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Photon and electron action spectroscopy of trapped biomolecular ions —
From isolated to nanosolvated species

In an effort to understand the vast complexity of the underlying processes within a cell at
a molecular level, the first step lies in revealing the fundamental physical and chemical
properties, as well as the structure, of biopolymers (proteins and DNA). With the
development of modern experimental techniques it has become possible to study these
large molecules under well-defined conditions in the gas phase, by closely inspecting
their interactions with energetic photons and electrons.

In this Thesis, we present the experimental setups for the action spectroscopy of peptides,
proteins and nucleotides, as well as the hydrated complexes (hydrated nucleotides), in the
gas phase. We present the details and the operation of the two experimental setups based
on coupling the linear quadrupole ion trap with: (1) a VUV or a soft X-ray synchrotron
beamline and (2) a focusing electron gun.

In the case (1), the existing experimental setup consisting of a commercial quadrupole
ion trap mass spectrometer (LTQ XL from Thermo Scientific), equipped with an
electrospray ion source, was coupled to the VUV beamline DESIRS and the soft X-ray
beamline PLEIADES at the synchrotron SOLEIL (France). The setups were used to study
the photo-induced ionization/fragmentation of trapped biopolymers and nanosolvated
species. The results obtained with this setups include VUV action spectroscopy of
protonated Leucine-Enkephalin peptide (both a monomer and a dimer) and a
nanosolvated nucleotide Adenosine monophosphate (AMP), in (5-15) eV photon energy
range. The inner-shell action spectroscopy in the soft X-ray energy range (around C and
N K-edge), was performed for multiply charged precursor of Ubiquitin protein. The
photo-dissociation and photo-fragmentation ion yields for several fragment ions from all
above mentioned macromolecules were extracted and the obtained spectral features were
discussed considering relevant photon-induced processes.

In the case (2), new experimental setup was developed by coupling the same LTQ XL
ion trap with a focusing electron gun, in order to perform an electron activation tandem
mass spectrometry, as well as an electron-impact action spectroscopy of trapped
biopolymer ions. The ion optic simulations using SIMION program were performed in
order to investigate the propagation of the electron beam in the RF+DC ion trap. Tests
measurements for electron-induced fragmentation of Substance P, Melittin and Ubiquitin
are presented for the impact energy of 300 eV. Finally, we present the electron-impact
inner-shell action spectroscopy of the multiply charged Ubiquitin protein, in the vicinity
of C K-edge energies of (280-300) eV. The electron-impact results are compared with the
soft X-ray photon-impact action spectroscopy results obtained for the same target.
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Fotonska i elektronska akciona spektroskopija trapiranih biomolekularnih
jona - od izolovanih do nanosolvatisanih ¢estica

U nastojanju da se razume ogromna slozenost procesa u okviru ¢elije na molekulskom
nivou, prvi korak je otkrivanje fundamentalnih fizicko-hemijskih osobina, kao i strukture
biopolimera (proteina i DNK). Razvojem savremenih eksperimentalnih tehnika
omoguceno je proucavanje velikih bioloski relevantnih molekula pod jasno definisanim
uslovima u gasnoj fazi, izucavanjem njihovih interakcija sa fotonima i elektronima
velikih energija.

U ovom radu su predstavljene eksperimentalne postavke za akcionu spektroskopiju
peptida, proteina, nukleotida, kao i nanosolvatisanih kompleksa (hidratisani nukleotidi) u
gasnoj fazi. Prikazani su detalji i princip rada dve eksperimentalne postavke zasnovane
na povezivanju linearne kvadrupolne jonske zamke sa: (1) sinhrotronskim fotonskim
mlazom (VUV i meki X-zraci) i (2) fokusiraju¢im elektronskim topom.

U slucaju (1), postojeca eksperimentalna aparatura koja sadrzi linearnu kvadrupolnu
jonsku zamku u okviru komercijalnog masenog spektrometra (LTQ XL od firme Thermo
Scientific) povezana je sa VUV mlaznom linijom DESIRS i mlaznom linijom za meke
X-zrake PLEIADES na sinhrotronu SOLEIL (Francuska). Aparatura je upotrebljena za
izucavanje foto-indukovanih procesa jonizacije i fragmentacije zarobljenih jona
biopolimera i nanosolvatisanih ¢estica. Rezultati dobijeni na ovoj aparaturi ukljucuju
VUV akcionu spektroskopiju protonisanog leucin-enkefalin peptida (monomer i dimer),
kao i nanosolvatisanog nukleotida adenosin monofosfata (AMP), u opsegu energija
fotona od (5-15) eV. Akciona spektroskopija unutrasnje ljuske koriste¢i meke X-zrake (u
oblasti C i N K-ljuske), uradena je za viSestruko naelektrisani prekursor proteina
ubikuitin. Za sve gore pomenute makromolekule, izu¢avani su absorpcioni spekiri za
neke od dobijenih jonskih produkata, pri ¢emu su analizirane uocene spektralne
karakteristike dobijene u pomenutim fotonski indukovanim procesima.

U slucaju (2) razvijen je novi eksperimentalni sistem zasnovan na povezivanju iste LTQ
XL jonske zamke sa elektronskim topim sa mlazom elektrona srednjih energija, koja
omogucava tandem masenu spektrometriju i elektronski indukovanu akcionu
spektroskopiju zarobljenih jona biopolimera. Koris¢enjem programa SIMION, uradene
su simulacije sa ciljem ispitivanja transmisije elektrona kroz jonsku zamku sa RF+DC
potencijalima. Inicijalni testovi aparature uradjeni su fragmentacijom peptida supstance
P i melitin, kao i ubikuitin proteina pri energijama elektrona u oblasti oko 300 eV. Na
kraju, prikazani su rezultati elektronski-indukovane akcione spektroskopije visestruko
naelektrisaniog jona ubikuitin proteina, u oblasti energija oko C K-ljuske (280-300) eV.
Ovi rezultati su uporedeni sa rezultatima dobijenim za istu metu pri fotonski-
indukovanim (X-zraci) procesima iz iste oblasti energija.



Kljuéne reci: Masena spektrometrija, Akciona spektroskopija, Foto-disocijacija,
Elektronski indukovana disocijacija, Sinhrotronsko zraCenje, Linearna kvadrupolna
jonska zamka, Peptidi, Proteini, Hidratisani nukleotidi.
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1 Introduction

The possibility to experimentally investigate the interactions of photons and electrons
with large biopolymers such as peptides, proteins, nucleotides or complex weakly bound
biological systems (for example hydrated biopolymers), in the gas phase under well-
defined conditions, is of a great scientific importance. Such investigations provide more
insights into fundamental physical and chemical properties, which lead to a better
understanding of both their biological functions in the living organisms and the radiation
damage on the molecular level.

A vast number of experimental studies performed on biopolymers are focused on
revealing their electronic structures, ionization energies, bond energies, primary
structures (amino acid sequences) and secondary structures (three-dimensional
arrangements). It is also important to explore correlations between the electronic structure
of large biopolymers, which is defined by their atomistic representation (governed by the
laws of quantum mechanics) and the spatial arrangement of these macromolecules (which
defines their active biological function). Understanding these relations could help
developing a method for modeling the functions of biopolymers - a subject of much
interest in the wide field of science.

Moreover, the study of the interaction of photons and electrons with isolated biological
macromolecules helps to understand the radiation damage processes, which is important
for the development of new and more efficient methods in medicine, for example in the
therapy of cancers [1]. The interaction of UV radiation with DNA molecule was for many
years a subject of an intensive theoretical and experimental research. It is known that
DNA molecule very efficiently absorbs electromagnetic radiation in the ultraviolet (UV)
region, but on the other hand, it is rather stable against the UV-induced destruction.

Out of all secondary products generated by the primary radiation, electrons are the most
abundant. They can effectively interact with the constituents of DNA and induce braking
of single and double chains of DNA (single and double strand brakes). Therefore, a huge
number of studies of the interactions of electrons and isolated molecules, which are parts
of the large macromolecules [2, 3] have been performed. However, the majority of the
experimental research, both for the photons and electrons, has been conducted either with
solvents or with relatively small molecules, which are isolated parts of the biopolymers.

1.1 lon spectroscopy

In order to study the interaction of electrons and photons with large isolated biopolymers,
it is necessary to somehow transfer these molecules in the gas phase. At the end of the
last century, modern ionization techniques were developed, which enabled the isolation
and the study of large molecular ions, in the gas phase. For example, electrospray
ionization (ESI) [4] is a method which allows for very large (kDa) and fragile
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biomolecules to be introduced from a solution, without degradation, into the gas phase.
Furthermore, these ions can be isolated in a variety of high charge states (which is
determined by the number of added or removed protons). The development of modern
ionization techniques enabled the use of the mass spectrometry (MS) method for
investigating the structure of macromolecules. Particularly, the ability of MS to
selectively manipulate with ions according to their mass to charge ratio - m/z [5], coupled
with spectroscopic techniques, lead to a new field called ion spectroscopy.

However, photon or electron spectroscopy of large macromolecular ions in the gas phase
remains experimentally very challenging. First of all, due to the space charge, it is
impossible to obtain a high concentration of target particles in the interaction volume. On
the other hand, the classical sources of high-energy photons cannot provide sufficient
beam intensities that would allow obtaining measurable and statistically reliable results
in classical crossed beam experiments. Therefore, vacuum UV (VUV) and X-ray
spectroscopy of macromolecular ions in the gas phase, were practically inaccessible until
recently. Nevertheless, the experimental techniques based on isolation (trapping) of size-
selected clusters [6] and Xenon ions [7], have demonstrated the possibilities to apply this
method on biological macromolecules.

The first coupling of a linear ion trap integrated within the commercial mass spectrometer
(Thermo Scientific LTQ XL) to the VUV beamline DESIRS [8] at the synchrotron
SOLEIL facility in France, has been done by A. Milosavljevi¢ et al [9-12]. A similar
project with coupling an ion trap to the VUV beamline at the synchrotron BESSY Il in
Germany was carried out by S. Bari et al [13] and O. Gonzalez et al [14]. These
experimental setups offer a unique opportunity to study photo-induced dynamics and
electronic properties of macromolecules (for example proteins), using action
spectroscopy of trapped ions in a high vacuum. Moreover, these experiments
demonstrated that high-energy photons can be used as a new activation method intended
for protein sequencing, which allows fast and intensive fragmentation, as well as the
mapping of weakly bound complexes [15].

The protein damage also needs to be taken into account in order to perform realistic
modeling of the radiation damage. So far, the majority of the reported experimental results
were focused on VUV photon interaction with their building blocks - amino acids (for
example [16, 17]). However, proteins do not necessarily have to inherit the VUV/X-ray
susceptibility of their constituent amino acids. Recently, A. Milosavljevi¢ et al [18]
demonstrated that an isolated protein was very resistant to soft X-ray fragmentation in
comparison with isolated amino acids. Therefore, the studies of energetic photon
interactions with the isolated polymers of amino acids (peptides) are also very important.

The structure and function of biomolecules are closely linked with their aqueous
environment. For this reason, there has been a long standing effort to understand the
influence of solvent molecules in the immediate surroundings on the three-dimensional
structure of biopolymers (such as proteins and DNA) [19]. It is believed that the weak
molecular interactions play an important role in the folding of the protein and formation
of macromolecular complexes. The solvation may play a key role in this process. Hence,

Institute of physics Belgrade | Introduction 2



M. Lj. Rankovié¢ PhD Thesis

studies of nanosolvated systems under well-defined conditions could help bridging the
gap between the results obtained for biomolecules isolated in the gas phase and their
applications in real biological systems.

Finally, the experimental research of interaction of electrons with trapped molecular ions
represents an additional level of challenge. Unlike photons, electrons are charged particles
and therefore are susceptible to electric fields that are used to capture ions, as well as by
the space charge effects induced by the tightly packed ions. On the other hand, the
electron beam itself can disturb the electric fields inside the ion trap, which are necessary
for an efficient ion trapping. The first experiments of this type that are focused on the
interaction of electrons with large isolated biopolymers were made with very low-energy
electrons in the experiments involving Furrier transform ion cyclotron resonance (FT-
ICR) ion traps. The first experiments of this type were carried out in the group of Zubarev
[20, 21]. However, the work of this and other groups was primarily focused on the
development of a new activation method for the protein sequencing, but not for the
electron spectroscopy of large biopolymers over a wide range of energies.

Institute of physics Belgrade | Introduction 3
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2 Biomolecules

2.1 Amino acids

Amino acids are organic molecules, which contain an amino group (-NH2) and a
carboxylic acid group (-COOH), as depicted in Figure 2.1. Taking all combinations into
account there is an infinite number of amino acids which could be formed, but only
around 22 can be found in nature [22, 23]. Each standard amino acid is characterized by
a different functional side chain, which is attached to the alpha Carbon C, (see Figure
2.1). The standard amino acids are joined with one and three letter code [24].

Functional
Carbon  __——_ __ Side chain

@ Hydrogen

‘ Oxygen
’ Nitrogen

. Y/ Carboxylic
group - N / group

Figure 2.1 - Representation of Alanine amino acid. Alpha Carbon - C, is the so-called
backbone Carbon atom which binds all three functional groups.

2.2 Peptides

Peptides are organic molecules consisted of two or more amino acids linked together
through the so-called peptide bonds. This bond is formed when the amino group of one
amino acid reacts with the carboxyl group of another amino acid resulting in a covalent
bond between the Nitrogen (N) and the Carbon (C). During this process, a water molecule
is released, as depicted in Figure 2.2. The peptide C-N bond has partially double bond
properties because it is influenced by two strong resonance electron structures. One such
structure is a double bond between C and Oxygen (O) atoms and the other one is a double
bond between C and N atoms. Atoms O, C, N and Hydrogen (H) involved in this bond
belong to a peptide group. The coulomb interaction between atoms from a peptide group
creates such electron density distribution that the involved atoms are approximately
arranged in a plane. Because of this, the peptide bond is prone to rotation along the axis
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defined by the peptide bond. This gives peptides the possibility to change their three-
dimensional structure by folding.

Peptides are named by the sequence of appearance of their amino acids starting from the
N-terminal part of the peptide. This amino acid sequence is also termed the primary
structure of the peptide. The spatial arrangement is termed the secondary structure.

Glycine Alanine

Peptide
L, group

Nt

Water
molecule

Glycine-Alanine (GA)

Figure 2.2 - Schematic representation of a formation of a dipeptide composed of amino
acids Glycine and Alanine. In this process, a water molecule is released.

The side of the peptide bearing the NH2 group is termed the N-terminal part. Likewise,
the other side of the peptide bearing the acidic function is termed the C-terminal part. A
standard nomenclature of the fragments is proposed in [24]. The fragments containing the
N-terminal are termed ax., bn-, and c,- fragments, while the ones containing the C-terminal
are termed Xn, Yn, and z»- fragments (Figure 2.3). The number n in the subscript indicate
the number of amino acid residues.

H| O H|O H

[l
HZN—rI:--c--lr--cl:--c--T--?—c—ou
R, H| R |H|Rs

XL ¥ Z X4 Y Z

Figure 2.3 - Nomenclature for peptide fragmentation. Image adopted from [25].
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Peptides can be linked together to form a large polymer chain called proteins, which can
consist up to thousands of amino acid residues [23]. Finding a protein sequence is called
protein sequencing. It is found that the three-dimensional structure of a protein is closely
related to its biological activity in a living cell [26]. Therefore, a very important goal of
mass spectrometry (Section 4.2) is to obtain the primary structure of a protein.

3 Density functional theory (DFT)

Description and evolution of any system in the molecular physics or quantum chemistry
is given by the time-dependent non-relativistic Schrodinger equation:

Hamiltonian H of the system that consists of M nuclei and N electrons can be written as:

. 1 N M 1 ) N M 7 N M 1 N M Z.Z
I NS I I I W I 3 I B EP)
2 i=1 A 1 MA i=1 A=l riA i=1 j>i rij A=1B>A RAB

Numerators A, B run over all nuclei and i, j run over all electron coordinates. The first
two terms are the kinetic energy of electrons and nuclei respectively. The remaining three
terms are the electrostatic interaction between nuclei and electrons, the repulsive electron-
electron interaction and the repulsive nucleus-nucleus interaction, respectively.

In the Born-Oppenheimer approximation (BOA), due to the large mass difference, the
electrons can be considered to move in the fields of the much slower nuclei, while the
kinetic energy of the nuclei is a constant (set to zero). Therefore, in BOA the electronic
Hamiltonian is given by the following equation:

) N M ZA N M 1 R
elec ZV zzr_"'gjzr Vee (33)

i=1 i=1 A=l 'iA
Helec\VeIec = Eelec\Velec (34)
N M ZAZB
Etot = Eeiec + Enua where Enwa = z Z— (35)

A=1B>A R AB

The electronic Hamiltonian H,. is rewritten as the sum of electron kinetic energy T,
external (nuclear) potential V,., and electron-electron interaction V,,. Schrodinger

equation (3.4) can now be solved for electronic energies E,.. and wave functions y .
depending on static nuclear coordinates.

The Hartree-Fock (HF) method states that N-body wave function for a fermionic system
in the ground state ¥, , can be approximated with the Slater determinant, composed from

one body wave functions:

Institute of physics Belgrade | Density functional theory (DFT) 6



M. Lj. Rankovié¢ PhD Thesis

V(X)) wa(X) o wy(Xy)
LPOzLPHF:% \Vl(.xz) WZ(:XZ) \Vfoz) (3.6)
viXn) wa(Xy) o wn(Xy)

First Hohenberg-Kohn theorem [27] demonstrates that the electron density of the ground
state p, for any electronic system uniquely determines the Hamiltonian operator, which

describes all properties of the given system. The energy of the ground state is a functional®
of this density and is given by the relation:

Eo(pPo) =T(po) + Ene(Po) + Eee (Po) (3.7)

Second Hohenberg-Kohn theorem states that functional for which the true ground state is
obtained, is the one which yields the lowest energy:

Eo(po) <E(p)=T(p) + Ene(P) + Ece (P) (3.8)

The difficulty arises with this method, because T(p) and E..(p)cannot be calculated

exactly. One electron Kohn-Sham equations [28] were introduced to utilize the HF orbital
method with the modified Slater determinant. In that case, non-interacting particles can
be described with:

fshi =€i0;, (3.9)

where, f, :—%A+VS(F) (3.10)

is the one-electron operator, ¢; are one-electron (atomic) orbitals and «; is the energy of
the state defined by the orbital ¢,. Since the orbitals define the state, the electron density

N
can be calculated from p = Z o: ;. The kinetic energy of non-interacting electrons is:
i=1
1 N
TS[P]:_EZ@N |A|¢|> (3.11)
i=1
Therefore, total electron energy functional in Kohn-Scham interpretation can be separated
to a non-interacting kinetic energy T, an electron Coulomb repulsion term J, electron-

nucleus interaction E,,and the remaining electron-electron exchange term E . :

Eelec[p] = TS [P] + J[P] + ENe[p] + EXC [p] (312)
The correlation exchange term E,. contains corrections for the anti-symmetry which
were not included in modified Slater determinant (electrons with antiparallel spins), as

L A functional is a function of a function. The energy functional outputs the energy from an electron
density function p(F).
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well as corrections coming from the fact that electrons indeed are interacting. Therefore,
the DFT problem lies in finding the exact form of the exchange functional:

EXC[p]E(T_TS)+(Eee _‘J) (313)
The potential energy can then be calculated by:

P, . & Z
Ve=[—2—di, - — 5 v, (3.14)
'[|r1_r2| ;|r1_R2| h
(3.15)
where V. = % xc

A large variety of functionals has been developed in order to approximate the correlation
exchange term E,.. The most simple one which treats electron density as the

homogenous electrons gas is called the local density approximation (LDA). The more
advanced one is the generalized gradient approximation (GDA).

