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Abstract

The research on the interaction between radiation and biomolecules pro-
vides valuable information for both radiobiology and molecular physics.
While radiobiology is interested in the damageinflicted on the molecule
upon irradiation, molecular physics exploits these studies to obtain infor-
mation about the physical properties of the molecule and the quantum me-
chanicalprocessesinvolved in the interaction.

This thesis work investigated how fsmall changein the structure or
composition of piomolecule changesthe responseof the moleculeto ioniz-
ing radiation. Altogether eight different biomoleculeswere studied: nucleo-
sidesuridine, 5-methyluridine and thymidine; amino acidsalanine,cysteine
and serine; and halogenatedacetic acids chloro- and bromoacetic acids.The
effect of ionizing radiation on these molecules was studied on molecular
level, investigating the samplesin gasphase.Synchrotron radiation of VUV
or soft x-ray range was used to ionize sample molecules, and the subse-
quent fragmentation processeswere investigated with ion mass spectros-
copy and ion-ion-electron coincidencespectroscopy.

The comparison between the three nucleosidesrevealed that adding or
removing gingle functional group canaffect not only the bonds from which
the moleculeruptures upon ionization but alsothe chargelocalization in the
formed fragments. Studies on amino acids and halogenatedacetic acidsin-
dicated that one simple substitution in the molecule can dramatically
changethe extent of fragmentation. This thesis work also demonstratesthat
in order to steer the radiation-induced fragmentation of the molecules,it is
not always necessaryto alter the amount of energy deposited on the mole-
culesbut selecting guitable substitution may suffice.



Tiivistelma

Biomolekyylien ja sateilyn vélisten vuorovaikutusprosessientutkiminen on
olennaista seka sateilybiologialle ettd molekyylifysiikalle. Séateilybiologia
tarkastelee sateilyn molekyyliin aiheuttamia vaurioita, kun taas molekyyli-
fysiikka hyddyntaa naita tutkimuksia saadakseertietoa molekyylin fysikaa-
lisista perusominaisuuksista ja vuorovaikutusprosessien kvanttimekaani-
sistatapahtumaketjuista.

Tassavaitoskirjatydssa tutkittiin, miten pieni muutos biomolekyylin ra-
kenteessatai koostumuksessamuuttaa molekyylin tapaa reagoida ionisoi-
vaan sateilyyn. Tutkimuskohteiksi valittin kahdeksanerilaista biomolekyy-
lid: nukleosidit uridiini, 5-metyyliuridiini ja tymidiini; aminohapot alaniini,
kysteiini ja seriini; ja kaksi halogenoituaetikkahappoa,kloori- ja bromietik-
kahapot. lonisoivan sateilyn vaikutusta naihin molekyyleihin tarkasteltiin
molekyylitasolla tutkimalla ndytemolekyyleja kaasufaasissaNaytemolekyy-
lit ionisoitiin VUV:ntai pehmean rontgensateilyn alueen synkrotronisatei-
Iylld, ja ionisaation jalkeista molekyylin hajoamista tutkittiin ionien massa-
spektroskopialla ja ioni—ioni—elektroni-koinsidenssispektroskopialla.

Kolmen nukleosidin vertailu paljasti, ettd yhden funktionaalisen ryhman
lisaaminentai poistaminen voi vaikuttaa paitsi silhen, mitk& sidokset mole-
kyylissa katkeavat, myds siihen mihin muodostuneista hajoamistuotteista
ionisaation tuottama sahkoéinen varaus jaa. Aminohappojen ja halogenoitu-
jen etikkahappojen tutkimukset puolestaan osoittivat, ettd pelkka substi-
tuution vaihtaminen voi merkittavasti muuttaa molekyylin hajoamisen as-
tetta. Tama vaitoskirjatutkimus myo6s osoittaa, ettd sateilyn aiheuttamaa
molekyylin hajoamista voidaan hallita paitsi muuttamalla molekyylin koh-
distuvan energian maaraa,myos valitsemalla sopiva substituutio.
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1 INTRODUCTION

The interaction between ionizing radiation and biomolecules has been f
popular study subject for decades.lts obvious importance to radiobiology
and medicine has been one of the main motivations. Other interests come
from industrial applications that use biomaterials exposedto radiation, e.g.
paints, plastics or organic electronic devices.In molecular physics’ point of
view, investigating ionization processesprovides information about physi-
cal properties of the molecule and quantum mechanicalprocessesinvolved.

In addition to being biologically relevant, biomolecules are ffruitful
study subject in molecular physics due to their structural variety. Biomole-
cules often have several different forms, existing in different geometrical
and spatial arrangements or conformers. Many of them differ from some
other molecule only by fsingle functional group. Moreover, they can be
easily modified by substituting one atom by another elementor functional
group. For instance,hydrogen can be substituted by feavier atom suchas
bromine or chlorine, or by fmethyl group. This diversity of biomolecules
enablesoneto study how gmall changein fmolecular structure or compo-
sition affectsthe behavior of fmolecule.The information gatheredin such
comparative studies is valuable in the quest of developing fquantum me-
chanicaldescription of matter.

