the [d(FUAG)+H]+ NEXAMS experiment, the Auger decay process following
the initial inner-shell excitation can leave the molecule in a multitude of different
multiply excited states. Surprisingly, despite the large number of excited states, in
particular for core excitation within the A moiety, H transfer seems to be a robust
feature which is independent of the absorption site and the particular intermediate
state formed by Auger decay. From our experimental data, it is impossible to charac-
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terize the nature of the H transfer process properly. It is for instance neither known
which H donors and acceptors are involved, nor whether the soft X-ray absorption
process affects H transfer and why the three different nucleobases exhibit different
H-accepting properties? To unveil those questions, once again TD-DFT was used.

From the DFT-optimized ground-state geometry we first extracted non-covalent
interaction (NCI) maps, which clearly show the four most obvious intramolecular
H bonds between bases and backbone. H acceptors localized on nucleobases were
found to be FU-O2, A-N3 and G-N3. Interestingly, G also features a H bond donor
site at G-N2, which binds to the O4” in the phosphate group. H transfer along the
H bonds has been investigated before in UV photoexcitation experiments and it has
been found that de-excitation often proceeds radiationless and ultrafast via coni-
cal intersections to a H transfer state. It is feasible that also in resonant soft X-ray
excitation decay, similar ultrafast H transfer processes are at play. For a deeper un-
derstanding of the underlying dynamics, future studies with coincident detection of
the Auger electrons and/or time-resolved studies would be very helpful.

Eventually, in this thesis we have set out for the first time to directly trace the
ultrafast photofragmentation dynamics in anionic gas phase DNA monomer and
G-quadruplex (G4) systems by performing VUV-pump IR-probe experiments. To
find an appropriate G4 system which can efficiently dissociate into monomers by
the absorption of photons, a series of pilot experiments were conducted on several
different G4s, such as (dTGGGGT)4, (dTTGGGT)4 and (dTTGGTT)4, as well as their
respective monomers. We found that (dTTGGTT)4 is the only G4 which predomi-
nantly unfolds into monomers after VUV photonabsorption. (dTTGGTT)4 was thus
used for the time-resolved experiments. A pump-probe study using fs IR and VUV
(FEL) pulses is reported in chapter 5.

In this study, photofragmentation was first investigated for DNA monomers and
G4, either for the case of fs IR pulses and for the case of FEL fs VUV pulses. Par-
tial fragment ion yields were recorded as a function of pulse energy in order to
optimize the pulse energy for both, pump and probe pulses separately. Photoin-
duced [(dTTGGTT)4+NH4-7H]6- ”melting” is expected to lead to formation of (in-
tact) dTTGGTT monomers and for both, IR and VUV pulses at very low pulse ener-
gies, [dTTGGTT]− formation was observed. Photoinduced [dTTGGTT-2H]2− frag-
mentation for both IR and VUV pulses was also found to lead to similiar large frag-
ment anions such as d−2 and (a3 −G)−. For investigation of the ”melting” dynamics,
we have chosen for a pump probe approach, where the observable is the partial yield
of selected fragment ions, as a function of pump-probe delay.

The experimental data reveal a definite effect of the pump-probe delay. The
yields for the [dTTGGTT]− monomer are highest for negative delay (IR preceding
VUV) and decrease significantly for positive delay (VUV preceding IR). The yields
of the monomer fragments d−2 and (a3 − G)− are lower for negative delay and in-
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crease for positive delay. This implies that VUV absorption does efficiently induce
G4 melting and the following IR pulse dissociates the monomers. For this process
to occur, the monomer needs sufficient time to form. Unfortunately, the number of
data points is too low to draw clear conclusions but the ion yields appear to have a
local maximum at about 100 ps before a decrease sets in.

The combination of ESI-based tandem mass spectroscopy and advanced pho-
ton sources adds another dimension to the well-established absorption-site selec-
tive technique of soft X-ray spectroscopy: Individual spectra can be recorded for
every photofragmentation pathway and compared to theoretical calculations. Even
though this approach allows for a very detailed investigation of photoinduced pro-
cesses, interpretation of the data remains challenging, because for large biomolecular
ions, ESI is known to produce a variety of conformers that cannot be selected based
on their mass. In order to select particular conformers of presursor DNA ions, we
are currently commissioning a compact ESI based ion mobility spectrometry (IMS)
system in our lab. The IMS systems is based on the traveling wave principle, with
electrodes implemented mostly on printed circuit boards. In the future, the same
principle could also be employed for investigation of conformational distributions
of photoproduct ions.