4 Experimental methods

4.1 Electrospray ionization

Electrospray ionization (ESI) is a soft ionization technique that allows one to introduce
large bio-molecular targets, intact into the gas phase. The first production of the gas-phase
ions from liquid solutions was demonstrated by M. Dole in 1968 [29]. Later on, with
further developments of the technique by M. Yamashita and J. B. Fenn in 1980°s [4, 30]
ESI was widely accepted. In the year of 2002, J. Fenn received the Nobel prize in
chemistry, for the development of the technique that allowed new insights into the
structural analysis of the macromolecules.

The ESI technique is soft in a sense, that a very low amount of energy is deposited in the
analyte after the ionization process. When working under normal operating conditions,
the residual energy is not enough to induce fragmentation of the analyte [31]. The process
of ionization of the analyte by ESI is essentially different in comparison with conventional
ionization techniques. For example, in the process of the electron (or photon) impact
ionization of atoms or molecules, an electron is removed, creating a positively charged
radical ion. In the ESI technique, multiple charging of the analyte is achieved through
attachment or detachment, of one or more Hydrogen nuclei - protons. Protonated species
are obtained if a proton is attached to the analyte, forming a positive ion - cation. Removal
of the proton from the analyte is called deprotonation, yielding a negative ion - anion. ESI
allows multiple (de)protonation, as opposite to Matrix assisted laser desorption ionization
(MALDI) [32]). Therefore, using the ESI to produce highly charged states of the analytes
with large molar weight (> 100 kDa), provides a very important possibility to reduce the
mass-to-charge ratio of the target molecule. Mass spectrometers with a modest m/z range,
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are then able to manipulate with such species. For example, precursor ion of a 7+ charge
state of the Ubiquitin protein studied in this Thesis, with a molar weight of 8.5 kDa, has
a mass-to-charge ratio of 1225. The general principle of the ESI source is presented in
Figure 4.1. An ESI source is usually coupled to the mass spectrometer within one
instrument, abbreviated as an ESI-MS device.

Tonization chamber/atmospheric pressure region | Mass spectrometer,

' high vacuum region
Analyte in
solution

N (g) flow
(sheath gas)

Analyte in
gas phase

—

L ————=—~ B
—_——

EE—

N, (g) flow
Heated capillary
(100-300°C)

Spray needle

Charged ES droplets (aerosol)

Source sampling cone

Figure 4.1 - Schematic representation of an electrospray ion source. Adopted from [33].

A mechanical syringe pump forces the solution with the analyte through a stainless steel
capillary (spray needle), with an inner diameter of typically 0.1 mm, at a low flow rate in
the range of (1-100) uL/min. The capillary tip is polarized to a high voltage of up to +6
kV, relative to the surrounding counter electrode, positioned 1 to 3 cm from the tip. In
order to help the formation of a fine mist and define the direction of the spray, Nitrogen
sheath gas is pumped around the capillary to assist the formation of a spray. The counter
electrode can either be an ion sweep cone extended into another heated capillary, or just
a capillary heated up to the temperatures of 300 °C. Another end of the heated capillary
is held at a high vacuum, obtained with a turbo molecular pumps of the mass
spectrometer. A very important aspect of the electrospray ion source is that the solution
is pumped at an atmospheric pressure into the mass spectrometer, without the need of
additional differential pumping. This is because the heated capillary inner diameter
(usually 0.2 mm), is small enough to impose a high flow resistance. The length of the
capillary which is typically somewhere between 5-10 cm, also contributes to a small flow
resistance.

The electrospray ionization process is presented in Figure 4.2. Influenced by the strong
gradient of the electric field, the charges in the solution are electrophoretically separated
inside the spray capillary. In the positive ion mode, a positive potential is applied, causing
the positively charged ions to accumulate at the surface of the solution, near the tip of the
spraying capillary. Taylor cone [34] is formed at a critical value of the electric field and
a solution is dispersed into aerosol droplets. Droplets are surrounded by positive charges
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and contain well-preserved analyte molecules. Reversing the polarity of the voltage
supply yields a negative ion mode, where negatively charged droplets are obtained. The
charges on the surface of the droplet are uniformly distributed since it is a configuration
with a minimal potential energy. Two opposing forces act on the droplet. One is Coulomb
force, trying to repel the charges and the other one is the surface tension, acting between
molecules of the liquid. As the droplets travel towards the counter electrode, the solvent
is evaporating with the assistance of a sheath gas, resulting in a droplet size decrease. A
Rayleigh limit [35] is reached when the size of the droplet is small enough, that the
Coulomb repulsion overcomes the surface tension of the droplet. So-called Coulomb
explosion (fission) occurs, breaking the droplet into smaller ones, which contain fewer
analyte molecules. At the end, multiply charged molecules are obtained.

Analyte molecule Solvent Coulomb Naked charged
evaporation fission analyte

Spraying nozzle +
J/ +++ T4 l +@+ + { J
L tr 1 - ++@+ _>o. +.+
et 1@F+ "
Charged parent T Charged progeny

droplet droplets

Charged droplet at
Taylor cone the Rayleigh limit

P |

Figure 4.2 - Schematic representation of the electrospray ionization process. Adopted from
[33].

Currently, there are two strongly debated theoretical models, which describe the final
formation of charged analytes [36]: 1) lon evaporation model (IEM) and 2) Charge
residue model (CRM).

IEM [37] suggests that at a critical radius of the droplet above the Rayleigh limit, at >10
nm, the electric field is strong enough to directly evaporate the droplets and form the
charged analyte ions. This approach is experimentally well supported for the formation
of small organic and inorganic ions like salts.

CRM [29, 38, 39] assumes cascade series of the Coulomb fission events, which leads to
a formation of a droplet containing a single analyte molecule. Then by evaporating or
complete desolvation, the charged analyte ion is obtained. For larger analytes like
proteins, CRM seems more suitable.

Among many variations of the ESI, a nano-electrospray ion source (nano-ESI), developed
by Wilm and Mann [40, 41] is widely used. As the name suggests, the main difference
between the standard ESI and nano-ESI is in the much smaller size of the capillary
allowing lower flow rate. Nano-ESI typically operates with flow rates in the range of (20-
50) nL/min. This imposes a big advantage over the standard ESI, where the most of the
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solution volume is wasted. Moreover, the required amount of the solution in the
experiment using nano-ESI is in the order of a few pL, compared to around 1 mL,
typically used for standard ESI. The small flow rate is achieved with the use of
borosilicate glass spray capillary, with the tip inner diameter of (1-4) um. Glass capillary
is sputtered on the outside with a gold film, in order to enable electrical conductivity. The
applied potential is typically in the range of (0.7-1.5) kV. The distance from the tip of the
capillary to the ion sweep cone can be much shorter, compared with standard ESI. The
presence of the strong electric field initiates the solution flow, which is further propelled
by the capillary forces only, as the droplets leave the tip. The Size of the produced droplets
by nano-ESI are in the order of 200 nm, whereas 1.5 um droplets are usually produced
by standard ESI. The most attractive feature of the nano-ESI is the favoring of the highly
aqueous species. This opens the important possibility to produce a hydrated and charged
adducts of the analytes, which were studied in this Thesis.

4.1.1 Sample preparation

The biomolecule samples used in this Thesis, are provided from Sigma Aldrich. They are
received in a powder form and require to be prepared in the form of a liquid solution. The
obtained solution without further purification was then directly injected into ESI or nano-
ESI.

Table 4.1 - Concentrations and solvents of the daughter solutions of the analytes studied

in this Thesis.

Analyte Concentration [uM] Solvent [vol/vol %]
Leucin Enkephalin 10 water/ACN - 75/25
Adenosine monophospate 100 pure water only
Ubiquitin 10 water/ACN - 70/30
Substance P 10 water/ACN/acetic acid -

49.5/49.5/1

Melittin 100 water/methanol/ - 50/50

In this section, a brief description of the procedure for obtaining such solutions is
presented. First, the mother solution is prepared, at a higher concentration of the given
analyte, using an appropriate solvent. The mother solution is then diluted to a desired final
concentration, obtaining a daughter solution. Solvents used for the daughter solutions
were mainly deionized water (max. resistance of 18.6 MQ) and acetonitrile (ACN) or
methanol. Depending on requirements of a particular study a small percentage of the acid
could be added to the solvent for the daughter solution. For example, if highly charged
positive precursor ions are to be obtained, the acetic acid is added (typically 1%). Basic
properties of the daughter solutions of the analyte molecules studied in this Thesis are
presented in Table 4.1.
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4.2 Mass spectrometry (MS)

Mass spectrometry (MS) has become a very powerful tool for the analysis of the charged
particles (ions) [5]. Once the ions are produced in the gas phase by means of the ionization
techniques (for example ESI), they need to be separated in some way. The instruments
which perform the actual ion separation are called mass analyzers. Rather than separating
the ions according to their masses, mass analyzers are designed to select the ions based
on their mass-to-charge (m/z) ratios.

In order to achieve the ion selection according to the m/z ratio, mass analyzers are
designed to utilize the static or dynamic electric or magnetic fields, either individually or
a combination of both. Specific differences between various types of mass analyzers are
expressed through the actual applications of magnetic and electric fields. With this
respect, different types of mass analyzer used in mass spectrometry are summarized in
Table 4.2.

Table 4.2 - Types of mass analyzers. Adopted from [5].

Analyzer type Symbol Principle of separation
Electric sector E or ESA kinetic energy

Magnetic sector B momentum

Quadrupole Q m/z (trajectory stability)
lon trap IT m/z (resonance frequency)
Time-of-flight TOF velocity (time of flight)
Fourier transform ion FTICR m/z (resonance frequency)
cyclotron resonance

Fourier transform orbitrap | FT-OT m/z (resonance frequency)

Each of the presented types of mass analyzers has its own advantages and disadvantages,
which makes it suitable for a certain application. In this Thesis, linear quadrupole ion trap
as a part of a commercial mass spectrometer (Thermo Scientific LTQ XL) was used to
select and isolate target ions. For this reason, the principle of operation of a quadrupole
mass analyzer (filter) is presented in the following section.
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4.2.1 Quadrupole analyzer (Mathieu equations)

The principles of guiding and trapping ions are based on generating electric field which
imposes a binding force that increases linearly with the particle distance from the axis
[42]:

F=—cf (4.1)

This force generates the parabolic potential @, given by relation:

@ ~ (ax? +Py? +yz?) (4.2)

Appropriate tools which can generate such potentials and restrict the motion of ions are
electric or magnetic multipole fields. If the number of “poles” is labeled with m, then in
general case multipole potential is given with the relation:

m

D~r2 cos(% ?) (4.3)

If a number of multipoles m=4 then quadrupole potential is obtained, where the quadratic
potential is @ ~r?cos2¢. For electric quadrupole field, the potential in the Cartesian
coordinates has the form:

<I>=(2D—2(ocx2 +By” +12%) (4.4)
-

0

In order to satisfy the Laplace equation A¢ =0, the condition o +p+vy =0 has to be valid.
The imposed condition is valid for two simple cases:

(i) a=—y=1, p=0 (2D field) — <D=;D—§(X2 -27%) (4.5)

@, (r? —2z%)

(i) a=p=1, y=-2 (3D field) > D=—7 >
ry +22;

, 225 =15 (4.6)

Quadrupole mass filter

Potential obtained in case (i) can be generated by four parallel hyperbolic electrodes
extended in Y-axis direction, as depicted in Figure 4.3b.
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‘izy_‘—qbo/z

Figure 4.3 - (a) Equipotential lines for a quadrupole field in a plane and (b) Electrode
configuration of quadrupole mass filter. Adopted from [42].

Time-dependent potential difference (voltage) applied to electrode pairs of the quadruple
mass filter, that results in a restricted ion motion in XZ plane, is given by the following
relation:

@, (t)=U + Vcosmt, 4.7

where U is direct current (DC) voltage and V is the amplitude of the RF voltage with a
circular frequency ® . Equations of motion are given by the second Newton law:

d?
m e —evVad (4.8)
% +——(U+Vcosat)x =0 (4.9)
mr,
Z—LZ(U +Vcoswt)z=0 (4.10)
mr,

Equations (4.9) and (4.10) can be simplified by introducing the following parameters:

=T 5, = 5, T=—
mri o’ . mri o’ 2 (4.11)
2
= +(a+2qcos2t)x=0

4.12

d?z (4.12)

FEa (a+2qcos2t)z=0
T

Equations (4.12) are the canonical form of the second-order differential Mathieu
equations. There are two types of solution for Mathieu equations: (1) stable motion, where
ions oscillate in the XZ plane and are free to move along the Y-axis direction passing
through the quadrupole filter; (2) unstable motion, in which their coordinates grow
exponentially along X- or Z-axis, or both. For any given ion with mass m and charge e,
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the stability of its trajectory depends only on parameters a and g, defined by the voltages
U and V applied on the quadrupole electrodes. If the relation between parameters a and q
is plotted on a graph (see Figure 4.4), the stability diagram is obtained. The stability
diagram shows the areas, for which the ion motion is stable in Z- and in the X-axis
direction. In a small region near the origin of the diagram, ion motion is stable in both X-
and Z-axis directions. A zoom of this region is presented in Figure 4.5.

Figure 4.4 - Stability diagram for 2D quadrupole field. Adopted from [42].
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Figure 4.5 - The lowest region of simultaneous stability of ion motion in X- and Z-axis
directions. Operation line is defined with the ratio a/q = const, all ion masses are located

on this line (ms>m,>m;y). Adopted from [42].

If the values r,,®,Uand V are fixed, all ions with the same mass will have the same

operating line in the stability diagram. Because the ratio a/q=2U/V does not depend on
ion masses, all ion masses lie on the operating line a/q =const. For the stability line on the
g axis (a=0, RF only filter), the possible values of parameter q are in the range [0, qmax],
where gmax=0.92. If we put gmax in the equation (4.11) for g parameter, we can see that all
ions with masses in the range from mmin to infinity have stabile trajectories. For such
quadrupole field conditions, the quadrupole works as a high-pass mass filter. By
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increasing the DC voltage U operating line is rising, which decreases the range Am. At
some point, it touches the tip of the stability region, where Am=0, meaning that in theory
ions with only one exact mass will have the stable trajectories. In practice, this is never
the case and the mass bandwidth is defined by voltage fluctuations. If voltages U and V
are simultaneously changed in a way that their ratio keeps constant, then ions with
successive masses will have the stabile trajectories and all other ions will be splatted on
electrodes. This operation gives the possibility to scan the mass spectrum, therefore, the
quadrupole will work as a mass spectrometer. By adding two more sections (with the
same electrode profile) axially before and after the quadrupole mass filter, axial ion
trapping can be achieved and thus the linear quadrupole ion trap is obtained.

4.2.2 Tandem mass spectrometry (MS")

The principle of tandem mass spectrometry is depicted in Figure 4.6. Once ions are
produced in the gas phase, a certain small m/z range is defined by setting the operating
line close the tip of the stability diagram, which results in an isolation of precursors with
a defined m/z ratio. The selected precursor ions are then activated, which means that their
internal energy is increased, and eventually it will lead to the fragmentation. If the
activation process is carried out through inelastic collisions with neutral gas atoms
(Helium or Nitrogen), the process is called the collision induced dissociation (CID) [43].
Product ions are then analyzed according to their m/z ratio which yields a tandem mass
spectrum (MS?). It should be noted that the process of ion isolation and activation can be
repeated further up to the n-th level in ion traps, yielding MS". Other activation methods
may be also applied, in order to increase the intensity and selectivity of the fragmentation.
For example, photons from synchrotron radiation [9, 44], or low energy electrons [45].

Mass selection Detection of
(m/q isolation) fragments
< . G y (,,) ’,/;' . =
----- S P ~
:@:‘, &f & %
s & @ B
Jl % & 0

lon source (ESI) Jl
@ lon activation @
(CID, photons, electrons) ]

Figure 4.6 - Schematic representation of tandem mass spectrometry (MS?).
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The primary goal of mass spectrometry is to provide the information about the structure
of the target precursor ion by analysis of the fragmentation patterns. MS? has
demonstrated a huge potential to investigate the primary structure of large biopolymers
[46].

By repeating photons or electrons activation tandem MS for many activation energies in
small energy steps, one obtains the experimental technique called action spectroscopy.
Experimental setups presented in this Thesis are based on this technique and were used
for investigating the electronic structure of peptides, proteins and nucleotides.

4.3 LTQ XL - details and operation

In this section, details of operation of a commercial mass spectrometer Thermo Scientific
LTQ XL (LTQ) are given. LTQ is the main instrument of the experimental setups,
presented in this Thesis. Figure 4.7 depicts a functional block diagram of the
spectrometer. LTQ comprises three major hardware systems: 1) ion source, 2) MS
detector system and 3) data system.
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Figure 4.7 - Functional block diagram of LTQ XL mass spectrometer. Adapted from [47].

(1) The atmospheric pressure ionization (API) source is composed of two components.
The first component is permanently mounted on the front side of the spectrometer chassis.
It consists of an ion sweep cone, a transfer tube (heated capillary), a tube lens and a
skimmer (see Figure 4.8). The second component is completely removable and is
essentially a spraying needle of an ESI source, in enclosed assembly. Depending on
requirements of the experiment, assembly with the standard ESI or a nano-ESI needle is
mounted. Analyte solution is automatically injected into a spray needle through flexible
capillaries (at a user defined flow rate), with the assistance of a mechanical syringe pump
located on the front side of the mass spectrometer.
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Figure 4.8 - Schematic representation of an API source of the LTQ XL mass spectrometer.
Spray needle is a part of an independently detachable assembly - of the standard ESI or a
nano-ESI source.