Experimentally, radiation damageto biomoleculescan be studied by var-
ious spectroscopicmethodsincluding x-ray absorption [1] and emission [2]
spectroscopies,ion mass spectroscopy[3], and electron spectroscopy [4].
lonization often leads to breakagesof one or more molecular bonds and
eventually to fragmentation of the molecule. Mass spectra of the molecule
reveal from which bonds the molecule tends to break. Kinetic energies of
the emitted electrons, on the other hand, contain information about elec-
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1. INTRODUCTION

tronic energies involved in the fragmentation. Combining these two spec-
troscopies, detecting emitted ions and electrons simultaneously, allows one
to create fmore complete picture of the ionization process.This so-called
coincidencespectroscopy[5] enablesone to determine the sequenceof the
fragmentation process.Moreover, it canbe usedto study how the fragmen-
tation dependson the ionization site or on the internal energy of the mole-
cule.

Regardingradiation damage,the DNA molecule is considered to be the
most crucial molecule in biological tissues.Being frather large molecule it
is an easytarget and damageto it may be lethal to the cells [6]. The size of
the DNA molecule also makesit  fhallenging study subject. Therefore, mo-
lecular physicists often adopt fso-called ‘bottom-up’ method, in which
smaller parts of the bigger target molecule are studied first and when
enoughinformation is gathered,the size of the sample molecule can be in-
creased.In caseof the DNA,the smaller study subjectsare usually individu-
al nucleobasesand deoxy-D-ribose sugars or their combinations, nucleo-
sides. The bottom-up method can also be applied to other biologically im-
portant macromolecules.In caseof proteins, for example,single amino acids
canbeusedas ftarting point in radiation damagestudies.

In this thesis work, spectroscopic methods are employed in order to
study radiation damageto smaller constituents of proteins and DNA and
RNA molecules.Carboxylic acids and amino acids are taken as representa-
tives of proteins and the nucleosidesthymidine and uridine are chosenas
samples of DNA and RNA, respectively. The structures of the molecules
studied in this thesiswork are depictedin Figure 1.

This thesis is organizedin four chapters.The next chapter, chapter 2, in-
troduces relevant conceptsrelated to ionization and subsequentfragmenta-
tion processesof biomolecules.The third chapter describesthe used exper-
imental methods, and the final chapter summarizes and discussesthe re-
sults of the researchpapers.

15



1. INTRODUCTION

0 0
Cl\)J\OH Br\)kOH

Chloroacetic acid Bromoacetic acid
0 0 0
I I on, L _cn,
HN/j HN/\/|( HN/j/
A A A
Ho 07 °N Ho 07 "N Ho 0~ °N
0 0
OH OH OH OH OH
Uridine Thymidine Methyluridine
O O 0]
H3C
3 OH HS OH HO OH
NH2 NH2 NH2
Alanine Cysteine Serine

Figure 1. Samplemoleculesstudied in this thesis work.
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2 PHOTOFRAGMENTATIONDF
MOLECULES

Interaction between photons and atoms or moleculescan occur in multiple
ways, including scattering and absorption that canlead to excitation or ion-
ization. Scattering processescan be categorized as elastic or inelastic de-
pending on whether no energy or part of the energy is transferred from the
photon to the system.When fhoton with initial energy S Kscattersinelas-
tically from fmolecule M &t losespart of its energy and departs with  fde-
creasedenergy SXThe energy difference S SKcan be consumedeither
by excitation of the molecule,

hy M  hy ™ & (1)
or, with large enoughenergy differences,by ionization of the molecule,
hy M hy M ea (2)

In contrast to scattering processesabsorption processesentail annihila-
tion of the photon and transfer of all its energyto the system.Asin scatter-
ing processesthe absorbedenergy canbe consumedeither by excitation,

hy M M @& 3

or ionization of the system,
hy M M ®a (4)
The probability of eachinteraction processis strongly affected by inci-
dent photon energy (see Figure 2). With the photon energies used in this
thesis work, from yo 600 eV, ionization is the most relevant processto be

considered.When fnoleculeis excited or ionized, the energy deposited on
the molecule may be so large that it is capable of breaking the bonds be-
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2. PHOTOFRAGMENTATIONDFMOLECULES

tween the constituent atoms leading to fragmentation of the molecule.
When the molecule is ionized with photon radiation, the subsequentfrag-
mentation is often called photofragmentation to differentiate it from ioniza-
tion with electrons,for example,or from fragmentation processesunrelated
to radiation. Similarly, electrons emitted in photoabsorption are called pho-
toelectrons. In this chapter, physical aspectsrelated to ionization and pho-
tofragmentation of moleculesare discussed.

wavelength (,5\)

100 10 1 0.1 0.01
~ 10-10} N e fotal ]
g ~, | ‘\,\ = coherent scattering
% A A e incoherent scattering
o 12 L Yo e photoabsorption ]
g 10 “ . :
=7 “ pair production
]
= 1074 N, 1
=] ",
8
g 0 s P i
g 108 ]
b= > .
Q |07I8 FLe 4
0.1 1 10 100 1000 10000

energy (keV)

Figure 2. Dependenceof cross-sectionson the photon energyfor the exampleof
carbonatom [7].