Up to now, we have systematically investigated G4 systems stabilized by NH+
4

ions. Our studies do not show evidence for a particular role the NH+
4 plays during

G4 unfolding, i.e. we have not found any G4 photoions with NH+
4 attached. A

logical next step would be the investigation of G4 with alkali metal counterions such
as K+, Na+, which widely exist in G4 in vivo. G4 with these counterions could have
different unfolding dynamics compared to NH+

4 . Na+ or K+ counterions in G4s
could be selectively excited/ionized at the counterion site (Na+, K+ at K-edge or
L-edges), which might very efficiently trigger unfolding.



Samenvatting

Desoxyribonucleı̈nezuur (DNA) is de genetische drager in alle levende organismen
en in DNA-virussen. Het werd beschouwd als ”het geheim van het leven” door
Francis Crick die, samen met James Watson, Maurice Wilkins en Rosalind Franklin,
de DNA-structuur van de dubbele helix ontdekte. De absorptie van energetische fo-
tonen in het UV- en zachte röntgengebied door DNA leidt tot elektronische excitatie
of tot directe ionisatie, waarbij een reeks reacties in gang wordt gezet die gepaard
gaan met ladingstransport en structuurveranderingen. Het bestuderen van die re-
acties kan ons niet alleen helpen DNA-schade en herstelprocessen te begrijpen en
inzicht te geven in de evolutie van DNA op de vroege aarde. Fotogeı̈nduceerde
processen in DNA zijn bijvoorbeeld ook relevant voor mogelijke toepassingen van
DNA in moleculaire elektronica of als moleculaire machines. Na fotoexcitatie van
DNA kunnen zich meerdere vervalkanalen openen, waaronder fluorescent verval,
destructieve chemische reacties (fragmentatie), en stralingsloos verval (vibratiekoel-
ing, interne omzetting en Auger-verval). Veel van de vervalkanalen die bij de dy-
namica van aangeslagen toestanden van DNA betrokken zijn, in het bijzonder het
stralingsloze verval, zijn ultrasnelle processen. Voorbeelden zijn elektronenmigratie,
elektronenoverdracht en protonenoverdracht, welke op femto- of zelfs op attosec-
onde tijdschalen kunnen plaatsvinden .

Om de reactie van DNA bij absorptie van energetische fotonen te onderzoeken,
werd een zelfgebouwde tandem massaspectrometer gebruikt die een electrospray io-
nenbron combineert met een Paul trap voor respectievelijk productie en opslag van
DNA ionen in de gasfase. De opstelling werd ontworpen om grote biomoleculen
te bestuderen die interageren met hoogenergetische deeltjes, zoals VUV-fotonen,
zachte röntgenfotonen en MeV-ionen. Zowel kationische als anionische fotopro-
dukten kunnen worden onderzocht, onafhankelijk van de ladingstoestand van de
precursor. Bij experimenten met near-edge soft X-ray absorption mass spectrome-
try (NEXAMS) worden de opbrengsten van gefragmenteerde ionen geregistreerd als
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functie van de röntgenfotonenergie. De verkregen massaspectra zijn het gevolg van
resonante kern-excitaties naar niet-bezette moleculaire orbitalen en bevatten daarom
informatie over de elektronische structuur van het DNA. Nog belangrijker is dat
de fragmentatiekanalen een subtiele afhankelijkheid vertonen van de plaats van ab-
sorptie van zachte röntgenstraling. Alleen met behulp van time-dependent density
functional theory (TD-DFT) berekeningen van het kernexcitatieproces is het mogelijk
om de individuele resonanties die experimenteel zijn waargenomen toe te wijzen en
de plaatsgebondenheid van door zachte röntgenstraling geı̈nduceerde processen in
gasfase-DNA te onderzoeken.

In hoofdstuk 3 hebben we de hoge-resolutie NEXAMS eigenschappen van het
trinucleotide kation [d(FUAG)+H]+ grondig experimenteel onderzocht en de re-
sultaten vergeleken met TD-DFT berekeningen met behulp van een korte-afstands
uitwisseling correlatie functie. Zachte röntgenstraling fotonenergieën bij de stikstof
K-grens werden specifiek gekozen voor fotoexcitatie die uitsluitend gelokaliseerd
is op de nucleobasen. Twee absorptiebanden, π∗

1 (399,6 eV) en π∗
2 (401,9 eV), wer-

den waargenomen. Door TD-DFT gegevens te vergelijken voor zowel neutrale
d(FUAG) als voor A-N1 geprotoneerd (A: adenine) en G-N7 geprotoneerd (G: gua-
nine) [d(FUAG)+H]+ vonden we dat kernovergangen op imine-N plaatsen bijdragen
aan de π∗

1 band, terwijl de π∗
2 band voornamelijk te wijten is aan kernovergangen op

amine-N in het neutrale systeem. Protonatie van een N-locatie heeft een direct ef-
fect op de 1s-bindingsenergieën van N: De extra H-atomen die gehecht zijn aan een
imine-N verschuiven de kernovergang van π∗

1 naar π∗
2 . De kernovergangen in FU

worden niet beı̈nvloed door de protonatie. Als een vooruitzicht, op maat gemaakte
oligonucleotiden die bijvoorbeeld alleen zijn voorzien van een enkele imine N atoom
en een excitatie bevatten bij π∗

1 energieën zouden perfect gelokaliseerde N 1s excitatie
mogelijk maken die kan dienen als basis voor zachte röntgenstraling pump-probe
studies op lading migratie en energie transport in oligonucleotiden.