A Standard ESI source is used in this Thesis for producing non-hydrated (bare) charged
precursor ions. In general, when using the standard ESI source in the positive mode,
precursor ion [M+nH]™ can be produced, where n indicates the ion charge state. Letter
M indicates the molar weight of the target molecule, while H denotes the Hydrogen
nucleus - proton. Typically, a wide range of precursor charge states are produced
simultaneously, with a certain intensity distribution, which depends on solution and ESI
parameters. Mass-to-charge ratio (m/z) of such precursor in arbitrary mass units (amu) is
given by Equation (4.13).
m_M+n

= (4.13)
V4 n

Both ESI and Nano ESI are able to produce bare and hydrated precursor ions. In the case
of nanosolvated molecules, the general formula for the obtained precursor ions is
[M+kH2O+nH]™, where k is the number of the attached water molecules. In general,
Equation (4.14) gives the m/z ratio for the obtained hydrated precursor.

m_ M +n +18k (4.14)
z n

Since LTQ is designed to efficiently remove remaining water molecules, non-standard
ESI parameters had to be used in order to produce hydrated precursors. In the present
study, we favorably used nano-ESI in order to produce nanosolvated molecules. Since
automatic tuning of nano-ESI parameters was not possible, in order to produce hydrated
precursors we reduced capillary temperature well below optimal values, to around 40 °C.
The capillary voltage, the sheath gas flow rate and the tube lens voltage also had to be
manually retuned accordingly.

(2) The mass spectrum (MS) detector system comprises the ion optics (quadrupole and
octupole ion filters), the mass analyzer (a linear quadrupole ion trap), the ion detection
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system (electron multiplier detectors) and an electronic control system, as depicted in
Figure 4.9.
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Figure 4.9 - Schematic representation of the LTQ XL mass spectrometer. Adopted from
[47].

LTQ allows for sending TTL? signals at specific sequence events. These trigger signals
can be initiated at the start or at the end of particular processes, during the operation of
the device. One such process is the ion activation. In the Xcalibur™ software [47] which
runs the LTQ, the option to enable triggers on the activation has to be selected. IF it is
enabled, during the activation time TTL signal state is always high (5 V), whereas during
all other times TTL signal is kept in the low state (0O V). The activation process in the
LTQ is initiated each time when enough ions are stored in the ion trap. In the LTQ
software there are two ways to define the ion storage procedure, which then triggers the
TTL signal. The first one is by defining the ion storage time limit. This was often used
when desired precursor ion abundance was very low, in order to avoid excessively long
data acquisition. This means that we prevent LTQ from waiting for optimal ion density
in the trap, which lowers the signal to noise ratio. Typically the ion storage time was set
to 100 ms. In the case when high ion abundance is obtained, the ion trap capacity can be
quickly reached in around (10-30) ms. Therefore, the second way of defining ion storage
process is based on measuring the ion density in the ion trap. This process is automatically
controlled by internal LTQ electronics and as soon as the optimal capacity is reached TTL
signal is triggered to a high 5 V state, signaling the start of activation time (ion irradiation
time). The use of mentioned TTL signals is explained in Sections 4.5.2 and 4.5.3.

The ion detection in LTQ is performed by electron multipliers. Schematic representation
of the LTQ detection system is presented in Figure 4.10. It comprises a conversion
dynode, a series of cathodes and the anode.

2 TTL stands for transistor-transistor logic, representing the binary logic states 0 and 1, with the voltages
0V and 5V respectively. TTL signals are used in the digital electronic circuits.
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Figure 4.10 - Schematic representation of the electron multiplier detector with conversion
dynodes in the LTQ XL mass spectrometer. Two such detectors are located at each side of
the ion trap.

Conversion diode is a concave metal surface with a high secondary particle emission
coefficient and is positioned at an almost right angle in relation to the incident ion
trajectory. If positive ions are to be detected negative voltage is applied, whereas for
detection of negative ions a positive voltage is applied to the conversion dynode in
relation to the anode potential (ground). The cathodes in between the conversion dynode
and the anode are connected to progressively higher voltages through the resistor network.
When an ion strikes the conversion dynode one or more secondary electrons are produced.
Due to the concave shape and a voltage gradient, secondary electrons are focused and
accelerated on the next cathode. Electron striking the inner surface of the cathode ejects
more secondary electrons and the process creates the electron avalanche that finally
strikes the anode where electrons are collected. Current on the anode is proportional to
the number of the ions striking the conversion dynode. This current is additionally
amplified in the electronic system of LTQ, converted and stored in a digital form by the
data system. Since the electron multipliers are positioned slightly off-axis, background
noise from neutral particles is significantly reduced. The electron multipliers are
electrostatically shielded which decreases the noise even further.

Linear quadrupole ion trap in the LTQ comprises three axial sections (the same electrode
profiles) with three different DC potentials in order to obtain axial ion trapping (see
Figure 4.11). In order to create an electric potential well for the trapped ions in the axial
direction, the center section DC2 has a different potential in relation to the sections DC1
and DC3. For trapping the positive ions, potential on DC2 is lower, while in order to trap
the negative ions the potential on DC2 has to be higher in relation to potentials applied
two other sections. The voltage difference is usually not more than 10 V.
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Figure 4.11 - DC voltages on the LTQ ion trap required for axial ion trapping.

Maximal DC voltages are +100 V, the maximal RF voltage amplitude is 400 V with the
frequency of 1 MHz. The ion trap is 68 mm long, with the minimal radial distance
between the hyperbolic electrodes of 4 mm.

For the process of ion selection (trapping of desired precursor ions) specific high-
frequency pulse is generated by the LTQ electronics. This pulse ejects all ions except the
ones corresponding to a small m/z range (isolation width) defined by the user. Typically,
we used isolation widths of up to Am/z = 10 (5 from the precursor ion m/z).

After the activation (irradiation) of trapped ions, the ion products are successively ejected
by applying different high-frequency detection pulse which ejects all ions with the same
m/z. This pulse is quickly ramped so that ions of all m/z are ejected, but in a sorted way
from the lowest the highest m/z ratios. After calibration, this procedure yields the action
MS?,

4.4 Synchrotron radiation

Synchrotron radiation (SR) refers to an electromagnetic radiation generated by charged
particles when accelerated to the relativistic velocities. SR is first observed in the particle
accelerators, used in high energy physics in middle 1940’s. At the time, SR was
considered as a byproduct, imposing not yet explained energy loss to the accelerated
charged particles. Shortly after, it was realized that the missing energy is due to photon
emission. The theory describing SR in circular accelerators is reported by Ivanenko and
Pommeranchuck in 1944 [48] and also by Schwinger in 1946 [49, 50] independently.
Only later in the 1960’s, the possibility to use the SR in spectroscopic studies was
demonstrated [51-54]. A good overview of the development of the SR is reported by
Kuntz et al [55].

A storage ring is the most commonly used type of the particle accelerator, designed
specifically for the production of the SR and represent the first generation of synchrotron
radiation sources. It is constructed of many straight sections arranged in a polygon, with
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a dipole bending magnets residing in between. In modern synchrotrons, electrons are first
accelerated in a smaller ring to the relativistic energies of up to a few GeV and then
injected in the storage ring. In a storage ring electrons follow a straight path until reaching
the dipole magnets, where their trajectory is bent, experiencing an angular acceleration.
At these points, photons are emitted in the tangent direction in the form of SR. Due to the
photon emission, electrons in a storage ring lose energy. This energy is recovered by
radiofrequency cavities, hence the term synchrotrons. The radiation from a bending
magnet is characterized by the linear polarization in the plane of the electron orbit.
Synchrotrons that produce SR with bending magnets belong to the second generation of
synchrotrons, dedicated to study specifically the SR. Third generation synchrotrons
utilize insertion devices installed on the straight sections of the storage ring. Also, in this
type of synchrotrons, electrons are repeatedly injected in the storage ring in order to
maintain the electron current. In the year of 1986, Klaus Halbach invented insertion
devices called undulator, which comprises periodic series of dipole magnets arranged
linearly (see Figure 4.12). The electron beam passes longitudinally through the alternating
dipole array resulting in a radial acceleration many times, which leads to an electron
oscillatory trajectory in the horizontal plane. Due to the relatively weak magnetic field,
the radiation cones emitted at each bend overlap with each other which results in a
constructive interference and formation of spectrally very narrow peaks. Therefore, SR
obtained from an undulator is composed of harmonics and its Brilliance [equation (4.15)]
is many orders of magnitude higher compared to the SR generated by the bending magnet.
Furthermore, radiation obtained from an undulator is in general elliptically polarized. For
this reason, in modern synchrotrons, the polarization can be tuned to linear, horizontal or
circular (or any other). Tuning the wavelength of SR produced by an undulator is
performed by means of mechanical adjusting of the vertical distance (gap) between the
pole tips.

Dipole bending magnet

. Ohv

Storagering

EEEEEE
Multiple Undulator or Wiggler

Figure 4.12 - Schematic representation of the synchrotron radiation source. The electron
storage ring is composed of many straight sections, connected by the dipole bending
magnets. An undulator or wiggler is installed along the straight portions of the storage ring.
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In order to compare SR sources of different kinds, a measure of the quality of the source
called Brilliance is introduced. It is defined by the following relation:

. N _ hotons
Brilliance = = P 4.1
t-do-A-0.1%BwW ( )[s-mradz -mm? -0.1%BVV} (4.15)

where N - the number of photons, t - time, dO - angle divergence, A - cross section of the
photon beam and 0.1%BW - denotes a bandwidth 103w centered around frequency o.

The key features of the SR are:

e Wide energy range covering THz to hard X-rays

e High brilliance

e High collimation (small d6)

e Time-resolved pulsed light (in nanoseconds)

e High level of polarization (linear, circular or elliptical)

Synchrotron SOLEIL

Experimental results presented in this Thesis are obtained at the synchrotron SOLEIL
radiation facility near Paris, France. Specifically, the experiments were performed at the
beamlines DESIRS [8] and PLEIADES. In the following paragraphs, a brief description
of the most important aspects of the synchrotron SOLEIL and the mentioned beamlines
are presented. Figure 4.13 presents the simplified schematic of the SOLEIL synchrotron.
It is a third generation synchrotron, with a total of 29 beamlines, covering a very wide
range of photon energies in the range (104-10°) eV.

Insertion device
\ )
L\

Beamline
——————

Bending magnet

Storagering

LINAC

Booster

Synchrotron radiation

Figure 4.13 - Simplified schematic representation of the SOLEIL synchrotron.
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Briefly, the electron gun produces bunches of electrons accelerated in a linear accelerator
(LINAC) to 100 MeV. Electrons are then additionally accelerated in a smaller ring
(booster), up to the nominal relativistic energy of 2.75 GeV and injected into a storage
ring. The bending magnets, undulators and wigglers are positioned around the 345 m
circumference of the storage ring, where SR is generated. At these points the photon
energy range is from far IR (~1 mm) to hard X-rays (0.012 nm).

441 DESIRS beamline

The DESIRS [8] beamline is a vacuum ultra-violet (VUV) beamline, with a photon
energy range of (5-40) eV. It uses an undulator to produce VUV light, with fully
adjustable polarization. Equipped with a gas filter, which effectively cuts off the higher
orders of the radiation, this beamline opens up the possibility to perform experiments with
a high spectral purity in the low VUV region. The beamline (see Figure 4.14) has three
different branches (A, B and C), with the one end station (on branches B) available for
user particular experimental setups. Branch C is a permanent experimental setup for
Furrier transform absorption spectroscopy (FTS), with an ultra-high resolving power of
10 at 10 eV. After passing through the gas filter the light produced by undulator can be
split in two directions: to the branch C or to the normal incidence monochromator (NIM).
After the NIM, the monochromatized beam can be split and directed to the brunches A or
B. The branch A comprises multipurpose molecular beam chamber,
SAPHIRS, consisting of a source chamber and an ionization chamber separated by a
skimmer. With maximum resolving power of 2x10°, the B brunch is open for user’s
setups. At this branch we have coupled our experimental setup, consisting of a dedicated
vacuum stage and a mass spectrometer, equipped with an ESI source.

Figure 4.14 - Schematic representation of DESIRS beamline. Adopted from [8].
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4.4.2 PLEIADES beamline

PLEIADES beamline is a soft X-ray beamline, capable of producing photons with an
energy range of (10-1000) eV, with very high resolving power (10° is obtained at the
energy of 50 eV). The beamline comprises two undulators with either permanent magnets
or electromagnets. It can produce horizontal and vertical linearly polarized light down to
energies of 10 eV. Above energies of 55 eV, fully adjustable polarized light is available.
This beamline is characterized by a very high energy resolution and brilliance in a wide
energy range of the soft X-ray photon beam due to the quasi-periodic design of undulators
and varied groove depth of the plane grating. It is also equipped with a high resolution
electron spectrometer, Auger electron-ion coincidence setup and a dedicated station for
positive and negative ion photoionization studies. It consists of three optical branches
with different beam focusing properties.
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Figure 4.15 - Schematic representation of the PLEIADES beamline. Adopted from [56].

4.5 Photon experimental setup - SRMS2

45.1 Vacuum stage, coupling and alignment test

Vacuum stage

For the activation of the trapped ions with the photons from synchrotron radiation, a
commercial mass spectrometer Thermo Scientific LTQ XL is coupled to one of the
beamlines of the SOLEIL synchrotron facility. In order to couple the LTQ mass
spectrometer with the appropriate beamlines a turbo pumping differential vacuum stage
was designed by A. Milosavljevi¢ et al [9]. 3D model of the vacuum stage assembly is
presented in Figure 4.16.

The vacuum stage is based on a six-way cross, with two CF100 and four CF40 flange
connections (see Figure 4.16). The main function of the vacuum stage is to maintain the
pressure difference between the surroundings of the operating ion trap, which can go
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down to 10 mbar and ultrahigh vacuum of the beamline, in the order of 10 mbar. The
actual pressure inside the ion trap is 10~ mbar, because of the Helium buffer gas. For this
reason, the vacuum stage is equipped with a 300 L/s turbo pump, installed on the CF100
flange. The beamline is attached to the left side of the vacuum assembly from Figure 4.16,
via a short flexible CF40 bellows and a high vacuum valve with a MgF, window.

lon gauge

Beamline valve  §1™
with MgF,
window

Suprasill
window

Figure 4.16 - 3D model of the differential turbo pumping assembly fitted with a mechanical
shutter, ion gauge, a photodiode and a turbo pump. Designed by A. Milosavljevi¢ et al [9].

An ion gauge and Z-axis mechanical manipulator are installed vertically on CF40 flanges.
The manipulator is used to optionally insert the Suprasill glass window, in order to cutoff
the higher order harmonics of the VUV photon beam above 10 eV (for the lowest incident
photon energies used) for improved spectral purity. A photodiode (AXUV100,
International Radiation Detectors) and the shutter assembly® are coupled to the vacuum
stage via a custom made stainless steel box with CF40 coupling. Both the mechanical
shutter and the photodiode are installed on the one axis precision manipulators. This
enables the fine tuning of the position of the shutter head* with respect to photon beam.
Moreover, the photodiode can be inserted optionally, in order to measure the photon flux
just before the ion trap. The vacuum assembly is rested on a rigid support and positioned
behind the LTQ mass spectrometer (at the ion trap side).

In order to precisely align the axis of the ion trap with respect to the photon beam, an
adjustable supporting frame was constructed by A. Milosavljevi¢ et al [9]. The adjustable

3 Details and operation of the mechanical shutter are presented in Section 4.5.2.
4 For reference, see Figure 4.22.
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frame is positioned on a rigid table and LTQ mass spectrometer is mounted on top of it.
Figure 4.17 presents the 3D model of the adjustable supporting frame.

Figure 4.17 - 3D model of the adjustable supporting frame for LTQ mass spectrometer
used to precisely align the ion trap axis with respect to the photon beam. Designed by A.
Milosavljevic¢ et al [9].

The supporting frame is designed to enable fine tuning of the position in 3 translational
axes, and 3 rotational axes, covering all degrees of freedom. Adjustments for each axis
are realized with the hex key screws. The alignment process is rather tedious and crucially
important for obtaining the best overlap of the trapping volume with the photon beam,
ensuring the high signal to noise ratio. Figure 4.18 presents a 3D model of final assembly
with the vacuum stage, LTQ mass spectrometer, the supporting frame and the carrier
table.

Figure 4.18 - 3D model of the vacuum stage coupled to the LTQ mass spectrometer,
installed on an adjustable supporting frame, which is rested on a rigid table. The entire
system is mobile. Designed by A. Milosavljevi¢ et al [9].
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Coupling

The vacuum stage is coupled to the back side of the LTQ mass spectrometer via CF40
flexible bellows. In order to obtain a coupling of the vacuum stage through CF40 bellows
to the chassis of the LTQ mass spectrometer, a custom Plexiglas window plate is
designed. The back side of the LTQ mass spectrometer was originally sealed with a metal
plate. 3D model of the Plexiglass window is presented in Figure 4.19.

Figure 4.19 - 3D model of the Plexiglass back plate window, designed to couple the
vacuum stage to the LTQ XL mass spectrometer: a) back side, positioned towards LTQ
and b) front side, with CF40 rubber seal groove and threaded holes. Designed by A.
Milosavljevi¢ et al [9].

Figure 4.20 - Picture of the experiment with LTQ mass spectrometer coupled to the
DESIRS beamline of the SOLEIL synchrotron.

Entire assembly with the LTQ mass spectrometer presented in Figure 4.18, is portable.
The carrier table is equipped with small subtractable wheels. This allows for a quick
transport of the whole system to another beamline of the synchrotron SOLEIL. With this
system, trapped target molecules can be subjected to a wide range of the photon energies,
covered by the several beamlines. The system has been so far effectively coupled to the
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DESIRS, PLEIADES and DISCO beamlines of the SOLEIL facility, as well as to the keV
ion beamline GANIL. The results presented in this Thesis were obtained from the
experiments involving the first two mentioned beamlines. A photograph of the coupling
the system to the DESIRS beamline is presented in Figure 4.20.

Alignment process

The alignment of the ion trap axis with respect to the photon beam is done in 3 steps. In
the first step, before the beamtime and the pumping, the table with the supporting frame
and LTQ is positioned roughly into place with respect to the beamline theoretical optical
line. If coupled to the DESIRS beamline, the advantage is a still visible part of the zero-
th order of the VUV photon beam, which can be detected by eye when reflected from a
sheet of white paper. In that case the second step is performed. ESI source is removed
from the LTQ mass spectrometer, enabling the clear path of the VUV photon beam, after
passing through the ion trap and ion optics. In order for this step of the alignment process
to work, both LTQ and vacuum stage have to be brought back to the atmospheric pressure.
The beamline coupling valve is closed. Since the moving part of the valve is constructed
out of MgF glass window, it is still transparent UV light. The beamline is then set to the
lowest possible energy of 4 eV. The UV photon beam can then pass all the way through
the ion trap and the ion optics system. Small adjustments are made on the supporting
frame, until the bright violet spot is seen on the UV reflective paper positioned just after
the ion optics, at the front side of the LTQ mass spectrometer.