2.1 Molecular orbitals

Before discussingionization or fragmentation of molecules,it is beneficial
to consider the structure of fmolecule. moleculeis often described asan
ensembleof atomic nuclei surrounded by circulating electrons. Being quan-
tum mechanical particles, electrons are best described by probabilities of
their position and energy rather than deterministic trajectories. The wave-
functions that determine the spatial distributions of electronsin fmolecule
are called molecular orbitals and they can be usedto describethe electronic
structure of fnolecule.Knowing the exactelectronic structure of the mole-
cule would require solving the Schrédingerequation. The Coulombicrepul-
sion potential between the electrons, however, makesan analytical solution
impossible and various approximation methods have beendeveloped.
Onenumerical method to solve the Schrodingerequation of fmultielec-
tron systemis called Hartree—Fockself-consistentfield (HF-SCF)method. It

18



2. PHOTOFRAGMENTATIONDFMOLECULES

was first introduced by DouglasHartree in 1928 [8] and was further devel-
oped by JohnSlater[9-10] and Vladimir Fock[11]. The HF-SCRnethod does
not only take the Coulombic repulsion into account but also the exchange
interaction of the electrons. The starting point in this method is that an elec-
tron movesin an averageelectric field created by the other electrons and by
fixed nuclei. In order to calculate the average electric field, assumptions
about the wavefunctions of the other electrons haveto be made. The aver-
age electric field based on these assumed wavefunctions is then used to
solve Schrddinger equations of all electrons. After the first calculation
round, et of new wavefunctions hasbeenacquired and it is inserted into
Schrédinger equations to find  fnew, improved set of wavefunctions. This
iterative process continues until the improved versions of the wavefunc-
tions do not differ significantly from the versions in the beginning of the
calculation round.

The question in the HF-SCHmethod now becomeshow to selectthe first
versions of the wavefunctions. very common approachis to construct the
initial wavefunctions % aslinear combinations of atomic orbitals (LCAO),

L odcy s ®

where cim are constantsrelated to  fmolecular orbital m and atomi &@nd £

are the atomic orbitals belonging to atom i in fnolecule.Useof the LCAO
method is appealingbecauseit transforms the problem of optimizing wave-
functions into optimizing coefficients ¢ @&nd becauseplenty of good atomic
orbital approximations for multielectron atoms are available [12]. Oneop-

tion for the atomic orbitals or the basis functions £ is the Gaussian-type
orbitals (GTOs)[13] that are defined by an equation
gy (r) NXy Xe n* (6)

where N is fnormalization constant, i, j &nd k are non-negative integers,
and =is fpositive constant. The integers i, j and k define the type of the
atomic orbitals. If they are all zero, for example,the orbital is s-type, and if
their sum i+j+k equals one, the orbital is p-type. The GTOscan also be
grouped together into so-called contracted Gaussiarfunctions where linear
combinations of gix centered at the sameatomic nucleusare usedinstead of
primitive GTOsgiven by Eg. 6. Using contracted GTOsreducesthe number
of basisfunctions and facilitates the calculations[12].

The qualities of the wavefunctions can be usedto divide molecular orbit-
als in three classes.Coreorbitals are well localized around fnucleus and
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2. PHOTOFRAGMENTATIONDFMOLECULES

they are low in energy. The main contribution to these orbitals comesfrom
solitary atomic core orbitals. Valenceorbitals have higher energiesand they
are spread over larger areain fmolecule. Unoccupiedorbitals are located
above the valenceorbitals, and astheir name suggeststhey usually do not
contain electrons. They can, however, acceptelectrons from lower orbitals
in excitation processesor from surrounding atoms or molecules.The con-
traction schemesof GTOstypically involve different basis sets for inner
shell and valence shell orbitals. For example,in the contraction scheme6-
31Gusedin paper IV of this thesis,one contracted Gaussiancomposedof six
primitives is used for the inner shells while the valence shells are con-
structed with one contracted Gaussiancomposedof three primitives and f
singlediffuse primitive function.

As an example of the use of LCAQIn construction of molecular orbitals,
the molecular orbitals of chloroacetic acid molecule in neutral ground state
are presented in Figure 3. Theseorbitals were obtained by HF-SCFealcula-
tions using 6-31G(d) basis set [14-17]. The calculations were performed
with GAMESSjuantum chemistry code [18] via WebMointerface [19]. The
molecular orbitals in Figure wemonstratewell the different nature of core
and valenceorbitals. The orbitals 1-9 are clearly concentrated around spe-
cific atoms and have significantly lower energies than the other orbitals:
they correspond to the core orbitals. The lowest orbital (MO1) is so con-
tracted that its size is smaller than the chlorine atom in the picture; this
orbital is essentially the atomic core orbital 1s of chlorine. The next lowest
orbitals, MO2and MO3,are located around the two oxygenatoms,and they
correspond to the 1s orbitals of the oxygens.Above them in energy follow
orbitals vand what correspond to the 1s orbitals the carbon atoms, and
orbitals 6-9 that have contributions from the 2p orbitals of chlorine. Com-
pared with the core orbitals, the orbitals 10-24 are much higher in energy
and they are spread more over the molecule. They constitute the valence
orbitals, which are linear combinations of multiple atomic orbitals.

20



2. PHOTOFRAGMENTATIONDFMOLECULES

MO1 -2851,5 eV MO2 -561,4 eV MO3 -560,0 eV MO4 -311,1eV

:

MO5 -308,5 eV MO6 -287,4 eV MO7-218,6 eV M08-218,5eV

d 4

M09 -218,5 eV MO010 -38,2 eV MO11-36,3 eV MO012 -31,7 eV

‘?