In hoofdstuk 4 hebben we de invloed van resonante zachte röntgenabsorptie
nabij de K-randen van koolstof, stikstof, zuurstof en fluor op de intramoleculaire
waterstof(H)-overdracht in het trinucleotide [d(FUAG)+H]+ onderzocht. Uit onze
NEXAMS-experimenten volgt dat foto-geı̈nduceerde splitsing van glycosidebindin-
gen altijd leidt tot de vorming van B+ of BH+ fragmentionen (B: base). De vorming
van BH+ vereist dubbele H-overdracht naar de base en de vorming van B+ vereist
enkele H-overdracht. H-overdracht van de DNA ruggengraat naar de nucleobase
is dus een fundamenteel fenomeen dat optreedt tijdens het baseverliesproces tij-
dens DNA fragmentatie. Door onderzoek van de verhouding tussen BH+ opbreng-
sten en B+ opbrengsten als functie van de fotonenergie, hebben we de invloed van
zachte röntgenstralingsfotonenergie op het H-overdrachtsproces gekwantificeerd.
Voor A wordt uitgesproken plaats-gevoeligheid niet waargenomen en de waarschi-
jnlijkheid voor H-overdracht hangt af van röntgen-energie op dezelfde manier als
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bij de partiële ion opbrengst van A+. Voor G daarentegen, lijkt de H-overdracht te
worden gedoofd voor zachte röntgenstraling absorptie op de G-groep.

In het [d(FUAG)+H]+ NEXAMS-experiment kan het Auger-verval na de initiële
binnen-schil-excitatie het molecuul in een veelheid van verschillende meervoudig
aangeslagen toestanden achterlaten. Verrassend genoeg blijkt, ondanks het grote
aantal aangeslagen toestanden, in het bijzonder voor kernexcitatie binnen het A-
gedeelte, de H-overdracht een robuuste eigenschap te zijn die onafhankelijk is van
de plaats van absorptie en de specifieke tussentoestand die door Auger-verval
wordt gevormd. Op basis van onze experimentele gegevens is het onmogelijk
om de aard van het H-overdrachtsproces goed te karakteriseren. Het is bijvoor-
beeld niet bekend welke H-donors en -acceptors betrokken zijn, noch of het zachte
röntgenabsorptieproces de H-overdracht beı̈nvloedt en waarom de drie verschil-
lende nucleobasen verschillende H-accepterende eigenschappen vertonen. Om deze
vragen te ontrafelen, werd opnieuw TD-DFT gebruikt.

Uit de DFT-geoptimaliseerde geometrie van de grondtoestand hebben we eerst
niet-covalente interactie (NCI) kaarten geëxtraheerd, die duidelijk de vier meest voor
de hand liggende intramoleculaire H-bindingen tussen basen en ruggengraat laten
zien. Op nucleobasen gelokaliseerde H-acceptoren bleken FU-O2, A-N3 en G-N3
te zijn. Interessant is dat G ook een H-binding donor plaats heeft bij G-N2, die
bindt aan de O4” in de fosfaatgroep. H-overdracht langs de H-bindingen is eerder
onderzocht in UV-foto-excitatie-experimenten en het is gebleken dat de-excitatie
vaak stralingsloos en ultrasnel verloopt via kegelvormige doorsneden naar een H-
overdrachtstoestand. Het is aannemelijk dat ook bij excitatieverval door resonante
zachte röntgenstraling soortgelijke ultrasnelle H-overdrachtsprocessen aan de orde
zijn. Voor een dieper begrip van de onderliggende dynamica zouden toekomstige
studies met gelijktijdige detectie van de Auger elektronen en/of tijd-geresolveerde
studies zeer nuttig zijn.

Uiteindelijk hebben we in dit proefschrift voor het eerst direct de ultrasnelle
fotofragmentatie dynamica in anionische DNA monomeren in de gasfase en in G-
quadruplex systemen getraceerd door het uitvoeren van VUV-pump IR-probe ex-
perimenten. Om een geschikt G4 systeem te vinden dat efficiënt in monomeren kan
dissociëren door absorptie van fotonen, werd een reeks pilotexperimenten uitgevo-
erd op verschillende G4s, zoals (dTGGGGT)4, (dTTGGGT)4 en (dTTGGTT)4, evenals
hun respectievelijke monomeren. We ontdekten dat (dTTGGTT)4 de enige G4 is die
zich voornamelijk ontvouwt tot monomeren na VUV-fotonabsorptie. (dTTGGTT)4
werd daarom gebruikt voor de tijdsgeresolveerde experimenten. Een pump-probe
studie met fs IR en VUV (FEL) pulsen wordt gerapporteerd in hoofdstuk 5.