In the final third step of the alignment process vacuum stage and LTQ mass spectrometer
are pumped to the ultimate pressures of 10® mbar and 10° mbar, respectively.
Cytochrome C or Insulin precursor ions are electrosprayed and selected in the ion trap®.
The trapped ions are subjected to the beam of VUV photons, with an energy of 15.4 eV.
Figure 4.21 presents the obtained action MS? after optimal alignment, obtained for
Cytochrome C, 8+ precursor ions.

The MS? was normalized to the precursor ion [M+8H]®*, designated at m/z 1542.
Relaxation channels corresponding to the ionization of the precursor ions with VUV
photons appear in the spectrum. Peaks at mass-to-charge ratios of 1370, 1233 and 1121
correspond to radical cations [M+8H]*, [M+8H]°* and [M+8H]"*'* originating from
single, double and triple ionization of the precursor ion, respectively. Optimal alignment
was obtained by maximizing the relative intensities of these ion fragments by fine tuning
the position of LTQ with the supporting frame.

> More details about the experimental procedure are presented in Section 4.5.4.
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Figure 4.21 - Tandem mass spectrum, recorded for Cytochrome C precursor ions of 8+
charge state, after activation with VUV photons at 15.4 eV energy. Adopted from [57].

4.5.2 Mechanical shutter - design and operation

Photon beam chopping was achieved by positioning the rotating mechanical shutter at its
path, just before the entrance to the ion trap. The shutter is designed by A. Milosavljevi¢
et al [57] and installed in the turbo vacuum stage. The assembly with the mechanical
shutter is presented in Figure 4.22. The mechanical part called shutter head is attached to
the shaft of the rotational electric motor Khunke, in order to physically block the photon
beam. The shutter head is made from Aluminum, with a cylindrical shape and a hole
perpendicular to the cylinder axis. The motor is powered by the shutter circuit® consisting
of a solid state relay connected to the power supply. The motor actuation is initiated by
the TTL signal from the LTQ mass spectrometer, whose length is defined by the
activation (irradiation) time of the selected ions.

TTL signal line was traced in the electronic board of the LTQ and taken out of the casing.
The line of the signal is connected to the input of the shutter circuit and acts as a trigger.
Activated by the high state (5 V) of the TTL signal, the shutter circuit drives the electric
motor which rotates the shutter head. Optionally, a delay generator is inserted in front of
the shutter circuit in order to close the shutter typically 50 ms before the end of the actual
activation time. If so, the activation time then has to be set to 50 ms longer. The delay
generator is set to activate at the rising edge of the TTL signal sent by the LTQ and to
generate a new TTL signal in the phase with the original one (see Figure 4.23). In this
way, the interaction of photons with ions is stopped before the detection of the ion
fragments. When the activation time runs out and TTL signal goes to 0 V, the mass

6 n the following text term “shutter circuit”, will be used to refer to the electrical part of the mechanical
shutter in the experiment with photons. In the second part of the Thesis, the same term will be used for
different circuit, required in the experiment with electrons.
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spectrum is recorded. As a result, the recorded mass spectra showed fairly reduced
background signal noise peaks.

Shutter head (Al)

Copper holder/heat sink
attached to the
DN CF40 flange

Figure 4.22 - Mechanical shutter for the chopping of the photon beam. Picture of the shutter
assembly mounted on a CF40 flange is on the left. 3D model of the shutter assembly is on
the right. Adapted from [57].

TTL 5V TTL 5V
{ 650 ms } 600 ms
............................. | Delay 4 L .| Shutter
From LTQ generator circuit

Supply

24V

Figure 4.23 - Block diagram with delay generator in front of the shutter circuit, for better
signal to noise ratio. TTL signal length of 600 ms is used as an example.
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Figure 4.24 - Electrical circuit for the mechanical shutter. Solid state relay (SSR) switch
consist of an IR photo-diode and two field effect transistors (FETs) with a photosensitive
gate. The high state of TTL signal turns on the photo-diode which results in a closing of
the two transistors, closes the circuit on the right side by applying 24 V to the electric motor.
The absence of TTL signal (or low state - 0 V) leads to the open circuit and electric motor
is not powered.

The electronic circuit for the mechanical shutter is represented by “Shutter circuit” box
in Figure 4.23. Actual schematic of the circuit is presented in Figure 4.24. It consists of a
solid state relay switch, which connects a power supply of 24 V directly to the electric
motor, as long as 5 V TTL signal is present at its input. Applying the 24 V on the motor
quickly rotates the shutter head. Mechanical constraints allow the shutter head to rotate
only for 90°, locking it in a position such that the hole is parallel with the direction of the
photon beam. The shutter head is spring loaded, thus as soon as the motor power is cut,
the shutter head is rotated back for 90°, to the position such that the photon beam is
blocked.

In order to estimate the shutting speed of the entire shutter system, test measurements are
conducted under high vacuum, at the pressure of 107 mbar. The performance of the
mechanical shutter is evaluated by measuring the current from the photodiode
(AXUV100, International Radiation Detectors), positioned just after the shutter head in
the vacuum assembly. The photodiode current measured with the digital oscilloscope
(DG645, Stanford 150 Research Systems, Sunnyvale, CA, USA), was generated by the
zero-th order of the VUV light from DESIRS [8] beamline. The signal obtained from the
photodiode after applying the power to the shutter motor is presented in Figure 4.25.
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Figure 4.25 - Photodiode current generated by the zero-th order of synchrotron radiation
light, measured after opening the mechanical shutter under high vacuum. The red line is
generated by 50 point Savitzky Golay smoothing of the obtained signal, in order to reduce

the noise. Adopted from [57].

The results of the performance test [57], reveal that the shutter has a systematical delay
of about 20 ms, because of the mechanical inertia of the moving parts, although this does
not influence the irradiation of trapped ions. The shutting speed was estimated from

Figure 4.25, to be around 1 ms.
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Figure 4.26 - Durability test of the shutter, during 24 hours in vacuum conditions. Shutter
motor winding resistance is represented with stars, while circles show the pressure in the

vacuum assembly. Adopted from [57].

The resistance of the motor windings was checked under high vacuum conditions, through
24 hour period with a 70 % of the duty cycle. The results of the test [57] are presented in
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Figure 4.26. Durability test showed only slightly elevated resistance of the motor
windings, proving that large copper holder/heat sink is absorbing most of the generated
heat, even under vacuum. The heat from the copper holder is conducted to the vacuum
parts of the vacuum stage assembly. The latter is then quickly cooled by the surrounding
air at room temperature of 21 °C. The pressure in the vacuum assembly is increased
during the first hours of the test due to the degassing of the motor windings. The pressure
decrease was observed after 3 hours from starting the test. The resistance of the windings
only slightly increased and remained practically constant during the entire test, meaning
that the temperature of windings was well below the alarming limits. Both the vacuum
stage pressure and motor winding resistance drop to starting values, within an hour after
the motor was turned off.

4.5.3 Synchronization with the beamlines

The action spectroscopy of the macromolecular targets presented in this Thesis is
achieved through automated acquisition system made by A. Milosavljevi¢ and A.
Giuliani. The acquisition system is based on the home-made software, which couples two
independent hardware components - the LTQ XL mass spectrometer and a synchrotron
beamline into one instrument. TTL electric signals are utilized in order to synchronize
the operation of these two devices. The control logic for the electric signals is governed
by a home-made computer program, written in Igor Pro. The basic principle of the
instrument lies in repeating three processes: 1) the ion production and selection, 2) the
ion activation at defined energy and 3) the detection of fragments. Each cycle is
performed at different activation energy, obtaining activation tandem mass spectra (MS?)
for the desired molecular target. The procedure for the acquisition of many MS?, for a
range of different energies, is defined as an “energy scan”.

One energy scan consists of a number of energy points, ranging from 10 to 100. A custom
temporal sequence is defined and ran for every energy point. One temporal sequence
comprises sequential isolation of one or multiple precursors. Individual acquisition (ion
irradiation) time length for each precursor is set, which defines the total time length of
the sequence. All precursors in the sequence are first subjected to one photon energy and
recorded in a “raw file”’, which contains one mass spectrum for every precursor. The
sequence is then repeated until all energy points are scanned. At the end of an energy
scan, depending on the number of energy points, the same number of raw files containing
all precursor mass spectra is generated. The total time required for one energy scan is
determined by the number of energy points multiplied by the time length of the sequence.
Typically, for practical reasons, the energy scans were created to last not more than 10
hours.

7 Raw file is the digital computer file format (example scanl.raw) generated by the mass spectrometer
software, which contains all data stored during one sequence. This data contains tandem mass spectra
and a range of instrumental parameters.
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The energy scan process is practically realized by the usage of peripheral controls - start
in and ready out, as an inbuilt hardware option of the LTQ XL mass spectrometer. As
their names suggest, start in is an input type of connection, while ready out serves as an
output. Operating principle of these controls is the two state digital logic - TTL. Each
control has two contacts, which can be either open (not connected, 5 V) or closed (shorted
to the ground, 0 V). LTQ peripheral controls are connected to the PC computer via
external USB National Instruments (NI USB-6501) analog-to-digital (AD) card. The
computer program was written in lgor Pro software in order to control and automate the
entire energy scan process. For the purpose of synchronization, one input and two output
connections are utilized from the AD card. A schematic diagram for the digital
communication of LTQ mass spectrometer with the DESIRS beamline is presented in the
Figure 4.27.

in e t1
LTQ startin > AD out 2 » in DESI RS
mass ready out ———| in1 Nl card beamline
spectrometer TTL feeeees USB

i

Shutter . PC

circuit Igor Pro

Figure 4.27 - Block diagram for connection of LTQ mass spectrometer with DESIRS
beamline.

The LTQ mass spectrometer is set to send 5 V TTL signals in the duration of ion
activation time (600 ms in the present case). These signals were traced on the internal
board of LTQ, hard wired and taken out of its case, for the synchronization of the shutter
circuit. In Figure 4.27 dashed line symbolizes the wire that carries the TTL signal out of
the LTQ to the shutter circuit®.

At the end of each sequence (scan for one energy point has finished) a long contact closure
signal (1000 ms) is sent by the LTQ at ready out. The long signal is detected by the
computer program in lgor Pro, which then sends a TTL signal of 5 V through AD card to
the beamline in order to change the photon energy to the next one. Regarding the
communication there are two types of beamlines utilized to conduct experiments, whose
results are presented in this Thesis. For them, the communication can be one-way
(DESIRS beamline), or two ways (PLEIADES beamline).

8 TTL signal can either be connected to the inputs of the circuit for the mechanical shutter Figure 4.24, or
the electrical shutter circuit presented in Figure 4.42 in Section 4.6.4.
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The one way communication beamline like DESIRS, has the option to only receive
signals. It is the reason why the intermediate stage with an AD card and a computer
program have to be used. When a sequence is finished, the contact closure at ready out is
detected by the program. This initiates a TTL signal through the AD card, which is sent
to the control input of the DESIRS beamline. The program then waits for a custom defined
5 seconds for the beamline to change the photon energy (wavelength). Waiting period of
5 seconds is determined experimentally as the optimal time window length, during which
the DESIRS beamline will certainly finish the wavelength changing process. After this
time passes, the program generates a TTL signal and sends it through the out 1 of the AD
card to the LTQ start in input, as a signal to start the new sequence. The program
algorithm is depicted in the Figure 4.28, while the control window of the program is
presented in Figure 4.29.
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Figure 4.28 - Algorithm for Igor Pro program, used for energy scan process automation.
Designed by A. Milosavljevi¢ and A. Giuliani.
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Figure 4.29 - Custom made Igor Pro control window running on mass spectrometer’s PC,
used for energy scan process automation. Designed by A. Milosavljevi¢ and A.
Giuliani.

On the other hand, the beamline PLEIADES is capable of changing the photon energy
initiated by the external signal. Upon receiving a signal from LTQ, indicating that one
energy point is finished, the beamline automatically prepares the necessary readjustments
for the next photon energy. After the change to a new photon energy is done, the beamline
sends the signal to its control output. The block diagram for the connection with
PLEIADES beamline is depicted in Figure 4.30.
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Figure 4.30 - Block diagram for connection of LTQ mass spectrometer with PLEIADES
beamline.

4.5.4 Experimental procedure

This section is dedicated to the experimental procedure used in order to activate the
trapped ions with photons from synchrotron radiation. As previously mentioned, the
system is mobile and can be coupled to one of the three appropriate beamlines of the
synchrotron SOLEIL. Figure 4.31 presents the part of the experimental setup involving
the VUV photons from DESIRS beamline at the brunch B. The schematic representation
of our experimental setup coupled the end station of brunch B at DESIRS beamline, is
presented in Figure 4.32. The experimental procedure for coupling and synchronizing the
system with the PLEIADES beamline is similar in principle, thus it is not presented in the
Thesis. The timeline of the experiment is presented in Figure 4.33.
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Figure 4.31 - Schematic representation of the VUV photon path in brunch B at the DESIRS
beamline, starting from an undulator to the point where the experimental setup is coupled.
Adapted with permission from [9].
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Figure 4.32 - Experimental method and schematic for synchronization of the LTQ mass
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Figure 4.33 - Timeline of the experiment for the activation of trapped ions with VUV
photons from DESIRS beamline: 1) ion injection, 2) ion selection, 3) ion irradiation and 4)
fragment ion detection.
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The experimental procedure is performed through four sequences: 1) ion production, 2)
ion selection, 3) ion activation and 4) detection. More details are given below:

(1) Analyte solution was injected into a syringe and forced with the assistance of the
mechanical pump through small capillaries into the ESI at the desired flow rate.
Depending on a desired state of the target molecules, LTQ mass spectrometer can be
equipped with two types of the ESI sources - standard ESI or nano-ESI. In this Thesis
both hydrated and bare peptide precursor ions were probed with VUV photons. The
production of hydrated precursor ions is more difficult and requires adjustments of the
spray parameters. In both cases, all electrosprayed ions are guided by the ion optics and
stored into the ion trap.

(2) A vast number of different charge state precursors can be produced simultaneously by
a standard ESI (or nano-ESI) source. Only one precursor of the interest is selected, by
defining the mass-to-charge ratio in the LTQ mass spectrometer software. The selected
precursor was isolated in the ion trap by ejecting all other ions.

(3) After reaching the storing capacity of the ion trap, a5V TTL pulse is initiated by the
LTQ electronics. The presence of the 5 V TTL signal on the shutter circuit closes the
relay contacts and applies a 24 V on the electric motor inside the vacuum stage. The
shutter head is rotated, allowing the VUV photon beam to irradiate the trapped ions. TTL
5 V signal is present during the activation time, defined previously (for example to 650
ms) in the LTQ software. In addition, a delay generator was installed on the path of the
TTL signal, in order to introduce an acquisition delay (of usually 50 ms). As a result, the
trapped ions are irradiated during a shorter time. After the activation time passes, LTQ
sets TTL signal to the low state (0 V), the motor power is cut and the spring quickly
rotates back the shutter head closing the photon beam.

(4) The detection takes place as soon as the TTL signal goes back to the low state (0 V).
All ion fragments are ejected from the ion trap and an action tandem mass spectrum is
recorded at the given photon energy and for the currently trapped precursor ion.

The LTQ software gives the possibility to program the selection method, containing a
procedure with multiple precursors, with user defined duration for each precursor. In that
case, each precursor is successively isolated in the ion trap during a specified time,
ranging from (1-30) minutes. Steps (3) and (4) are then repeated for one photon energy
until all precursors contained in the selection method are irradiated.

Each time the selection method is completed, or after the irradiation of all defined
precursors at one photon energy, the LTQ initiates a long contact closure at ready out.
This signal is detected by the program in Igor Pro and the TTL signal is sent to the
DESIRS beamline in order to change the photon energy. The entire process is repeated
until all predefined energy points are scanned. At the end of the energy scan, an action
MS? for every precursor of the analyte macromolecule is acquired, at each photon energy
defined in that particular energy scan.
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4.6 Electron experimental setup

4.6.1 Electron gun

Double focusing electron gun was used as a source of electrons, for the purpose of
activating trapped ions. It was developed at the Institute of Physics in Belgrade by S.
Madzunkov and it is a constituent part of the experimental setup UGRA [58]. It is capable
of producing relatively high primary electron current in the order of few pA in the electron
energy range of (40-350) eV. A cross section view of the electron gun is depicted in
Figure 4.34.

Figure 4.34 - 3D model of the electron gun, electrode cross section view.

The electron gun consists of seven concentric cylindrical electrodes. The electrodes are
separated using the rubidium balls of 3 mm in diameter. The last electrode (M) is
grounded, as well as the interaction region. The electrons are produced in the thermo-
electron emission from the tip of the hairpin cathode, directly heated with currents of 2 A
to 2.5 A. The cathode is made of thoriated tungsten wire 0.2 mm in diameter and spot
welded to suitable pins cast in a ceramic disc. The electrodes of the electron gun can be
divided into two parts: 1) the extraction and the focusing part. The extraction part of the
electron gun comprises a hairpin cathode, electrodes W (Wehnelt), A1 (Anode) and C,
whereas the focusing part is composed of electrodes A2, S, V and M. Two axis deflector
unit have been installed inside the electrode S in order to enable the fine adjustment of
the electron beam in the plane normal to the axis of the electron gun. In order to produce
electrons with a defined energy, the cathode is supplied with a negative voltage in relation
to electrode M, which is grounded along with the rest of the vacuum chamber. All other
electrode voltages are floating on the negative cathode potential, such that focusing
properties of the electron gun can be preserved with the change of the electron energy
(cathode voltage). Since the electrodes W and C have a negative voltage applied in
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relation to the cathode, while A is positive, the extraction part of the gun formed from
these three electrodes, has double focusing properties. First focusing of the electron beam
happens by the lens formed with electrodes W and electrode Al. Second focusing
happens between electrodes C and A2, which has a 0.5 mm diameter hole extending into
a cone. After the extraction part, an image of the cathode with a defined circular shape is
formed. The electrodes S, V and M, form a three-electrode lens with the purpose of
defining the final geometry of the electron beam and focusing it on a given distance from
the gun. Tuning the voltage on the electrode V is used to regulate the focusing properties
of the electron beam for a given distance and electron energy. Present electron gun has
been designed to generate a continuous electron current. This means that the cathode is
constantly heated and that a steady stream of electrons with a defined energy and a beam
geometry is produced continuously.®

4.6.2 Electron beam cut off principle and current measurements

For the purpose of activating trapped ions in the collisions with electrons, a continuous
mode of the electron gun current cannot be used. Because of the temporal nature of
tandem mass spectrometry experiments, the ion activation has to be engaged only during
the short period of times - typically several hundreds of milliseconds. Therefore, in order
to perform the action spectroscopy experiment with electrons as projectiles, a pulsed
electron beam is required.