MO013 -326,8 eV MO14 -21,9 eV MO15 -19,7 eV MO16 -18,5 eV

i

MO017 -17,5 eV MO18 -16,4 eV MO019 -15,7 eV MO020-15,2 eV
MO021-13,1eV MO022 -12,7 eV MO023-12,4eV = MO024-12,4eV

Figure 3. Molecular orbitals of chloroaceticacid molecule obtained by HF method
(seetext for more details on the calculations). The molecular orbitals 1-9 corre-
spondto core orbitals and orbitals 10-24 to valenceorbitals. Therotation of the
moleculeis slightly different in someorbital imagesto provide better view of the
orbital structure.



2. PHOTOFRAGMENTATIONDFMOLECULES

2.2 Photoionization and photoelectron spectra

Although the mathematical description of the molecular orbitals remains
more or less approximate, they are fuseful conceptin discussionsof vari-
ous molecular phenomena.lonization, for instance, can be conceivedas f
processthat leadsto fremoval of an electron from fmolecular orbital to
continuum. The minimum amount of energy required to detachan electron
from an orbital and promote it to continuum is called ionization energyor
ionization thresholddn quantum mechanicalpoint of view, the probability
that fphoton ionizesan electron is determined by the transition moment Ja

ABr u diu a H (7)

where Oand Benote the wavefunctions of bound and continuum electrons,
respectively,and r representsthe dipole operator. The qualitative interpre-
tation of Eq. yis that ionizing an electron from fcertain orbital requires
that the wavefunctions of the bound electron ( O and that of the continuum
electron ( B overlap. This overlap dependson the photon via the energythat
it depositson found electron, asillustrated in Figure 4. In broader terms,
the interaction probability of radiation and matter is described with  fpa-
rameter called cross-sectionwhich includes the effect of transition moment.
Cross-sectionis highest for photon energies near the ionization threshold
and decreaseswith increasingphoton energy.
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2. PHOTOFRAGMENTATIONDFMOLECULES

/¢xrx5dr

b4
|

7 4 & 8 ®

0

Figure 4. lllustration of the transition moment of anionization process[20].

According to Koopmans’ approximation, orbital energy B equals the
negativevalue of the electron’sionization energy Eon &

E.. M & (8)
Thus, the primary information provided by photoelectron spectra is the
molecular orbital energies,which can offer plenty of secondaryinformation
about the molecule. For example, core-level photoelectron spectra can in
some casesreveal information about the molecular structure. The core or-
bital energies of the elements changeslightly when the atoms are bonded
together to form molecules.This so-calledchemicalshift can be observedin
photoelectron spectra as displacements of photoelectron peaks related to
peak positions of free atoms. The shift dependson the neighboring atoms of
the studied orbital. Therefore, by analyzing the chemical shifts it is some-
times possible to deduce the way the atoms are bonded together and to
construct an image of the molecule in question. In paper lll, for instance,
chemical shifts were usedto conclude that gas-phaseuridine molecule ex-
ists in pyranoserather than furanose form. Chemicalshifts can also be used
to differentiate atoms of same element in electron-ion coincidence meas-
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2. PHOTOFRAGMENTATIONDFMOLECULES

urements, which is helpful, for example, in site-selective fragmentation
studies (see Section2.3).

2.3 Site-selective vs. site -dependent fragmentation

Since atomic core orbitals preserve their localized nature even when the
atoms are bonded together to form fmolecule, core ionization creates f
hole essentiallyat fistinct location in the molecule.With this site-selective
ionization method it is possible to study how the location of the initial core
hole affects the fragmentation behavior of the molecule. The problem with
site-selective ionization is, however, that multiple ionization or excitation
processesmay be initiated with  fgiven photon energy. Therefore, the ob-
served fragmentation may not be exclusively related to ionization of fcer-
tain core level. In addition, site-selective ionization does not distinguish
between atoms of same elements. These problems can be avoided if the
fragmentation is observedin coincidencewith the emitted photoelectrons.
Observing fragmentation with certain core level photoelectrons filters out
any other fragmentation processesthat might occur with the same photon
energy. Moreover, measuring the energies of photoelectrons provides f
meansto separate atoms of same elements basedon their chemical shifts,
provided that the electron energyresolution is lessthan the chemicalshift.

In somemolecules,the initial ionization site hasbeenobservedto have f
significant impact on photofragmentation. The ionization site canin some
casesdetermine from which bonds the molecule is cut; this is called site-
selectivefragmentation &ore often, however, site-selectiveionization leads
to changesin probabilities or branching ratios of different fragmentation
pathways rather than in the fragmentation pathways themselves.This be-
havior is called site-dependenfragmentation. Various mechanismsfor site-
selectiveor site-dependentfragmentation have beensuggestedand they are
reviewed in length in the introduction section of paper IV. One of the pro-
posed reasonsfor site-dependent effectsis so-calledinternal energy and it
is discussedin the next section.

2.4 Auger process and internal energy

After core ionization, the molecular ion is left in an excited state and it will
relax to the ground state either by fluorescenceor Auger emission,the lat-
ter processbeing more probable in light elements.In Auger emission, the
core hole is filled by another electron from orbitals higher in energy than
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2. PHOTOFRAGMENTATIONDFMOLECULES

the orbital containing the core hole. The released energy is consumed by

emissionof gecondelectron called Augerelectron.
The core-ionized states of biomoleculesusually decayby Auger emission

and, therefore, core ionization leads to at least doubly charged biomole-

cules.The energy of thesefinal dicationic statesdependson which molecu-

lar orbitals are involved in the Auger process.The lowest final state energy
is achievedwhen the Auger processcreatestwo holes in the highest occu-

pied molecular orbital (HOMO).If the core holes are created in lower mo-
lecular orbitals, the final state energy increases.The correlation between

kinetic energy of an Auger electron and the final state energy of the mole-

culeis illustrated in Figure 5.
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Figure 5. Correlation betweenfinal state energy of the molecule and kinetic energy

of the Auger electron. Picture is taken from paper|V.