In deze studie werd fotofragmentatie eerst onderzocht voor DNA monomeren en
G4, voor het geval van fs IR pulsen en/of voor het geval van FEL fs VUV pulsen. De
opbrengst aan partiële fragmentionen werd geregistreerd als functie van de pulsen-
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ergie om de pulsenergie voor zowel de pump- als de probepuls afzonderlijk te opti-
maliseren. Het ”smelten” van fotogeı̈nduceerde [(dTTGGTT)4+NH4-7H]6- zal naar
verwachting leiden tot de vorming van (intacte) dTTGGTT-monomeren en voor
zowel IR- als VUV-pulsen bij zeer lage pulsenergieën werd [dTTGGTT]− vorming
waargenomen. Fotogeı̈nduceerde [dTTGGTT-2H]2− fragmentatie voor zowel IR- als
VUV-pulsen bleek ook te leiden tot vergelijkbare grote fragment anionen zoals d−2 en
(a3 − G)−. Voor het onderzoek van de ”smelt”-dynamica hebben wij gekozen voor
een pump-probe-benadering, waarbij de partiële opbrengst van geselecteerde frag-
mentionen de waargenomen waarde is, als functie van de pump-probe-vertraging.

Uit de experimentele gegevens blijkt een duidelijk effect van de pump-probe-
vertraging. De opbrengst van het [dTTGGTT]− monomeer is het hoogst bij negatieve
vertraging (IR voorafgaand aan VUV) en neemt aanzienlijk af bij positieve vertrag-
ing (VUV voorafgaand aan IR). De opbrengsten van de monomeerfragmenten d−2
en (a3 − G)− zijn lager bij negatieve vertraging en nemen toe bij positieve vertrag-
ing. Dit impliceert dat VUV-absorptie efficiënt het smelten van G4 induceert en
dat de daaropvolgende IR-puls de monomeren dissocieert. Om dit proces te laten
plaatsvinden, moet het monomeer voldoende tijd krijgen om zich te vormen. Helaas
is het aantal datapunten te laag om duidelijke conclusies te trekken, maar de io-
nenopbrengsten lijken een lokaal maximum te hebben bij ongeveer 100 ps voordat
een afname inzet.

De combinatie van ESI-gebaseerde tandemmassaspectroscopie en geavanceerde
fotonenbronnen voegt een extra dimensie toe aan de gevestigde, op absorptie-plaats
selectieve, techniek van zachte röntgenspectroscopie: Individuele spectra kunnen
worden opgenomen voor elke fotofragmentatie-route en worden vergeleken met
theoretische berekeningen. Hoewel deze aanpak een zeer gedetailleerd onder-
zoek van foto-geı̈nduceerde processen mogelijk maakt, blijft de interpretatie van
de gegevens een uitdaging, omdat voor grote biomoleculaire ionen het bekend is
dat ESI een verscheidenheid aan conformatietoestanden produceert die niet op basis
van hun massa kunnen worden geselecteerd. Om bepaalde conformatietoestanden
van precursor DNA-ionen te kunnen selecteren, nemen wij momenteel een compact
ESI-gebaseerd ion mobility spectrometry (IMS) systeem in gebruik in ons laborato-
rium. Het IMS-systeem is gebaseerd op het ”travelling wave”-principe, met elek-
trodes die meestal op printplaten zijn geı̈mplementeerd. In de toekomst zou het-
zelfde principe ook kunnen worden gebruikt voor onderzoek naar conformatiedis-
tributies van fotoprodukt-ionen.

Tot nu toe hebben wij systematisch G4 systemen onderzocht die gestabiliseerd
worden door NH+

4 ionen. Onze studies tonen geen bewijs voor een specifieke rol die
NH+

4 speelt tijdens het ontvouwen van G4, dat wil zeggen, we hebben geen enkele
G4-foto-ionen gevonden met NH+

4 eraan. Een logische volgende stap zou zijn om G4
te onderzoeken met alkalimetaal tegenionen zoals K+, Na+, die veel voorkomen in
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G4 in vivo. G4 met deze tegenionen zou een andere ontvouwingsdynamiek kunnen
hebben in vergelijking met NH+

4 . Na+ of K+ tegenionen in G4s zouden selectief
kunnen worden geëxciteerd / geı̈oniseerd op de positie van het tegen-ion (Na+, K+

op K-rand of L-randen), wat zeer efficiënt zou kunnen leiden tot ontvouwing.
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