To cut off the photon UV (or X-ray) beam, a simple mechanical blocking was enough, as
described in the previous chapters. For electrons this type of beam cut off is not desirable.
The electrons are charged particles and can be easily splatted or reflected from conductive
surfaces. On the other hand, they can charge nonconductive materials. As a consequence,
the presence of an additional charging perturbs the optimal electric field generated by the
electron optics. The final outcome is either a significant distortion or scattering of the
electron beam.

In the present experiment, we chose to block the electron beam by means of preventing
the emission of electrons from its source — the cathode. This can also be achieved by
lowering the cathode temperature (for example, by decreasing the cathode current), but it
is a very inefficient, unstable and slow process. An efficient electron beam cut-off can be
achieved through a controlled change in the geometry of the electric field. For example,
by applying the convenient pulsed voltage on one of the electron gun’s electrodes. In the
process of thermo-electron emission, a direct heating of the metal cathode increases the
energy of the free electron gas inside it. At an appropriate cathode temperature, electrons
have enough energy to escape the surface of the metal. The amount of this energy is
defined by the metal work function, specific to every material. Therefore, by applying
convenient voltages on the W electrode, placed just between the cathode and the anode,
the metal work function of the cathode can be additionally altered in a controlled way -

% In the following text, this way of operation will be referred as a continuous mode of the electron gun.
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to enable or prevent the electron emission from the tip of the hot hairpin cathode. The
voltage applied to the W electrode required to fully suppress the electron emission was
determined experimentally. It was done by measuring the electron current at a fixed
distance from the electron gun, as a function of W electrode voltage.

Schematic for measuring the electron current in a Faraday cup is presented in Figure 4.35.
The Faraday cup assembly is made from stainless steel. The electron collector is made
from stainless steel bar, cut at 45° relative to its axis. It is installed in an isolated shielding
tube, with 2 mm diameter hole at the front end. The entire Faraday cup assembly is
positioned at a distance of 72 mm from the last electrode (M) of the electron gun. The
electrode voltages are optimally adjusted to focus the electron beam on the Faraday cup,
indicated by the maximal current readout, for a given cathode heating current and the
electron energy.

Electron gun Faradey cup
WACA S \Y

Figure 4.35 - Schematic diagram for electron current measurement using a Faraday cup.

Schematic for the electron emission current measurement is presented in Figure 4.36. An
external power supply provides the relatively high current of 2.3 A for direct heating of
the cathode. Another external supply provides a tunable negative voltage of up to 350 V
which defines the electron energy since the interaction region is grounded. It is connected
to the cathode through two equal high power resistors of 220 Q, labeled with letter R in
the Figure 4.36. This connection creates such voltage drop across the cathode, that
potential on its tip is exactly -150 V. The cathode tip is a rather small surface and the
energy distribution of all ejected electrons is dictated by the cathode tip temperature only.
For this configuration, the influence of the geometry of the ejecting surface on the energy
spread of ejected electrons is minimal. Thermo-electron emission process yields a typical
energy bandwidth of 0.5 eV, for the tungsten hairpin cathode. Another important
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advantage of applying the voltage to the cathode through resistors, as depicted in Figure
4.36, is that the electron emission current from the cathode can be directly measured?®,

Icathode:

—

23A

Iemission 1@9

Figure 4.36 - Schematic diagram for electron emission current measurement.

Figure 4.37 presents the measured electron emission current from the cathode for different
W voltages, as well as the Faraday cup current. For W voltages up to -20 V, we can see
that both the emission current and the Faraday cup current are zero. Therefore for this
given configuration of all other electrode voltages, both currents start increasing from
about W=-20 V until they reach saturation at around W=-14 V.
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Figure 4.37 - Electron emission current from electron gun cathode and current measured
in the faraday cup, as a function of W (Wehnelt) electrode voltage, for 2.3 A cathode current
and 150 eV electron energy, for the pressure of 7x10°" mbar.

101 this method of electron emission current measurement, only approximate value can be obtained.
Measured current is linearly proportional to the real emission current, in the limited range only.
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In order to make sure that there are no electrons emitted from the cathode, we used -50 V
for the beam cut off W voltage. On the other hand, the working W voltage which enables
a good focusing, called beam on voltage, is set to -14 V. It should be noted that only a
small part from 15 pA current emitted from the cathode, actually exits the electron gun
because the majority of electrons are lost inside the electron gun, as seen in Figure 4.37.
For this particular electrode voltage preset current measured in the Faraday cup was
around 2 pA.

Figure 4.38 compares the electric field distribution and the electron beam trace simulation
from program SIMION [59] for different W voltages. The angular distribution of
electrons emitted from the hairpin cathode is wide, thus a negative voltage has to be
applied to the W electrode relative to the cathode potential, in order to narrow the beam.
The influence of a negative W voltage can be seen by comparing Figure 4.38 (a) and (b).
The electrons are scattered over the small aperture of electrode A if the W potential is
kept at the cathode potential (W voltage of 0 V) Figure 4.38a. Optimal W voltage provides
a good focusing and minimizes the loss of electrons that would otherwise scatter on the
anode (Figure 4.38b). However, further lowering of the W voltage relative to the cathode
to a critical value, creates a potential barrier which prevents the electron emission (Figure
4.38c). In this case, the metal work function of the cathode is effectively increased and
the energy of the electrons is lower than the depth of the potential barrier, for the same
temperature (the current) of the cathode.

Figure 4.38 - Electric field and electron beam trace simulation from program SIMION.
Voltages applied on Wehnelt electrode are relative to the cathode voltage: a) 0 V, b) -14 V
and ¢) -50 V. High enough negative voltage completely blocks the electron emission.

4.6.3 Pulsing the electron gun

An electrical schematic of the electron gun with electronic shutter circuit!! is presented
in the Figure 4.39. The cathode and all electrodes are connected to the external power
supplies. Each electrode has its own dedicated voltage divider constructed of variable
resistors (helipots'?) and a few fixed precision resistors. Two power supplies (one positive

1n the following text, term “shutter circuit” will be used to refer to the electronic shutter circuit, which
supplies pulsed voltages on electrode W, in order to pulse the electron beam.

2 Helipot is a multi-turn (up to 20 turns) variable resistor and is commonly used in electric circuits which
require precise resistance adjustment along with high stability of voltages.
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150 V and one negative -50 V) supply electrode voltages required for the operation of the
electron gun. The electrode W is connected to its power supply through the shutter circuit.
It was specially designed for the purpose of this experiment, in order to chop the electron
beam. Details about the shutter circuit and its operation are given in the following
paragraphs. In Figure 4.39, the shutter circuit is represented by a box, as the rest of the
power supplies. The voltage input of the shutter circuit is the same negative power supply
(of -50 V) as the one used for the electrode C. The output of the shutter circuit is triggered
by the external TTL signal, generated by the LTQ mass spectrometer. The shutter circuit
output has two states, depending on the state of the TTL signal. Each state is defined by
one voltage, tuned to either enable or prevent the electron emission, thus allowing for the
pulsed mode of operation.

Electron gun

X WA1 C A2 s
[
2V, 5A HDD
Cathode }'ﬂjﬂ
[
[
+150V
1
T
5oy | |Shuttery,,
circuit | !
| 3 i
-300V T}L
Energy
1

Figure 4.39 - Electron gun schematic with shutter circuit driven by TTL signal. All
electrode voltages are floating on the potential of the cathode, which defines the electron
energy.

4.6.4 Electron gun shutter circuit

A custom electric circuit was designed in order to supply two different voltages on the W
electrode, triggered by the TTL signal sent from LTQ mass spectrometer. The circuit
operates as a simple switch, connecting either the fixed -50 V to cut off the beam, or the
tunable -14 V voltage, which allows optimal focusing of the electron beam. The basic
principle of operation of the electron shutter circuit is presented in Figure 4.40.

In order to obtain fast and stabile voltage changes, we decided not to use mechanical
relays. The reason is because of their multiple contact closures before the final contact
closure, which would create noise in the highly stable voltages required for electron gun
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electrodes. On the other hand, the solid state relay used in the photon shutter circuit to
drive the DC motor was the barely sufficient speed and stability for this purpose.
Moreover, its power handling is well above nano-ampere currents that are typically
required for electrodes of the electron gun. Also, it would require two of these relays to
assemble the switch from the Figure 4.40. Instead, we designed a switching circuit that
works on a similar principle as the solid state relay — using two optocouplers.

TTL

beam |voltage

on |-14V ——*\_ To Wehnelt
N

i_e
“
off |50V =——t—p@*

Figure 4.40 - The basic principle of operation of the electronic shutter circuit. In the upper
position a switch connects -14 V to the W electrode, enabling the electron emission.
Electron emission is completely blocked if the switch is in the lower position, where -50 V
is applied to the W electrode.

An optocoupler is a passive electronic component, used to transfer the electric signal from
one stage to another, using an infrared photodiode and a phototransistor. When the
photodiode is turned on, infrared light opens the bipolar phototransistor. Because the
resistance between the emitter and collector is very small when the transistor is open and
vice versa, it is suitable for switching. If there is no infrared light, the transistor stays
closed and the collector to emitter resistance is in the order of giga ohms. The basic
principle of operation of an optocoupler is presented in Figure 4.41. The advantage is that
the two optocoupler stages are galvanically isolated from each other and the reaction
speed of the output phototransistor in relation to the input of the photodiode is in the order
of microseconds. The shutting speed used for photons was in the order of 500 ms, but in
the present case with electrons, the shutter circuit was designed to achieve the activation

time of at least 1 ms.
1 —— — 3
in } \\: ( E ) out
2 — 4

Figure 4.41 - Optocoupler — semiconductor electronic element. Infrared (IR) photodiode
and an IR phototransistor are enclosed in a sealed package. Input terminals of the
photodiode are (1) — anode, (2) — cathode, while output terminals of the phototransistor are
(3) - collector and (4) — emitter.
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Schematic of the shutter circuit for W electrode is presented in the Figure 4.42. A detailed
description of the circuit follows. The circuit is designed in two stages, the driver
(optocoupler) and the switching (transistor) stage. The function of the driver stage is to
galvanically insulate the input - the LTQ mass spectrometer, from the high voltage output
— required for the electron gun electrodes. Driven by the first stage, switching stage is
composed of the voltage divider along with two transistors, which applies the high
voltages to the W electrode.

The driver stage consists of two optocouplers O1, O2, the voltage supply for the
optocouplers V1, the current limiter resistors R1, R2 for protection and two digital logic
inverters enclosed in an SN7404 integrated chip. It should be noted that a signal generator
(labeled TTL) in Figure 4.42 is not a part of the shutter circuit and is used for the
simulation purpose only. The anodes of the photodiodes (their left sides in Figure 4.42)
in both optocouplers are connected to the 5 V supply, through the resistors R1 and R2.
The photodiode lights up only if there is enough voltage applied across its terminals®. In
order for optocouplers to be in the conducting state, the cathode (right sides of the
photodiodes in Figure 4.42) has to be polarized at 0 V (grounded). In order to design a
switch which connects only one of the two input voltages to the output (W electrode), two
optocouplers must always work in the opposite states — the first one on, the second one
off and vice versa. The alternating operation is achieved with two digital inverters labeled
N1 and N2 in the Figure 4.42. TTL signal from the LTQ mass spectrometer is simulated
by the signal generator, setup to output a square wave pulse signal, with an amplitude of
5V and 500 Hz frequency. This signal corresponds to the TTL output of the LTQ mass
spectrometer for the activation time of 1 ms. The signal from the function generator is
connected to the inverter N1, whose output is in series with the second inverter N2. The
outputs of the first N1 and the second N2 inverters are connected to the cathodes of the
photodiodes in the first O1 and second O2 optocoupler respectively. Since both anodes
of the optocouplers are fixed at 5 V, this connection will ensure that the cathodes of the
photodiodes are always connected to different voltages (0 V or 5 V). As a result, only one
optocoupler can be in the conducting state while the other one is turned off. For example,
if the input signal (from the signal generator) is at 5 V, the optocoupler O1 will be turned
on, since its cathode will be at 0 V. Inverting the 5 V twice, after passing through both
inverters, the cathode of the photodiode in the optocoupler O2 will, in that case, be at the
same 5 V as its anode - meaning that it is turned off.

13 For silicon PN junctions (diodes) this usually means at least 0.6 V, since it is the value of voltage drop
generated across its terminals in the forward (conducting) direction.
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Figure 4.42 - Electric schematic for shutter circuit used to simulate and record the
circuit response.

The driver stage of the shutter circuit has the function to drive the FETs (field effect
transistors) that work as switches. An optocoupler driver stage alone cannot handle the
high voltages floating voltages, therefore, the transistor switch stage had to be added.
Both stages combined have a microsecond switching speed, determined by the slower
driver stage, even though the transistor (FET) stage may work in the sub-microsecond
regime. The collectors of the optocoupler output transistors are polarized to 12 V, through
the Zener diode D1. This is not entirely true for the Q2 because it is floating on a variable
part of the voltage divider created by R3 and R8 in addition to 12 V from the D1. For the
transistor Q2, the resistor R6 value had to be increased enough so that it does not always
stay closed. The increasing of the R6 has a downside of lowering the response time of the
rising edge, which is clearly visible in Figure 4.44. The resistor R4 has the protection
function, by limiting the maximal current passing through the bipolar output transistors
of the optocouplers. The transistors Q1 and Q2 are N-channel enhancement mode field
effect transistors and their gates are connected to the emitters of the optocoupler output
transistors. The resistors R5 and R6 are connected in parallel with the drain and the gate
of the FETS, to turn them off when optocouplers are in the off state. FETs have small
capacitance between gate and drain, which can charge up and leave them open for a while.
Resistors R5 and R6 are placed in order to dissipate this charge and close the FETs as
soon as optocouplers are in the off state. Values of these resistors are critical for the
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performance of the circuit and they have been carefully chosen and tested to obtain the
fastest reaction possible. When open, the transistor Q1 shorts its drain and source, thus -
50 V from the external voltage supply V3 goes directly to the W electrode. If the transistor
Q2 is open, then the adjustable voltage from voltage divider formed by helipot R3,
resistors R8 and R9 is connected to the W electrode. In this case, only part of the negative
voltage from V3 is taken, equal to -14 V, required for good focusing in the electron beam
on state. The diodes D2 and D3 ensure that current flow is always in the appropriate
direction, during the transition period between two states. Since all voltages are negative,
the technical direction of the current flow is from W electrode to the voltage supplies V2
and V3. The resistor R7 has the function to polarize the drains of the FETs. The resistance
of R7 also have a significant influence on the shutter circuit performance, thus its optimal
value is experimentally determined.

The performance of the shutter circuit was evaluated in the PC program Circuit Maker,
as well as by measuring the response on a digital oscilloscope. The results of the
simulation are presented in Figure 4.43, while a real performance test is presented in
Figure 4.44. Tests with the electron gun connected to the circuit showed minimal
difference opposed to the unloaded circuit, although there is a visible difference between
the simulation and the real circuit operation. The explanation of such difference lies in
the simple resistive load used for the simulation, compared to a dynamic capacitive load
of the operating electron gun in the real test. The rise time of the circuit was estimated
from Figure 4.44 to around 100 ps, an input delay is in the order of 40 us, while a fall
time is =0.5 us. A big difference between the rise and the fall time of the circuit is a
consequence of discharging the parasitic capacitance of the FETs in the switching (FET)
stage. Future developments of the circuit should be addressed at minimizing this delay by
improving the circuit design with higher performance switching transistors, or even an
optocoupler and a FET integrated into one package. Nonetheless, the results were more
than enough for what was expected from the design and as required for the present
experiment, given that optimal electron activation time was in the order of 500 ms. Figure
4.45 presents the home-made power supply box used in the electron experiments.

1
0.000ms 1.000ms 2.000ms 3.000ms 4.000ms

Figure 4.43 - Simulation of the shutter circuit in the program Circuit Maker, for 500 Hz
square wave input signal, corresponding to 1 ms activation time.
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Figure 4.44 - Digital oscilloscope measurement of the shutter circuit response (Output) for
500 Hz square wave input signal (TTL input), corresponding to 1 ms activation time: (a)
250 ps per (horizontal) grid unit and (b) zoom in, at 100 ps per grid unit.

Figure 4.45 - Photograph of the electron gun power supply assembled for the present
experiment. Electronic shutter circuit is integrated into the box. External high power supply
for the cathode and high voltage supply which defines the electron energy are connected at
the back side.

4.6.5 Coupling the electron gun with LTQ XL mass spectrometer

The differential turbo pumping vacuum stage was designed to couple the electron gun
(described in Section 4.6.1) with the LTQ mass spectrometer. A 3D model of the vacuum
stage with the electron gun is presented in Figure 4.46. It is based on a standard six-way
CF100 cross, with a length of 220 mm. The electron gun is firmly fixed on an L-shaped
Aluminum frame, mounted on a custom CF100 flange. The flange was modified to
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accommodate two CF16 electrical feedthrough flanges mounted on its back side, for the
electron gun connections. A reducer flange CF100-40 and CF40 flexible bellows, provide
the final coupling and allow for a precise alignment of the electron gun with respect to
the ion trap axis.

Figure 4.46 - Cross section view of 3D model of differential turbo pumping vacuum stage
assembly with the electron gun, based on a six-way CF100 cross.

The remaining connections from the CF100 cross are used to fit a turbo pump, an ion
pressure gauge and a glass window. The vacuum gauge is attached to the long flexible
bellows and positioned approximately 1 m away from the vacuum assembly, in order to
reduce the magnetic stray fields as much as possible. The present experimental setup is
only equipped with the electrostatic shielding, while the magnetic shielding was not
installed'®. The vacuum stage design was focused on the alignment precision, as
experience from the experiment with photons showed that it was important. Optimal
alignment is crucial in order to obtain an efficient activation of trapped ions, which results
in a high signal to noise ratio of the instrument. The practical realization of the vacuum
assembly with the electron gun is presented in Figure 4.47.

The entire vacuum assembly is mounted on a rigid support frame and coupled to the back
Plexiglass window of the LTQ mass spectrometer. Figure 4.48 presents the 3D model of
the experimental setup. The initial rough alignment of the electron gun was done by
moving the vacuum stage relative to a fixed position of the LTQ mass spectrometer. The
verification of the rough alignment was done with the laser pointer directed through the
ion trap from the front side (right side of the ion trap in Figure 4.48). The LTQ mass
spectrometer is installed on an adjustable supporting frame [9], with translational and
rotational degrees of freedom. The precise final alignment of the electron gun axis with

14 Due to the space limitations and mechanical complexity, magnetic shielding with Mu-metal sheet foil
was not possible to implement efficiently in the present flexible coupling design.
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respect to the ion trap axis is achieved by fine tuning the position of the LTQ mass
spectrometer frame, during ion activation measurements.