SinceAuger electrons carry with them information about the final state

energy, Auger electron spectroscopyis an excellent method to study it. If
the kinetic energiesof Auger electrons Eauger are known, the final state ener-

giesEina canbe calculatedfrom the equation:
Efinal Ecore EAuger a

(9)

where Ecore denotes the ionization energy of the core orbital. Occasionally,

the difference between the dicationic ground state energy (marked M++ in
Figure 5) and the final state energy is used rather than the absolute final
state energy. This energy difference is called internal energy én order to
calculatethe amount of internal energy,the double ionization energy hasto
be known. This information is not always available; however, since final
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2. PHOTOFRAGMENTATIONDFMOLECULES

state energyis directly linked to internal energy,theseterms are sometimes
usedinterchangeably.

After Auger decay,the moleculeis multiply chargedand it will fragment
in  fCoulombexplosion. If the formed fragment ions are measuredin coin-
cidence with the emitted Auger electrons, it is possible to investigate the
involvement of final state energy or internal energy on the fragmentation.
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3 EXPERIMENTALMETHODS

In this thesis work, ion time-of-flight massspectroscopy(ion TOFMS) and
photoelectron-ion-ion-coincidence (PEPIPICO)spectroscopy were used to
study fragmentation of various biomolecules.Synchrotron radiation in vac-
uum ultraviolet (VUV) or soft x-ray region was usedto ionize the molecules.
In auxiliary measurementscarried out in the home laboratory of Materials
Researchof University of Turku, fgasdischargelamp was also used asra-
diation source.In the following sections, fnore detailed description of each
aspectof the experimental methodsis given.

3.1 Synchrotron radiation

Synchrotron radiation is created when relativistic electrons follow fcircu-
lar or oscillating path. The continuously changingdirection of their veloci-
ties meansthat they have accelerationand this accelerationis manifestedin
the production of electromagnetic radiation. With relativistic energies,the
radiation is emitted in  frarrow conedirected along the tangent of the path
of the electrons.

3.1.1 Structureof gynchrotron

The main parts of the type of synchrotron used in this thesis work are de-
picted in Figure 6. Electrons are acceleratedto high velocities in  flinear
accelerator after which they may be further acceleratedin fsmaller ring
structure called the booster ring. When the electrons have acquired fuffi-
cient kinetic energy, typically ffew GeV,they are releasedinto fstorage
ring where they circulate emitting photon radiation. The radiation is guided
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3. EXPERIMENTALMETHODS

to the sample by beamlines that both transport the radiation and select f
spectral slice suitable for the measurements.At the very end of feamline,
there is an experimental station that consistsof spectroscopicequipment.

INJECTION BOOSTER

STORAGE

BEAMLINE RING

Figure 6. Themain parts of gynchrotron: injection system,boosterring, storage
ring and beamlines[21].

The path of the electrons is primarily guided by bending magnets, but
the storage ring also contains straight sectionsin which different kinds of
devicescan be installed to further modify the path of the electrons and the
properties of the emitted electromagnetic radiation. The most important
one of these so-called insertion devicesis fmagnetic structure called an
undulator. In this thesis work, all the measurementsusing synchrotron ra-
diation were carried out at undulator beamlinesand, therefore, the empha-
sisof this sectionis on the description of undulator radiation.

3.1.2 Propertiesof undulator radiation

Undulators are magnetic structures that consist of two arrays of magnets
separatedby fgap.The magnetsare arranged in such fwvay that the poles
alternate (see Figure 7). When an electron enters the undulator, magnetic
forces causeits path to oscillate in  fplane perpendicular to the magnetic
field. The oscillation period |, is determined by the distance between two
magnetsof samepolarity andis also called the undulator spatial period. The
magnetic field strength is relatively weak, and the oscillations occur within

the produced radiation cone.The interference of the emitted photons will

lead to constructive interference of only certain wavelengthsandas fesult,
the undulator radiation spectrum is not continuous but discrete (see Figure
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3. EXPERIMENTALMETHODS

8). In addition, being confined in  fsmall cone,the emitted radiation is sig-
nificantly brighter than achievedwith bending magnets.

Figure 7. Operating principle of anundulator [22]. Electronsenter the magnetic
structure which causesthe electronsto oscillatein plane perpendicular to the di-
rection of propagation.As fesult, the emitted radiation will exhibit interference.
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Figure 8. Undulator spectraof beamlinel411 of the MAX-labsynchrotron radiation

facility [23].
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The energy of the emitted photons can be controlled by changing the
magneticfield of the undulator. In practice, the adjustable parameter is the
gap between the magnets.The polarization of the radiation can also be se-
lected by changingthe relative positions of the magnetic structure arrays.
An additional problem arises from the higher harmonics of the undulator
radiation which are result of fnon-constant velocity of the electron in the
direction of its propagation. Higher harmonics can be useful if higher pho-
ton energiesare needed,but more often their presenceis not required. With
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VUV radiation, these higher harmonics can be blocked by fiilter, e.g.LiF
window, placedbefore the experimental chamber.

3.1.3 Beamlines

In this thesis work, all the experiments using synchrotron radiation were
performed in the former MAX-lab synchrotron radiation facility in Lund,
Sweden.There was no booster ring in the MAX-lab,but the electrons were
injected from the linear acceleratordirectly to the storagesrings presented
in Figure 9.

Figure 9. Storagerings of the former MAX-labin Lund, Sweden.Picture is taken
from ref. 24 with modifications.

Measurementswith VUV radiation were carried out at beamline I3 [25]
which was located at the MAX Il storagering that had fcircumference of
36 e+ and an operating energy of 700 MeV. The photon energy range of
beamline I3 was 5-50 eV with  fresolving power E/dE of the order of 105 &
The radiation was monochromatized using fnormal incidence mono-
chromator (NIM) with changeablegratings. In all of the measurementsin-
cluded in this thesis work, MgFR/Al coated grating with 2400 lines/mm
was used.

Measurementsusing soft x-rays were performed at beamline 1411 [26]
of the MAXII storagering that had fcircumference of 90 < and an operat-
ing energy of 1.5 GeV.The photon energy range of beamline 1411 was 40-
1500 eV with  fresolving power E/dE~103-104 & he radiation was mono-
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chromatized with  fmodified Zeiss SX-700 plane-grating monochromator
with 1220 lines/mm.

3.2 Spectroscopic techniques

3.2.1 Time-of-flightmassspectroscopy

In ion time-of-flight mass spectroscopy (ion TOF MS), ions with different
mass-to-chargeratios m/q are separatedin time. This is achievedby giving
an equalamount of energyto ions with the samechargeq &ausingvelocities
of the ions to depend on their m/qg ratios. Thus, heavier ions move more
slowly and the time required for the ions to reachthe detector can be con-
verted into an m/g scale.Therelationship betweenthe flight time T and the
mass-to-chargeratio of anion canbe expressedasan equation

T T, C\/E 4 (10)
q

where To and Care calibration constantsthat depend on the spectrometer
and measurementsettings.

In practice, the ions with samechargeare given fixed amount of energy
by accelerating them in an electric field. After acceleration, suitable time
delaysbetween ions of different massesare induced by leadingthem into  f
field-free region or frift spacebefore their detection. The first spectrome-
ter of this type emergedalready in 1948 [27], but fufficient massresolu-
tion for scientific investigations was only achieved during the 1950’s. The
famous article by Wiley and McLaren in 1955 [28] proposed ftwo-stage
acceleration process which improved the mass resolution significantly. In
the first stage, fvoltage Vsis applied over the sampleregion in order to di-
rect all the ions towards the accelerationregion (seeFigure 10). The voltage
Vs is called the extraction voltage and thus the sample region is sometimes
referred to as the extraction region. In the second acceleration stage, the
ions are acceleratedwith foltage of Vy after which they will enter the drift
spaceor the drift tube.
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Figure 10. The main parts of fViley—McLarentype time-of-flight spectrometer.

The purpose of the two-stage accelerationis to compensatefor the spa-
tial distribution of the ions. The ions formed closer to the pusher plate will
acquire slightly more energy and will have higher velocities than the ions
that formed closerto the accelerationregion. Thus the ions of the samem/q
ratios formed in different positions in the sampleregion will have different
flight times resulting in wide peaksin the spectrum. By selecting appropri-
ate voltagesVy and Vs (and corresponding electric fields Ey and Ey), it is pos-
sible to focusthe flight times of ions of the samem/q 4 can be shown [29]
that the position Do where the fasterions will eventually overtake the slow-
er ions of the samem/q &s given by equation

1 d§

S e

where d is the length of the accelerationregion as shown in Figure 10, s is
the position where the ion is formed and ko A+ (d/so @&J/Es) & herefore,
by changingthe ratio E4 Es it is possible to focus the ion flight times and
adjust the resolution of the massspectra. The combination of applied volt-

agesVs and Vy that enable the fast and slow ions of the samem/q ratios to

arrive at the detector at the sametime is called the Wiley—McLarenspace-
focusingcondition &

The starting time for the measurementof the flight times may be deter-
mined by using fpulsed ionization source or by using pulsed extraction
voltages Vs & he major advantageof the latter is that it can be usedin coin-
cidence spectroscopy where the electron detection signal triggers the ex-
traction pulse and determines the starting time of the flight time measure-
ments (seeSection3.2.3).

(11)
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3.2.2 Electronspectroscopy

Emitted electrons from ionized samplescarry with them information about
the electronic structure of the molecules.According to the Koopmans' ap-
proximation, ionization energy is equal to the negative value of the orbital
energy (Eqg. 8). Therefore, the best experimental approximation of the mo-
lecular orbital energies can be obtained by analyzing the photoelectron
spectra. Auger electrons, on the other hand, can be used to study the final
state populations in multiply ionized molecules (see Section 2.4). In both
casesthe analysis starts by measuringthe kinetic energiesof the electrons.
In this thesis work, all electron spectrawere measuredusing femispheri-
calanalyzer.

hemispherical analyzer consists of two concentric hemispherical elec-
trodes that are held at different potentials. Electrons emitted from the sam-
ple are collected and guided between the hemispheres by lens systems
placedin front of analyzer'sentranceslit. The averageradius of the spheres,
nominal radius ro &letermines the dispersion and the resolution of the ana-
lyzer. The induced electric field between the electrodes is such that only
electrons with  fcertain energy E, will follow path with ro radius. Devia-
tions from this nominal energy E, causethe electronsto have glightly dif-
ferent path and to arrive at different positions at the detector. Moreover,
since the electric field is spherically symmetrical, the analyzer focusesthe
electrons with the same energy but which enter the analyzer at different
anglesto the same x-coordinate of the detector (see Figure 11). This im-
proves the transmission by increasingthe acceptanceangleof the electrons.