Figure 4.47 - Differential turbo pumping vacuum stage assembly with the electron gun: (a)
electron gun is mounted on a CF100 flange via L-shaped frame and (b) CF100 cross, fitted
with the electron gun, a turbo pump and a glass window (a pressure gauge is attached via a
flexible extension to the upper flange - not shown here).

Plexiglass
window

lon trap

__7L__

o

Aluminum
shielding

Figure 4.48 - 3D model of the coupling of the electron gun with LTQ XL mass
spectrometer.

The electrostatic shielding of the electron gun is achieved with an Aluminum tube shield,
installed along the axis between the electron gun and the ion trap. The Aluminum shield
also prevents charging of Teflon insulated wires installed temporarily for the purpose of
testing the electron gun, as well as all other insulated parts in the ion trap vacuum chamber
inside the LTQ. Details of the electron gun test measurements are given in the Section
6.2.1.
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4.6.6 Experimental procedure

In this section, a description of the experimental procedure for the activation of trapped
ions in the collisions with electrons is presented. Figure 4.49 displays the schematic of
the experiment. The main instrument of the experimental setup is the LTQ mass
spectrometer, equipped with an ESI source on the front side. The vacuum stage with the
electron gun is coupled to the back side, allowing a direct injection of electrons into to
the ion trap.

The experiment is conducted in four steps: 1) ion production, 2) ion selection, 3) ion
activation and 4) detection of fragments. The timeline of the experiment is presented in
Figure 4.50.

Pumping
Electron gun lon trap . lon optics
CF40. Detector 1
bellows ﬁ
CF100 .
0SS Detector 2 |_ out LTQ mass spectrometer
-14V == ion activation
U -50V mm detection
Shutter Delay
circuit 500 ms generator 200 ms
!.. — 5V
200 ms

Figure 4.49 - Experimental method and schematic for synchronization of the LTQ mass
spectrometer with the electron gun.

T r r r r [ T 1T T T T [ T T T T T [T T T T T [T T 1T 1]
0 200 400 600 800 1000

Time (ms)

Figure 4.50 - Timeline of the experiment: 1) ion production, 2) ion selection, 3) activation
and 4) detection.
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(1) Solutions with biomolecular targets were prepared at desired concentration and
injected into the ESI. By fine tuning of ESI parameters as well as solution properties, a
wide range of precursor charge states of molecular ionic species can be produced. The
generated ions pass through a long capillary that ensures pressure difference. The
capillary is heated in order to remove excess water molecules. Guided by ion optics,
comprised of octupole and quadrupole mass filters the electrosprayed ions are introduced
into the ion trap from the front side (right side of the ion trap in Figure 4.49).

(2) Desired precursor ions, with user specified mass-to-charge ratios, are selected and
isolated in the ion trap. In the LTQ, the efficiency of the trapping is further increased by
the presence of the buffer gas. In order to stabilize the trajectories of ions selected in the
trap, Helium buffer gas at the pressure of 10 mbar was used.

(3) Each time the number of trapped ions reach the storing capacity of the ion trap, a TTL
pulse is triggered by the electronics of the LTQ mass spectrometer. In Figure 4.49, the
output of this signal is symbolized with a “TTL out” box. The amplitude of the pulse is
5V, while its duration is defined by the activation time, specified by the user. TTL signal
is directed to the shutter circuit, which switches its output state to -14 V and enables the
electron emission. Consequently, a focused electron beam of defined energy is formed,
which activates the trapped ions. As soon as TTL signal goes back to low state (0 V),
shutter circuit applies -50 V to W electrode, which in turn stops the electron beam.

A delay generator (DG645, Stanford 150 Research Systems, Sunnyvale, CA, USA) is
inserted between the TTL out and the shutter circuit. Its function is to introduce an
acquisition delay between the end of ion activation and the start of the fragment detection.
In that case, the activation time as defined in LTQ software has to be increased by the
amount of the desired acquisition delay. The delay generator is set to output a new TTL
signal on the rising edge of the first one. As a result, a background noise can be fairly
reduced.

(4) The low state of the TTL signal also initiates the start of the ion fragment detection.
In the LTQ, a high-frequency pulse is applied to the ion trap ring electrodes, which ejects
all ion fragments and action MS? is recorded. Optionally, several successively obtained
action MS? for a single electron energy are averaged in order to increase statistics.

The entire process can be repeated for a number of different electron energies, in small
energy steps (typically 0.2 eV), obtaining many MS? as a function of the electron energy.
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5 lon optic basics and simulations

In the electron optics, the electric fields can be generated by applying electric potentials
on specially designed electrodes. The electric potentials are applied to two adjacent
electrodes, in order to form the electrostatic lenses. Depending on an application, the
electrodes are created in a wide range of shapes. The electrodes with planar, cylindrical
or spherical symmetry are the most common. The cylindrical electrodes are typically used
to generate two-dimensional radial electric fields. Other shapes can also be manufactured,
if the requirements for the electric field geometry are more complex, for example, for a
three-dimensional ion trap. The electron lenses work by creating the electric field gradient
that changes the trace of the charged particles. The charged particles can be accelerated,
decelerated, or collimated in a focused ion beam. In the present work, the commercial
program for simulation of ion optics SIMION [59] was used.

5.1 SIMION

First step in the simulation is to define a desired electron optics geometry and its electric
potentials via a special programming code by creating a geometry file. The potentials on
each electrode are defined by the user. In a process called “refining”, the program then
solves the Laplace equation for the electric potential and calculates the electric field
defined by the gradient of that potential using a method of finite differences. This process
gives the solution for the electric field in an empty space between electrodes. After
obtaining the electric field, desired charged particle initial conditions can be set and the
program solves differential equations of motion. In the final step, the program displays
particle trajectories. Additionally, a special LUA programming code can be used for
recording the particle statistics and the definition of time-dependent potentials on the
electrodes.

5.2 lon trap modeling

The linear quadrupole ion trap from LTQ mass spectrometer was modeled in order to
investigate the influences of RF electric fields on the transmission of electrons. A total
length of the ion trap is 68 mm and it is composed of three axial sections. In order to save
the computer resources, each section (see Figure 5.1b) is modeled separately. The front
(1) and the back (3) sections are created in 3D, without the use of symmetry. The center
section (2) is defined by extending a two-dimensional profile in the axial direction. All
sections are composed of four hyperbolic electrodes with a minimal radius of 4 mm (see
Figure 5.1a). Two disk-shaped electrodes (the front and the back plate) with 2 mm
apertures are also modeled in order to accurately simulate the ion trap. Figure 5.1c
presents the isometric view of the modeled ion trap.
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Figure 5.1 - 3D model of the ion trap from LTQ mass spectrometer from SIMION.

Regarding the applied potentials, the ion trap electrodes are arranged in two pairs, one
located on the vertical (Y pair) and the other located on the horizontal axis (X pair), as
depicted in Figure 5.1a. Amplitude of the RF potential is A=400 V, with the frequency of
1 MHz (o/2x), while the amplitude of DC potential is B=100 V. The polarity of the
applied potentials on the each pair of electrodes is given by the following relation:

Y:Asinwot+B

X:Asin(o + )t — B (5.1)

Above described configuration of the applied potentials enables only radial trapping of
the charged particles, meaning that they can move freely in the axial direction and
eventually exit the ion trap. In order to restrict the motion of the charged particles in the
axial direction as well, DC potentials in the center section are lowered by 10 V, in relation
to the DC potentials applied to the front and back section. It should be noted that the
amplitudes of the RF and DC voltages in the actual ion trap depend on the m/z ratio of
the selected ions. The amplitudes used in the simulation are the maximal values of these
voltages, which are selected in order to estimate the highest perturbation of the electron
beam. The main program (LUA code) through which the RF and DC fields are applied as
well as the definitions of the electrode geometries (GEM files) are given in Appendix 8.2.
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5.3 Pulsed electron beam transmission

The influence of the RF and DC electric fields on the electron beam in the simulation are
quantified by measuring the geometrical properties of the electron beam at the center of
the ion trap (at 34 mm in the axial position). More specifically, for each electron crossing
the plane perpendicular to the trap axis at the axial position of 34 mm, three variables
were measured: x-coordinate, y-coordinate and the energy.

The initial electron beam has a radius of 0.5 mm with a uniform spatial distribution of a
total of 1.21x10° electrons per pulse, with initial velocities parallel to the ion trap axis.
All electrons have the same initial energy of 300 eV. The electrons are generated with a
Gaussian time distribution, where a standard deviation defines the electron beam pulse
width. In relation to the phase of the RF field, the center of the Gaussian distribution for
each pulse width was always set to an optimal value, for which the highest transmission
is obtained. Since the full period of the RF field is 1 us, any pulse width above this value
can practically be considered as the continuous beam.

The space charge effects were not included in this part of the simulation. The electron-
He collision cross section decreases significantly above the energies of about 60 eV, as
reported by J. Nickel et al [60]. Nevertheless, we investigated the influence of the He
buffer gas to the propagation of 300 eV electron beam in the ion trap.

We present the simulation results obtained after including the interaction between the
electrons and the He atoms. The inclusion of the He buffer gas was done using the
collision model (HS1) within the SIMIONS8.1 example programs, made by D. Manura
[61]. The temperature of the He buffer gas was set to 300 K, at the pressure of 5.3x10
mbar, whereas the total cross section for electron-He scattering was 6=5.56x1072t m2[60].

The obtained results were recorded for three electron beam pulse widths of: (i) Lus, (ii)
100 ns and (iii) 10 ns, as well as the case (iv) 1us where the He buffer gas was included.
Table 5.1 presents the recorded electron beam properties at the center of the trap.

Table 5.1 - Electron transmission results in the ion trap. Tob is the time of the electron
birth with respect to the phase of the RF field phase, while Tenq is the transmission recorded
at the end of the ion trap.

Pulse width [ns] | Tob [ns] Tend [%0]

1000 05 65

1000 (He buffer) 0.5 62
100 0.6 80

10 0.65(5) 100
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The electron beam propagation through the ion trap at three different pulse widths is
presented in Figure 5.3. The electron beam spatial and energy distributions recorded at
the center of the ion trap are presented in Figure 5.3.

The case (i) with a pulse width of 1 us practically represents the continuous electron beam.
We can see that the electrons are highly scattered just at the entrance of the ion trap.
However, a significant number of electrons of about 65% are able to pass through the
entire length of the ion trap. The electron energy distribution presented in the right side
of Figure 5.3(i) show that majority of electrons at the center of the ion trap still have the
same initial energy of about 300 eV, although there is a visible broadening of the energy
distribution of about +2 eV. The spatial distribution of the electrons presented in the left
side of Figure 5.3(i) show that majority of electrons are still within the initial radius of
0.5 mm, whereas the rest is scattered on the electrodes.

Figure 5.2 - Electron beam transmission in the ion trap: (i) 1 ps, (ii) 100 ns (iii) 10 ns and
(iv) 1 ps with included He buffer gas at the pressure of 5x10° mbar and temperature 300
K. The total electron-He cross section used for simulation was 6=5.56x1072! [60].
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Figure 5.3 - Simulation of 300 eV pulsed electron beam in a linear quadrupole ion trap, for
400 V RF and 100 V DC, for three different pulse widths of: (i) 1 ps, (ii) 100 ns (iii) 10 ns
and (iv) 1 ps with included He buffer gas at the pressure of 5x10- mbar and temperature
300 K. The total electron-He cross section used for simulation was 6=5.56x10%' [60].

Decreasing the electron beam pulse widths to (ii) 100 ns and (iii) 10 ns leads to a
significant transmission increase [see Figure 5.3(ii), (iii) and Table 5.1]. The electron
transmission is increased to 80% and even up to 100% (for 10 ns). The influence of the
RF electric fields on the spatial and energy distributions is almost negligible. The
broadening of the electron energy distribution is about 0.5 eV. In comparison with the
real experiment, this broadening is practically in the order of initial energy distribution of
the electrons produced in the thermo-electron emission from the heated cathode.
However, it should be noted that for a very narrow pulse widths (10 ns) the
synchronization with the RF fields is crucial. According to the simulation, deviation of
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about +25 ns from the optimal synchronization point with respect to the RF field phase
can cause a total suppression of the electron beam (a transmission of 0 %).

The electron beam transmission results obtained for the included He buffer gas at 1 us
pulse width (continuous beam) can be seen in Figure 5.2(iv) and Figure 5.3(iv). Spatial
and energy distributions, as well as the transmission recorded at the end of the ion trap
are very similar with the obtained simulation results without the He buffer gas. Although,
we can see that a very small percentage of the electrons is randomly scattered. This is
clearly visible in Figure 5.2(iv) in the region just in front of the ion trap, however, the
scattering is also present in the space between the electrodes inside the ion trap.
Qualitatively, we can say that 300 eV electron beam is not affected significantly by the
presence of the buffer gas. The transmission at the end of the ion trap is slightly reduced
- from 65 % to about 62 % due to the additional scattering on the He atoms.

Present simulation findings clearly show the benefits of the lower pulse widths, although
in the case of a pulse width of 1 ps (continuous beam), satisfactory results were also
obtained, even with the He buffer gas. It should be noted that in the present experimental
setup for electron activation of trapped ions (Section 4.6), due to the limitations imposed
by the response of the shutter circuit, the absolute minimum of the obtainable pulse width
is around 250 us (see Figure 4.44). This is still over 100 times more of what is required
in order to effectively achieve the pulsed electron beam, with respect to the ion trap RF
period. Therefore, according to the simulation, we were not able to experimentally obtain
the optimal electron transmission through the ion trap, since we practically used the
continuous electron beam. The obtained experimental results for the electron-impact
dissociation of biopolymers are presented in Section 6.2.
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6 Results and discussion

6.1 Photon experiments

6.1.1 VUV photo-dissociation of peptides and hydrated nucleotides

Leucine-Enkephalin (Leu-enk) monomer

Peptides are polymeric chains composed of amino acids. They are very important for
living organisms since they play an important roles in performing biological functions
[62]. Their function is linked with their primary structure - amino acid sequence [63].
Any modifications or degradations of the primary structure of biopolymers by energetic
photons (UV, VUV or X-rays) could potentially lead to a cellular death. These processes
are called radiation damage. The investigation of the photo-induced processes in peptides,
mainly with UV and VUV light are important for the understanding of both the radiation
damage at the molecular level and the electronic structure of these species. With
developments of synchrotron radiation sources, the action spectroscopy of building
blocks of biomolecules has become a powerful experimental method capable of giving
more insights into fundamental physicochemical properties of these species. This could
hopefully help understanding the biological functions of large macromolecules that they
form.

In this section, our results of VUV action spectroscopy of protonated Leucine-Enkephalin
(Leu-enk) peptide [64] are presented. Figure 6.1 shows a schematic structure of the Leu-
enk peptide, with the nomenclature of the most prominent ionic fragments. Leu-enk is a
small peptide, consisted of five amino acids with the sequence: YGGFL (tyrosine-
glycine-glycine-phenylalanine-leucine).

Y (tyr) . G(@ly) , G(gly) F(phe) L (leu)

U T 1 T 1 1

Figure 6.1 - The structure of the Leucine-Enkephaline peptide with its five amino acid
constituents and imonium ions with mass-to-charge ratios of Y(136), F(120) and L(86).
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Leu-Enk has been frequently investigated in the past using a vast number of mass
spectrometry techniques. For example, by collision induced dissociation (CID) [65, 66],
surface induced dissociation [67] (SID), black body infrared dissociation (BIRD) [68]
and laser induced dissociation (LID) [69]. The experimental conditions and activation
methods favor certain dissociation pathways dictated by particular fragmentation
mechanisms. The fragmentation scheme of the protonated Leu-Enk was investigated by
V. Rakov et al [66] in the experiment involving multiple resonance CID. The protonation
site is usually located at Nitrogen in the tyrosine amino acid, although other protonation
sites are reported due to the ion mobility ([70] and references therein). Recently, S. Bari
et al [44] reported the VUV photo-induced dissociation of the protonated Leu-Enk by
coupling SR photons with a 3D ion trap, where the ionization energy (IE) was estimated
with DFT calculations to 8.87 eV. Their findings suggest that below IE the absorption of
photons primarily lead to the cleavage of the peptide bonds, while above IE they could
find a new dissociation pathways leading to a fast loss of a tyrosine side chain.

In the present work, protonated Leu-Enk cations [M+H]* (m/z 556) were isolated in the
ion trap and subjected to VUV photons, with the energies in the range from 5.5 eV to 14
eV, with a small energy step of 0.2 eV. Figure 6.2 presents the obtained action MS? after
photon impact at a few selected energies, below and above the IE.

The absorption of VUV photons leads to electronic excitation of the precursor ions,
followed by the dissociation (below IE) or dissociative ionization (above IE), resulting in
the formation of different fragment ions. In the case of backbone fragments (cleavage of
C.-C or C-N bonds), depending on where the remaining charge (proton) stays upon bond
scission, a standard nomenclature was proposed by K. Biemann [71]. If the charge stays
at N-terminal fragments an, bn and ¢y, are formed. The fragments X,, y» and z, are formed
if the charge stays at C-terminal. The number in the subscript indicates the remaining
amino acid residues in the particular fragment ion. The absorption of photons can also
lead to detachment of neutral groups (for example amino acid residues) or scission of
several bonds.

Below the IE, in the action MS? obtained for 6.7 eV (Figure 6.2a), the most prominent
fragments correspond to the cleavage of the peptide backbone. Namely, ion fragments b
and y originate from scission of C-N bond, while the cleavage of C,-C bond results in the
formation of ion fragments a. The backbone fragments are designated at mass-to-charge
ratios bs (m/z 425), as (m/z 397), bs (m/z 278) and y» (m/z 279). This fragmentation
pattern is in a good agreement with the CID experiments [65], where backbone fragments
are also dominant. Moreover, we could observe peaks corresponding to precursor loss of
water molecule [M+H]"-H,O (m/z 538), the tyrosine side chain [M+H]+-107 (m/z 449)
as well as loss of phenylalanine side chain [M+H]"-91 (m/z 465). Even though the
fragments bz and y» have close m/z values, mass resolution in the present experiment was
sufficient to resolve these peaks (see inset in Figure 6.2a). An internal fragmentation of
the ion as leads to the formation of fragments a4-NHsz (m/z 380) and another loss of
glycine a4-NH3-57 (m/z 323). With a loss of the tyrosine side chain, fragment bs forms
into bs-107 (m/z 318). Less abundant peaks correspond to internal fragments GGF (m/z
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262) and GF (m/z 205), while neutral (carbon monoxide) loss from this fragment is the
origin of ion assigned to GF-CO (m/z 177).
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Figure 6.2 - Photo-activation tandem mass spectra of leucine-enkephalin, after 500 ms
irradiation of [Leu-Enk+H]* precursor at: (a) 6.7 eV, (b) 8.4 eV and (c) 12.8 eV photon
energies. The proposed assignments of the most important fragments are given in the figure
while “M” denotes the pseudomolecular ion.