€ntrance
slit

c— electrgy

| = lense. B
X Sample i s detectop

Figure 11. Operatingprinciple of fhemisphericalanalyzer.(The left imageis taken
from ref. 30.) The path of an electron inside the analyzer dependson its energy.The
electronswith the sameenergiesare spatially focusedon the samex-coordinate.
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The baseresolution of jhemisphericalanalyzeris given by

‘E s 5 a (12)
E 21,
where s; and s, denote the entrance and exit slit widths, respectively,and rg
is the nominal radius asshown in Figure 11.If fosition sensitive analyzer
is used,the exit slit width canbe replaced by the accuracyof the detector or
ignored altogether, which improves the resolution significantly. In addition
to providing better resolution, using position sensitive analyzersimproves
the measuredintensity sinceelectrons canbe detectedfrom larger area.
The hemispherical analyzer can be operated with  fconstant relative
resolution (Eg.12) or with  fonstantabsoluteresolution E, dn photoelec-
tron measurements,the latter mode is usually more practical. However, at
high kinetic energies good absolute resolution is difficult to achieve.This
problem can be overcome by retarding the electrons before they enter the
analyzer. The actual energy of the electrons after the retardation is called
passenergy. With constant passenergy Epassdhe absolute resolution in be-
comes
E, E_ > & 13
a pass 2r0 ( )
providing that the width of the exit slit canbeignored as,for example,when
using position sensitive detectors. The entrance slit width and the passen-
ergy can usually be both adjusted to select fcombination of resolution and
transmission that accommodatethe demandsof the experiment.

3.2.3 Coincidencespectroscopyn photofragmentationstudies

Combining the information from mass and electron spectroscopic meas-
urements provides more profound understanding about ionization and sub-
sequent fragmentation processesthan using either of the spectroscopies
exclusively. Different coincidencetechniques,where multiple particles orig-
inating from the same ionization event are detected simultaneously, have
proven to be especially valuable in investigations of various radiation-
related phenomena.In this thesis work, photoelectron-photoion-photoion
coincidenceor PEPIPICGpectroscopywas employed to study the fragmen-
tation of core-ionized biomolecules. In PEPIPICOjons are analyzed with
TOFMSusing the detection signal of the emitted photoelectron asthe start-
ing point for the flight time measurements.This type of coincidencetech-
nique was first introduced by Frasinski et al §31] and Eland et al. [32] in
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1986. Four years later, Hanson et al. introduced another type of electron-
ion-ion coincidencetechnique where ions are detected in coincidencewith
the emitted Auger electrons [33]. This technique was originally named
ERAEMICO(energy-resolved, Auger electron, multiple-ion coincidence)
mass spectroscopy.In this thesis work, however, abbreviation AEPIPICGs
used.

Resultsof PEPIPICQor AEPIPICOmeasurementsare often presented as
two-dimensional maps where the flight time of the heavier ion is plotted
versus the flight time of the lighter ion. An example of these photoion-
photoion coincidenceor PIPICOmapsis provided in Figure 12.
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Figure 12. PIPICOmap of chloroaceticacid measuredin coincidencewith CILVV
Auger electrons. The enlargementindicatesthe flight time deviations usedin de-
termination of the slopeandthe pattern length. The cross-hairsmark the massesof
the ion pairs at flight times corresponding to no initial kinetic energy of ions.

Thetilted line-like patterns in PIPICOmapsoriginate from fragmentation
processeswhere kinetic momenta of the fragment ions remain correlated
after fragmentation. The correlation is also manifested in velocities of the
ions and results in deviation in their observed flight times (see the en-
largementin Figure 12). Asexplainedin ref. 34, the slopesof suchpatterns,

TY

TX
contain information about the fragmentation sequencewhereasthe lengths
of the patterns,

a (14)

2 2 4
I T, T,° a (15)
canbe usedto calculatehow muchkinetic energyis releasedin the dissocia-

tion process.Patterns with irregular shapes,on the other hand, originate
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from concerted fragmentation processesin which the molecule breaks into
multiple fragments in an explosion-like manner, losing the correlation of
the kinetic momentaof the fragments completely or to  farge extent.

Oneof the most challengingaspectsof the electron-ion coincidencetech-
nique is minimizing the effect of false coincidences.When more than one
sample molecule M is ionized at the sametime, there is fpossibility that
the electron and ion detected simultaneously do not originate from the
same ionization event (see Figure 13). These so-called false coincidences
contribute to background noise in coincidence data. Oneway to attend to
this problem is to decreasethe ionization rate, i.e.to reduce the number of
events occurring simultaneously. The obvious disadvantageof this method
is increaseddata collection time. Another option, usually applied in combi-
nation with low counting rates, is to use artificial triggers to collect fda-
taset with false coincidence events which can then be used to statistically
reduce the effect of the false coincidencesfrom the coincidencedata [35].
However, this method is only approximate and does not remove the effect
of falsecoincidencesentirely.
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Figure 13. Schematicof true and false coincidenceevents.