As the photon energy increases towards the IE, in the MS? obtained at 8.4 eV (Figure
6.2b), we can observe gquantitative changes the fragmentation pattern. More specifically,
fragment bz (m/z 278) becomes the most prominent, followed by b, (221) and GF-CO
(m/z 177), whereas the ions as (m/z 397) and bs (m/z 425) are fairly decreased.

Similar fragmentation patterns below the IE as in the CID experiments [65] suggests that
the absorption of photon proceeds with the electronic excitations of protonated Leu-Enk
precursor ions, followed by a fast internal conversion and/or intramolecular vibrational
energy redistribution (IVR) to the vibrationally hot electronic ground state. The relaxation
from these vibrationally excited states results in the dissociation of the Leu-enk precursor
ions dominantly through backbone cleavage.

Above the IE, in MS? recorded for 12.8 eV (Figure 6.2c) we observe a rich fragmentation
pattern in the low m/z region of 150-350. This is due to the opening of more relaxation
channels which become available above IE. It should be noted that the photoionization of
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the residual contaminants in the ion trap is the origin of many unassigned fragments. The
peak at m/z 538 corresponding to water loss is increased by two-fold, as well as the ion
fragment bs (m/z 278). Mass-to-charge ratio of doubly ionized precursor ion [M+H]?* is
also 278, but the question remains if these ions indeed contribute to the mentioned peak.
Indeed, the doubly ionized precursor ion is probably unstable and thus, its contribution to
the peak at m/z 278 is very low, although further studies are required for a definite answer.

Due to a high photon energy resolution, a high mass resolution, as well as a high signal
to noise ratio, the present experimental setup gives the possibility to record the
spectroscopic features and investigate the electronic structure of the protonated Leu-enk
cations. The ion yields for several backbone and internal fragments are extracted from
MS?, by integrating the area under the particular peaks and plotting it against the photon
energy. The ion yields were normalized to both the photon flux and the total ion current,
in order to compensate for their changes throughout the energy scan.

Figure 6.3 presents the ion yields in the photon energy range of (5.7-13.8) eV, obtained
for Leu-enk fragments corresponding to the backbone dissociation. The ion yields are
characterized by a rich spectroscopic structure.
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Figure 6.3 - Normalized relative ion yields from the photodissociation of precursor [Leu-
Enk+H]* in the range from 5.7 to 14 eV. Integrated mass ranges are: (a) b, (m/z = 220.5-
221.5), (b) bz (m/z = 277.5-278.5), (c) bs (M/z = 424.5-425.5), (d) y3 (m/z = 335.5-336.5),
(e) y2 (m/z = 278.5-279.5) and (f) as (m/z = 396.5-397.5). The absolute uncertainties of the
experimental points are shown on the right bottom corner of each panel as A values.

According to the previous studies [15], [72-75], the electronic structure of the peptide
bond in small peptides (di- and tripeptides) can be approximated by a four energy level
system: two occupied m orbitals (m1 and m2), the oxygen lone pair no and the virtual ns”
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orbital. Orbitals 71, w2 and ms” originate from the peptide bond and are bonding, non-
bonding and anti-bonding respectively. A comprehensive fragmentation study of
Substance P peptide with VUV photons was reported by F. Canon et al [15]. Figure 6.4
presents a schematic representation of the electronic structure of Substance P peptide [15].
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Figure 6.4 - Energy diagram for Substance P peptide. Adopted from [15].

The ion yields presented in Figure 6.3 (a) to (e), correspond to the fragments by, b, ba, y3
and y- respectively, which originate from the cleavage of the peptide C-N bond (peptide
backbone fragments). All ion yields obtained for peptide backbone fragments show a
distinctive spectroscopic band centered at about 6.9 eV. This spectroscopic band is
associated with mams” (NV1) transition, followed by a fast non-radiative deexcitation to the
vibrationally hot electronic ground state. Most probably, C-N bond cleavage could then
proceed from this hot ground state. A distinctive spectroscopic band centered at around 7
eV in the ion yield for fragment as; (Figure 6.3e) can be associated with the same
transition, but with different fragmentation channel corresponding to the scission of C,-
C bond. The ion yields for fragments bz and y» show the second band centered at about
9.6 eV, which can be associated with transition mims” (NV2). The scission C-N peptide
bond can, in this case, proceed directly from the excited state n3” [15].

The photo-dissociation yields for b ions (N-terminal fragments), presented in the first row
of Figure 6.3, originate from the scission of the same C-N bond, but at different locations
along the peptide chain. Therefore by comparing their ion yields we can investigate the
differences in the VUV absorption efficiency along the peptide chain. Going from ion b>
towards b4 (i.e. approaching to the C-terminus) the fragment mass increases. According
to the present results, the low energy part of the photo-dissociation yields becomes more
important. Particularly for ion b4 (Figure 6.3c), we can see that with lowering of the photon
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energy, the ion yield increases, suggesting that the formation of bs ion can also be
associated with noms™ (W) transition, previously estimated at about 5.5 eV [15].

Since both b and y ion fragments are formed by the cleavage of the same C-N bond, ion
pairs b2/yz and bs/y. should have similar photo-dissociation yields. This can be seen in
Figure 6.3 by comparing the ion yields from the first and the second column. These pairs
of fragments indeed have similar absorption efficiencies, although the lower energy part
of the yield for y ions is actually more pronounced. The ion yield of the fragment bz shows
a strong increase above 11 eV, whereas the ion yield of the fragment y, slowly decreases.
It was already noted that bz ion has the same m/z 278 as the doubly ionized precursor ion
[M+H]?*, which should strongly increase above the IE. On the other hand, the doubly
charged precursor is very unstable and might decay before the detection. Furthermore,
the ion yield of bz and bs (N-terminal) fragments is higher in the whole photon energy
range relative to the ion yields of ys and y2 (C-terminal) fragments. This is in a good
agreement with the finding that the preferential protonation site for the gas phase Leu-
enk is at the N-terminus [76].

The both bsand asions shown in the last column of Figure 6.3, are formed by the cleavage
of the neighboring bonds C-N and C,-C, respectively, with the charge left at N-terminus.
Therefore, we can compare their photo-dissociation yields. In the low energy region both
ion yields show distinctive spectroscopic band, suggesting that they are dominantly
formed in dissociation process involved with the mos™ (NV1) transition.
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Figure 6.5 - Normalized relative ion yields from the photodissociation of precursor [Leu-
Enk+H]* in the range from 5.9 to 14 eV. Integrated mass ranges are: (a) GF (m/z = 203.5-
204.5), (b) [M+H]*-H.0 (m/z = 537.5-538.5) and (c) [M+H]*-tyrosine side chain (m/z =
448.5-449.5).

Figure 6.5 presents the photodissociation yields for fragments originating from cleavage
of multiple bonds (GF m/z 205), as well as by a neutral loss (water and tyrosine side
chain) from precursor ions. The fragment GF is formed mainly from ys and a4 according
to [67], suggesting that its photo-dissociation yield should be similar to yields of these
fragments. It is indeed similar, although only in the lower energy region with the spectral
band centered at around 7 eV (associated with transition NV1). Unlike for fragments ys
and a4, which show a few spectroscopic features but mainly remain flat with the increase
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of energy, ion yield of the fragment GF shows a strong increase as the photon energy
passes the IE. The peak at m/z 538, corresponding to the water loss shows a similar
increase of the photo-dissociation yield as the fragment bs with the lowering of the photon
energy, suggesting that its formation may also proceed from nonz™ (W) transition. Formed
by the cleavage of the C-N bond, the C-terminal fragment b4 is in close proximity to the
carboxyl group. Therefore, based on the similarity in their photo-dissociation yields, it is
possible that water molecule extraction site is also close to the carboxyl group [64]. In
CID [65] and SID [67] experiments with protonated Leu-Enk, the peak corresponding to
water loss was also observed as the strong relaxation channel. On the other hand fragment
at m/z 449 corresponding to tyrosine side chain loss, show the spectroscopic bands
centered at 6.9 eV and 9.8 eV. These two bands are in a good agreement with the observed
spectroscopic bands obtained for the backbone fragments, associated with electronic
transitions NViand NV respectively. The photo-dissociation yield of the fragment at m/z
449 is similar to the obtained ion yields for b and y fragments, suggesting that its origin
might also be from the peptide backbone cleavage.

Leucine-Enkephalin (Leu-enk) dimer

Leu-enk dimmer is composed of two non-covalently bound monomer units of the Leu-
enk peptide. In the present experiment, dimer precursor ions are produced by ESI from
the same solution used to obtain Leu-enk monomer precursor ions. In this section, our
results from the action spectroscopy of protonated Leucine-Enkephalin (Leu-enk) peptide
dimer below the IE [77] are presented.

The same consideration for fragment nomenclature given in the previous section also
applies here (for a reference see Figure 6.1). Singly charged precursor ions [2Leu-Enk +
H]* are selected in the ion trap and subjected to VUV photons in the range of (5.7-8) eV
with 0.2 eV steps. Figure 6.6 presents the action MS? obtained for 6.7 eV photon energy.

Besides the precursor ions [2M+H]* designated at m/z 1111, we can clearly see that the
most prominent dissociation channel corresponds to the cleavage of the weak non-
covalent bond between monomers, resulting in the formation of the protonated monomer
unit [M+H]" at m/z 556. If we take a closer look in the m/z regions below the monomer
precursor Figure 6.6b, as well as in the region between the dimer and monomer precursors
Figure 6.6¢, we can observe a rich fragmentation pattern.
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Figure 6.6 - Photo-activation tandem mass spectrum of leucine-enkephalin (Leu-Enk)
peptide dimer recorded after irradiation of [2Leu-Enk+H]* precursors at 6.7 eV photon
energy. The lower panels (b), (c) show close up of the mass regions up to (m/z 650) (b) and
down to (m/z 800) (c), respectively. The proposed assignments of the fragments are given
in the figure, where notation “M” corresponds to monomer unit “Leu-Enk”.

The action MS? from Figure 6.6b show strong peaks corresponding to the backbone
fragments as (m/z 397), bs (M/z 425), ya (m/z 278) and y3 (m/z 279). Their relative
intensity distribution is in a good agreement with the action MS? obtained for the
monomer molecule at the same energy (Figure 6.2a). It should be noted that m/z
resolution of the action MS? for dimer molecule presented in Figure 6.6 is lower than in
the case of MS? for monomer molecule presented in Figure 6.2a, due to requirements of
extended mass range imposed by the dimer precursor mass. A broad peak at m/z 380 is
probably associated with the formation of C-terminal peptide backbone ion zs. Strong
relaxation channels correspond to neutral losses from dimer precursor ions. Namely,
water, carbon monoxide and carbon dioxide neutral losses are assigned to peaks at m/z
538, 528 and 512 respectively. Designated at m/z 448 we also observe the peak
corresponding to the tyrosine side chain loss.

The photo-dissociation of dimer precursor below the IE leads to the formation of
backbone fragments that are still bound to the monomer molecule (Figure 6.6¢). More
specifically, the fragmentation channels corresponding to the cleavage of the peptide
backbone are assigned to peaks [M+az] (m/z 805), [M+y.] (m/z 834), [M+c3] (m/z 850),
[M+ys] (m/z 891), [M+x3] (m/z 917), [M+y4] (m/z 948) , [M+as+1] (m/z 953) and ,
[M+x4] (m/z 975). We can also observe many other peaks associated with the extensive
neutral losses from the dimer precursor ion. Particularly the most dominant peaks
correspond to the tyrosine side chain loss [2M+H]*-107 (m/z 1004) and phenylalanine
side chain loss [2M+H]*-91 (m/z 1020).
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Like in the previous section, the investigation of the energy dependencies (photo-
dissociation yields) of the selected fragment ions enables to reveal the electronic structure
of the weakly bound dimer molecule, as well as its photostability towards VUV radiation.
VUV photo-dissociation yields of the fragments originating from protonated Leu-enk
dimmer precursor ion are presented in Figure 6.7 and Figure 6.8.
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Figure 6.8 - Photo-dissociation yields of: (a) as (m/z 397.05-397.35), (b) bs (M/z 425.08-
425.38), () ys (m/z 393.0-393.3), (d) ys (m/z 336.0-336.3), () M+a, (m/z 952.92—
953.22), (f) M+az (m/z 805.05-805.35), (g) M+x4+1 (m/z 975.0-975.3) and (h) M+y4 (m/z
948.0-948.3) fragments.

The energy dependence of the fragment corresponding to the protonated monomer
[M+H]" (Figure 6.7a) reaches a maximum at around 7 eV revealing a clear spectroscopic
band. If we take the same consideration as in the previous section, suggesting that the
peptide bond in small peptides can be approximated with the system containing four
energy levels [15], [72—75], then the observed band can be associated with the transition
mams (NV1). A fast internal conversion to the hot ground state results in a dissociation of
weak non-covalently bound dimer complex. The yields for fragments corresponding to
H.O (Figure 6.7b) and CO: (Figure 6.7c) neutral loss from the protonated monomer
fragment, show an increase towards higher energies, suggesting that dissociation may
also proceed with transition mims” (NV2). The spectroscopic band at 6.7 eV (NV1 transition)
seems to be more pronounced for fragments corresponding to the neutral amino acid
losses, specifically tyrosine side chain loss (Figure 6.7e) and phenylalanine loss (Figure
6.7d). All fragment yields presented in Figure 6.8, show distinctive spectral band centered
at 6.7 eV. Below the IE, the photo-dissociation of the protonated dimer precursor upon
resonant VUV photon absorption proceeds with the electronic excitation, followed by a
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fast internal energy redistribution to the hot ground state and finally scission of the weak
non-covalent bonds as well as the peptide backbone.

Theoretical description of the protonated Leu-enk dimer has been performed by V.
Cerovski [77] in order to put the experimental results into perspective. First, the
geometries of conformers with the lowest energy are found as in [12] and optimized as
suggested by [76] using the B3LYP/6-31+G(d,p) level of DFT. Previously calculated
vertical ionization energy for this conformer was 9.31eV [12]. Figure 6.9 presents the
lowest energy conformer for protonated dimer.

Figure 6.9 - Geometry of the lowest-energy CF found, shown together with several frontier
orbitals, as indicated in the figure. HOMO-2 (not shown) is localized on Phe(n) just as
HOMO. LUMO+1 and LUMO+2 (not shown) occupy the same part of the molecule as
LUMO. (n) and (p) next to the group name indicate whether the group belongs to the neutral
or protonated monomer, respectively.

The Leu-enk monomer units are bound by Hydrogen bonds indicated by dashed lines.
The monomer molecule with the charge is labeled with (p), while the other neutral
monomer molecule is labeled with (n). Four highest occupied molecular orbitals (HOMO)
are localized around the aromatic groups (HOMO-2 is covered by the HOMO), while the
lowest unoccupied molecular orbital (LUMO) is longitudinally spread across the peptide
backbone. Two more orbitals LUMO+1 and LUMO+2 are also positioned across the
peptide backbone, although with more density distributed towards tyrosine of the
protonated precursor - Tyr(p) in Figure 6.9. Given the obtained electron densities the
following transitions could be expected:

HOMO —n —LUMO +m, (6.1)

where n=0, 1, 2, 3 and m=0, 1, 2. These transitions involve the charge transfer from the
aromatic ring to the peptide backbone of the protonated monomer unit. Given the
electronic stability of the aromatic ring, the charge transfer is weakening the peptide
backbone of the protonated monomer due to the Coulomb repulsion. For this reason, the
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protonated Leu-enk monomer in a dimer molecule is less stable in comparison with the
neutral monomer.

Adenosine 5-monophospate (AMP)

DNA and RNA molecules strongly absorb UV light [78], making them sensitive to photo-
induced alterations. Therefore, a large number of studies has been reported on the photo-
physics of constituent molecules of DNA [79-82]. Particularly, in relevance to the present
results S. Nielsen et al [83], investigated the fragmentation of protonated and
deprotonated AMP molecule, induced by 266 nm photons.

Moreover, in nature biomolecules are surrounded by an aqueous environment, which
affects their properties and biological functions. With modern experimental techniques,
it has become possible to investigate an influence of the solvation on the stability of bio-
molecules. Particularly, the effects of solvation at an extreme limit of only a few water
molecules called micro- or nano-solvation can be investigated. Various studies have
shown that nano-solvation with only one, two or three water molecules can strongly
influence chemical reaction dynamics [84], the structure of peptides [85] or stability of a
peptide dimer [12]. Dissociation of electrosprayed nanosolvated AMP nucleotides
induced by high energy collisions with (Ne, Na) neutral atoms [86] and by electron
capture [87], have also been studied.

In this section, our results of VUV action spectroscopy of protonated bare and hydrated
AMP nucleotide [88] are presented. Figure 6.10 presents the chemical structural formula
of the AMP nucleotide, were Hydrogen nucleus on the right side indicates the protonated
singly charged ion [AMP+H]".

NH,
7 x
(A J
S
7 o
Ho—||=—o—0|-|2 0
OH
HOH Ol-li|

Figure 6.10 - Schematic representation of protonated Adenosine monophosphate molecule.

Institute of physics Belgrade | Results and discussion 72



M. Lj. Rankovi

¢

PhD Thesis

100

I 1

I L 1 i I L 1 I

50

08

0.4-

0.0

Timiz 1l 19) l

@ (AT
(m/z 136)

[A*H-NHT'|

[AMP+H]' (m/z 348), MS’ precursor
ciD (miz 348)

-H,0-HPO,
(m/z 2»50)

.

100

100 120 140 160

180 200 220 240 260 280 300 320 340

360

80;
1.0
0.8+
0.6-
0.4-
0.24
0.0

(c)

[A+H]'
(m/z 136)

[AMP+H]', MS? f";“;jg;
- miz

0.002{

0.0
0840 245 250 255 260

100

100 120 140 160

I 1 1

180 200 220 240 260 280 300 320 340

I I 1 Il 1 I ! I L

360

804

1.0
0.8-
0.6
0.4
0.2
0.0

© (A
(miz 136)

g precursor
E,= 650eV (d-HI' (miz 348)
oy (miz 178)
0.004| [HI
0.002 (m/z 164)

! A 'y
,,-79'00%0 165 170 175 180

-—

W

100

100 120 140 160

180 200 220 240 260 280 300 320 340

L L 1 L

360

Intensity (%)

80
60
40 4
20

[154-CH,N]'
(m/z 126)
N\ [A+H])
\ (m/z 136)

A Y

L

(®) (miz 154y [AMP+H,O+H]'(m/z 366), MS?