3.3 Equipment and techniques

3.3.1 Thespectrometers

Molecular cations created by ionization were detected with fhome-made
Wiley-McLaren type ion time-of-flight (ion TOF) spectrometer with fHa-
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mamatsu 77 mm active area multichannel plate (MCP) detector. The spec-
trometer was used in pulsed mode in which the extraction pulse starts the
time counter for the flight times of the ions.

Kinetic energies of the electrons were analyzed by hemispherical elec-
tron analyzers.Part of the measurementsbelonging to paper IV was per-
formed with  fmodified Omicron EA-125 analyzer in which the original
channeltron detector was replaced by 0 mm active area diameter resis-
tive anodedetector (RAD),madeby Quantar.The original HV power and the
detector power supplies were replaced by home-madeunits and the control
systemand software were alsoreplaced.In all other measurements(papers
[, V, VI and partly V), the analyzerwas fmodified ScientaSES-100vhere
againthe original CCDcamerawasreplacedby fesistive anodedetector.

In coincidencemeasurements,the ion massspectrometer was combined
with the electron analyzerin fimilar manner as shown in Figure 14. This
coincidence spectrometer setup was developed by Kukk et al. and the de-
tailed description of its operating system can be found in ref. 36. The influ-
ence of false coincidenceswas reduced by using low counting rates of less
than 25 electrons/s and by using artificial triggers provided by fulse gen-
erator (seeSection3.2.3).

MCP
detector

Resistive anode
detector

Figure 14. Schematicview of anion-electron coincidencespectrometer setup simi-
lar to the spectrometer usedin this thesiswork.

3.3.2 Samplepreparation

All the samples studied in this thesis work were purchased from Sigma-
Aldrich and were usedwithout further purification. If necessarysolid sam-
ples were introduced into gasphaseby vaporizing them from fcrucible of
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resistively heated oven (MBE Komponenten NTEZ40).The vaporizing tem-
perature was measuredwith fhermocouple,incorporated in the bottom of
the crucible. Most of the studied biomolecules were easily deteriorated by
the heat and the vaporizing temperature had to be kept relatively low, typi-
cally below 160 °C.In addition, possible thermal degradation of the mole-
cule was monitored during the experiments by comparing TOF spectra
measured during heating. In case of coincidence experiments that could
take nearly an hour per measurement, TOFspectrawere recorded regularly
between separate coincidence measurements. During the measurements,
pressureinside the spectrometer was between 10-7-105 mbar.

3.3.3 Dataanalysis

All measureddata, either simple massspectra or more complicated PEPIPI-
COdata, were analyzed using Igor Pro software with custom data analysis
tool kit macros. The main parameter to be analyzedfrom the massspectra
was the intensities of the peakswhich were obtained by spectralfitting with

the least-squaresmethod using SPANCHmacro tool kit [37-38]. The data
from PEPIPICOmeasurementswas analyzed using another set of custom-
ized macros [35], and the analysis was mainly basedon the PIPICOmaps.
With the help of these maps, different ion pair regions can be defined, and
the ion pair intensities (counts per electron trigger) within fregion can be
extracted. Theseion intensities can also be plotted againstthe kinetic ener-
gies of the coincident electrons resulting in photoion-photoionyield or PIPIY
curvesanother important feature to be analyzedfrom PIPICOmapswasthe
shapesof the ion pair patterns. As explained in Section3.2.3,the shapesof
the patterns contain information about the fragmentation sequenceand the
energyreleasedin the process.

The derivation of the PIPICOpattern slopes(Eg. 14) in various fragmen-
tation scenariosis well documented in ref. 40. Therefore, only results for
the fragmentation processesrelevant to this thesis work are repeated here
for the convenienceof the reader. The most important fragmentation path-
ways encountered in this thesis work are two-body dissociation deferred
charge separationgsecondarydissociationéand symmetrical charge separa-
tion followed by secondarydissociationsa

In two-body dissociation, fnolecular dication consistingof A,B, and
moieties dissociatesexactlyinto two fragment ions:
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ABCD o @E a

This dissociation processresults in patterns with slopesk 14
In deferred charge separation, fneutral fragment is detached before
chargeseparation:

-AB
-AB °
ABCD o ®C a o]
Ch ~— 5

In this casethe slope of the pattern is approximately —1, assumingthat the
kinetic energyreleasein the first phaseis negligible.

In secondary dissociation, the charge separation occurs before the de-
tachmentof feutral fragment:

-A
ABCD -QCDO ®B a o] ®
co =

The slope of the pattern now depends on whether the heavier ion is sepa-
rated in the first or in the secondphase.If the cation A is heavier than the
cation B dhe slopeis determined by equation:

A | BCD (16)
Ty m,
where mgct and mg+ are the massesof the BCand B moieties of the molecule,

respectively. If the cation B is heavier than the cation A &he slope is re-
ciprocal value of Eq.16.

The last fragmentation sequenceto be considered here is the symmet-
rical chargeseparation followed by secondarydissociations:

A
ABCD AB, ®B i o
cD — C

D

In this casethe slopeis determined by
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