CiD -H,0

2
-2H,0-HPO,  o.Hpo,  (miz 348)
(m2250)  (m/z 268) i

N\ |

A \“‘ 1 : . b i J

precursor
(m/z 366)

0

100

100 120 140 160

180 200 220 240 260 280 300 320 340

360

80
10]
0.8
0.6
0.4
0.2

[A+H]
(m/z 1;’;6)

() (A+H,0+H]  -2H,0-HPO,
(m/z 154) (m/z 250) EP,, = 475¢eV

0
\ 0

-H,0
” (m/z 348)
1 S

|
260 270 NG

1 PR Bt

o1
| l
[
00—

[AMP+H,0+H]', MS’ precursor |
(m/z 366)

)

0.0

100

N |
= T

100 120 140 160

180 200 220 240 260 280 300 320 340 360

80+
1.0
0.8
0.6-
0.4
0.2

()

[A+HT (m/z 154)

(m/z 136)
S \

RN

0.0

[A+H,O+H]

precursor

-H,0
(m/z 348)

WS
-

E, = 6.50eV (miz 366)

3

L '8
100 120 140 160

180 200 220 240 260 280 300 320 340 360

m/z

Figure 6.11 - Tandem mass spectrum of protonated [AMP+H]* and hydrated Adenosine
monophosphate precursor ion [AMP+H,O+H]*, obtained for: (a,b) colission induced
dissociation (CID); (c,d) VUV photo-induced dissociation at 4.75 eV and (e,f) VUV photo-
induced dissociation at 6.5 eV.
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Both bare [AMP+H]" (m/z 348) and hydrated [AMP+H,O+H]" (m/z 366) AMP
precursors were produced by nano-ESI and isolated in the ion trap. The selected
precursors are subjected to UV photons from the DESIRS beamline. The action
spectroscopy of the trapped precursors was performed by recording many action MS? for
energies in the interval from 4 eV to 12.5 eV with 0.2 eV steps.

Figure 6.11a, b presents the action MS? of bare and hydrated precursor respectively,
obtained with the collision induced dissociation (CID). The action MS? for bare and
hydrated precursors irradiated at 4.75 eV, are presented in Figure 6.11c and d
respectively. Action MS? obtained for both precursors at a photon energy of 6.5 eV are
presented in Figure 6.11e and f.

In MS? from Figure 6.11b, we can see that dominant CID channel for the hydrated
precursor is a water molecule loss, resulting in the formation of a fragment designated at
m/z 348. It should be noted that a significant contribution to the intensity of the peak at
m/z 348 comes from a thermal evaporation of the hydrated precursor, during the trapping
time. Indeed, this peak can be observed in MS? with a relative intensity of around 0.15 %,
even without any activation of the hydrated precursor.

The absorption of a photon below the IE leads to the cleavage of the glycosidic C-Ng bond
(see Figure 6.10). This bond scission results in a formation of a fragment at m/z 136,
corresponding to protonated adenine base [A+H]*, visible in both MS? in Figure 6.11c, e.
Qualitatively good agreement is obtained with recent studies of protonated AMP, at 266
nm (=4.7 eV) [89] and 260 nm (=4.8 ¢V) [90]. Still, there are some differences compared
with the fragmentation pattern reported by S. Pedersen et al [90]. More specifically, we
observe lower abundances of the fragment at m/z 250 corresponding to the phosphate
group loss. This difference can be attributed due to a longer fragmentation times of up to
500 ms in the present experiment, in relation to the sector based instruments. The increase
of the activation energy to 6.5 eV leads to an increase of the protonated adenine peak at
m/z 136.

The observed UV photo-induced fragmentation of the protonated precursor in the present
experiment is fundamentally different from studies reported for a deprotonated anion
[AMP-H]" [89, 91]. In those studies, a very rich fragmentation pattern was observed by
S. Nielsen et al [91]. They have proposed the following fragmentation mechanism: the
photon absorption leads to an electronic excitation into n” state, accompanied by fast
internal conversion to vibrationally excited electronic ground state, which finally decays
through many fragmentation channels [80]. However, the lack of fragmentation channels
in the present experiment indicates that the protonated cation [AMP+H]" probably
undergoes a photo-dissociation through the cleavage of the glycosidic bond, via fast
fragmentation channel directly from the excited =" state.

In MS? from Figure 6.11d and f obtained for the hydrated precursor, we observe a
significant (3-4 time fold) decrease in relative intensity of the peak at m/z 136,
corresponding to protonated adenine base [A+H]*. Also, one more additional fragment
appears at m/z 154, which corresponds to the protonated adenine base bound to one water
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molecule [A+H.O+H]*. Furthermore, CID of hydrated precursor (Figure 6.11b) results in
an intensive water molecule loss (peak at m/z 348), compared to UV photo-induced
dissociation (Figure 6.11d and f). These observations demonstrate the effects of
nanosolvation with only one water molecule.

Theoretical calculations were performed by V. Cerovski for bare and hydrated AMP
precursors in order to give more insights into the present experimental results. The
geometries of conformers (CFs) with lowest energies were found by using the genetic
algorithm approach with classical force field geometry optimization. DFT optimizations
were then performed at M06-2X/6-311G(d,p) level [92], [93], where 50 lowest energy
CFs were considered. Figure 6.12 presents the geometries of lowest energy CFs, CF1 for
bare protonated precursor and two conformers CF1’, CF2’ for protonated hydrated
precursor. All these three CFs have their HOMO and LUMO located on the adenine base,
with a very small part of the electronic density spread across the rest of the cation. Two
CFs are presented for the hydrated precursor, in order to point out two qualitatively
different water hydrogen bondings: (1) to the phosphate group away from the adenine
base (CF1’) and (2) by forming a bridge between the phosphate group and the adenine
base (CF2’). Therefore, upon UV photon absorption and scission of glycosidic bond, two
main fragments are expected: bare protonated adenine base from CF1’ and hydrated
protonated adenine base from CF2’, as confirmed by the present experimental findings
(see Figure 6.11d and f). The calculated vertical ionization energies (VIEs) for CF1, CF1’
and CF2’ are 12.53 eV, 12.48 eV and 12.12 eV respectively. Binding energies of water
hydrogen bonds for CF1’ and CF2’ are 69 kJ/mol and 69.5 kJ/mol respectively (<0.72
eV).

CF1

CF2'

Figure 6.12 - Lowest energy conformers structure found for [AMP+H]* (CF1) and [AMP
+ H20+H]* (CF1’, CF2') at M06-2X/6- 311G(d,p) level of DFT. The protonated AMP
(CF1) has the protonation site located at N3 atom.
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Figure 6.13 - Photodissociation yields of protonated adenine base [A+H]* (circles) and
[d—H]* (diamonds) fragments from the bare protonated precursor [AMP+H]*: (a) yield of
[A+H]* (up triangles) from bare precursor; (b) yield of [A+H,O+H]" (down triangles) from
the hydrated precursor; (c) yield of [AMP+H]* fragment from hydrated precursor,
corresponding to the loss of a single water. The dashed line marks the average water loss
upon thermal evaporation from the ion precursor, without photon irradiation; (d) time-
dependent B3LYP/6-31+G(d,p) calculated absorption spectra of conformers from Figure
6.12. Curves are obtained from the sticks by a 0.1 eV Gaussian convolution of the
calculated transitions, providing a visual representation (the curve for CF1 is plotted as a
full line, normalized to experiment at 4.75 eV).
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The energy yields for fragments from bare precursors [AMP+H]" are presented in Figure
6.13a. The energy yield of protonated adenine base fragment, for bare precursor (circles
in Figure 6.13a), shows distinctive resonant spectroscopic features, associated with
absorption bands. One band is centered at about 4.75 eV (=260 nm), which originates
from the adenine base and is well known nn* transition [78] also found in laser-based
experiments. The observed spectral band is in a very good agreement with the absorption
band of the protonated adenine base found at 4.7 eV by Pedersen et al [90]. We can also
observe a second absorption band centered at about 6.5 eV, which is a dominant
photodissociation channel for the bare precursor. Benchmark calculations reported by P.
Szalay et al [94], using coupled-cluster methods to find oscillator strengths for adenine
base, revealed transitions 3nn* (6.5 eV) and 4nn* (6.88 eV). The present experimental
results are in a very good agreement with our theoretical absorption spectrum (Figure
6.13d), calculated by using the time-dependent density functional theory (TD-DFT), with
B3LYP/6-31+G(d,p) basis set. The theoretical absorption spectrum is approximated by
Gaussian convolution with 0.1 eV standard deviation, of calculated transition
probabilities (oscillator strengths).

The fragmentation patterns of protonated AMP were reported by A. Bagag et al ([95] and
references therein). The process requiring multiple bond cleavages is the mechanism of
formation of the fragments [d-H]* (m/z 164) and [c-H]* (m/z 178), in MS? from Figure
6.11e. Therefore, the yield of the fragment [d-H]* starts increasing only at higher energies
(diamonds in Figure 6.13a). It should be noted that in the present experiment conducted at
room temperature, we do not have any control over the conformer formation and
distributions. Also, the energies higher than the IE (resulting in a higher density and
number of states) were not included in the TD-DFT calculation.

Figure 6.13b presents the energy yields of fragments originating from the hydrated
precursor [AMP+H>0+H]". The energy yields of fragments corresponding to protonated
adenine base (stars) and the protonated adenine base bound with one water molecule (up
triangles), also show the spectral features associated with nn* transition after photon
absorption. The theoretical absorption spectrum of the protonated hydrated precursor
presented in Figure 6.13d, for CF1’ (dashed line) is also in good agreement with the
measured yield. However, we observe a significant reduction of the peak intensity for the
fragment [A+H]* (Figure 6.11b). It should be noted that B. Liu et al [86] observed that
the protection effects of nanosolvation for deprotonated adenine base upon collisions with
sodium atoms starts for 10 added water molecules, while a significant dissociation
reductions were observed above 13 added water molecules. In the electron capture
dissociation (ECD) experiments the fragmentation was even increased with the addition
of water molecules [87].

From the present findings, the photo-induced dissociation mechanisms of protonated bare
and hydrated AMP nucleotide can be summarized as follows. The CID occurs on the
ground electronic state, after statistical redistribution of the absorbed energy over the
vibrational modes. UV photoexcitation can result in statistical and non-statistical
fragmentation: (a) [AMP-H] undergoes fast internal conversion to a vibrationally hot
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electronic ground state, followed by a thermal (statistical) fragmentation [80]; (b)
[AMP+H]" dissociates directly from excited electronic state (according to present
findings and [89], [90]) and (c) [AMP+H>O+H]", as we propose, also dissociates from
the excited electronic states faster than intramolecular vibrational energy redistribution.

6.1.2 K-shell excitation and ionization of Ubiquitin protein

Proteins play a very important role in vital biological functions of living organisms. The
folding - an arrangement of their constituent polypeptide chains in the three-dimensional
space, is closely correlated with actual functions that they perform in the living organisms
[96]. With the advancements and technological developments of the experimental
techniques, an increasing number of studies of protein structures is reported [97]. An
already established experimental technique for probing the spectral properties of a wide
range of samples including biomolecules is near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy [98]. At first, NEXAFS was dedicated to probing samples (with
low-Z numbers) prepared as thin films, in order to resolve the structure of molecules
bound to surfaces. Recently, Y. Zubavichus and coworkers [99], reported a study where
they probed the amino acids and proteins prepared as thin films with soft X-ray photons.
In this method, incident SR X-ray photons excite core electrons, usually the ones closest
to the nucleus (K-shell), into higher molecular orbitals. If the photon energy is high
enough (above K-shell IE), direct transitions into the ionization continuum is also
possible. It should be noted that transitions of core electrons into particular molecular
excited states prefer certain photon polarizations. Since the polarization of SR produced
in modern third generation synchrotrons is completely tunable, NEXAFS technique can
be also highly selective. The sensitivity of the technique is also high, provided by the
unmatched brilliance of the SR compared to any other X-ray source. An important aspect
of the technique is that the incident photon energies are in the range from just slightly
below up to 30 eV or so, above the ionization threshold of the molecular target. In this
energy range, near-edge X-ray absorption fine structure is characterized by strong and
distinctive features, similar to shape resonances [100]. Close inspection of such
resonances reveals the electron structure of the target molecules.

With the advent of ESI technique it has become possible to isolate large biomolecular
targets such as proteins in the gas phase. By subjecting the trapped biomolecular ions to
soft X-ray photons with subsequent acquisition of action tandem mass spectra over near-
edge energies, we can perform the action NEXAFS. A. Milosavljevi¢ et al [18] recently
performed action NEXAFS of the Cytochrome C protein. Our results from the action
NEXAFS study involving Ubiquitin protein [101] are presented in this Section.

By means of electrospray ionization, we produced the precursor ions of the Ubiquitin
protein with charge states from +4 to +11, which were subjected to X-ray photons in the
range of (282-304) eV for C-edge and (394-414) eV for N-edge.
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In order to reveal the relaxation processes undergoing in a protein after soft X-ray photon
absorption, Auger decay process has to be closely inspected below and above the inner-
shell IE. Figure 4.1 presents the scheme for K-shell excitation/ionization of a protein
followed by an Auger decay.

K-shell excitation/ionization E IE
1 1 1
9 S o
| | i i excitation | ionization
d===Dh 1
| = s . - | > Precursor: [M+nH]"*
. : ! Detected photo-ions
et Gils |, Resonant Auger decay
Auger decay Multiple resonant Auger decay ————
| | - ! > SI: [M+nH] (1
i i
| > |< i : 4 —> DI: [M+nH] (™21
ST SR N S R— .
| I i i TI: [M+nH](n+3
N Cls Auger decay
._% 5
Multiple Auger decay
Binding energy
288.2 eV
T 401.2 eV 1‘ 21‘ 1\

Figure 6.14 - Schematic representation of the K-shell excitation/ionization of a protein,
followed by an Auger decay. Adopted from [101].

Below the IE, resonant absorption of a soft X-ray photon leads to excitation of the core
electron from K-shell into an unoccupied, bonding molecular orbitals, forming a core
hole. A valence electron fills the core hole in the order of femtoseconds and the system
relaxes with an ejection of an electron. The process is called the resonant Auger decay
[102]. It is possible that multiple valence electrons are ejected owing to a multiple Auger
Decay [103]. However, the single ionization of the precursor ion is the most probable
relaxation channel. In general, for n-time multiply charged protein precursor, resulting
relaxation channels are represented by relation (6.2) [101]:

[M+nH]" +hv —[M +nH]"™* + ke™, where k=12,... (6.2)

Above the K-shell IE, a core electron is directly ejected into the ionization continuum
creating a core hole, which triggers the normal Auger decay. In this process, the double
or multiply ionized precursor ion is created. Relation (6.3) [101] describes the resulting
process:

[M+nH]™ +hv —[M + nH]" ™0 4 (k +1)e™, where k=12,... (6.3)
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MS? obtained at a photon energy of 288.2 eV, for 5+ precursor charge state of the
Ubiquitin protein is presented in Figure 6.15. The spectrum was normalized to the
intensity of precursor ion [M+5H]>* designated at m/z 1714. Dominant relaxation
channels correspond to single (SI), double (DI) and tipple ionization (T1) of the precursor
ions. They appear in the spectrum at mass-to-charge ratios of 1428, 1224 and 1071
respectively. It could also be seen that peaks corresponding to ionization are followed by
clearly resolved low-mass neutral losses. All these relaxation channels are a consequence
of the resonant Carbon (1s—n"amide) X-ray photon absorption.
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Figure 6.15 - Tandem ESI/photoionization mass spectrum of Ubiquitin protein, 5+ charge
state precursor, obtained after photon impact at 288.2 eV. Adopted from [101].

The action K-shell NEXAFS around C-edge and N-edge energies of Ubiquitin protein
was obtained by acquiring many action MS?2 around 300 eV and 400 eV photon energy
regions respectively, with 0.2 eV energy steps. The ion yields for SI, DI and TI of
Ubiquitin 5+ precursor [M+5H]%*, were extracted from these MS? by integrating the area
under the corresponding peaks, normalizing to the total ion current and the photon flux
and finally by plotting against the photon energies. Figure 6.16 presents the obtained
photoionization yields.
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Figure 6.16 - K-shell photoionization energy yields of the Ubiquitin protein, 5+ charge
state precursor: (a) C-edge and (b) N-edge. Peaks are integrated over the range Am/z=+1
around, SI - single ionization [M+5H]¢* (m/z 1428), DI - double ionization [M+5H]""* (m/z
1224) and TI - triple ionization [M+5H]®*" (m/z 1071). Adopted from [101].
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Prominent spectroscopic features (bands) are visible for Sl yields in Figure 6.16. The
clearly resolved bands are marked with letters A, B and D. Bands A and B are associated
with excitations of Carbon core electron 1s, into molecular orbitals corresponding to "c-c
(aromatic) at 285.3 eV and n'c.n (amide) at 288.2 eV, respectively. The excitation of
Nitrogen 1s electron into molecular orbital corresponding to peptide bond m"c.n (amide)
at 401.2 eV is associated with band D. Bands C and E originates from an overlap of many
transition contributions mainly associated with ¢~ resonances [18].

DI yields from Figure 6.16, show an increase at around 294 eV (C-edge) and 409 eV (N-
edge) as a result of the opening of the direct double ionization channel. Since the yields
are not background subtracted it should be noted that DI can still dominantly occur even
below the IE thresholds due to multiple resonant Auger decay, initiated by resonant
Carbon (or Nitrogen) core 1s electron excitation into bonding molecular orbitals. Looking
at relation (6.2), if we take k=2 (for double Auger decay) and n=5 (5+ charge state), it
would yield [M+5H]"7* with m/z 1224 - corresponding to DI peak. Considering the C-
edge, both SI (from resonant Auger decay) and DI yields (from resonant double Auger
decay) below the IE, are dominantly triggered by the same process C 15— amide.
Therefore, their shapes in this energy region should in principle be similar, which indeed
is the case (see Figure 6.17).

Ubiquitin [M+5H]""
31 C-edge

Threshold:
(294.3:+0.2) eV

29 —o
SIx0.15
@ DI -0.15xSI
=~ Linear fit

Relative yield (%)

282 2é4 2é6 2tl38 2§0 2;32 25'34 ZEI)S

Photon energy (eV)
Figure 6.17 - Normalized single (SI, [M+5H]®" m/z 1427-1429) and double (DI,
[M+5H]™" m/z 1223-1225) C K-edge photoionization yields of the 5+ charge state
precursor [M+5H]*" of ubiquitin protein. Circles represent a difference DI — 0.15 x SI,
resulting in normal Auger decay contribution of DI yields fitted to a linear threshold model
(line). Adopted from [101].

In order to remove the multiple Auger contribution in DI yield, we performed the
following procedure. By downscaling the SI with a factor of 0.15 and fitting the difference
A=DI-0.15*SI with a linear threshold, we obtain the appearance energy (threshold) for
DI. The obtained threshold curve (thick red line in Figure 6.17) now represents the
contribution to direct K-shell ionization, which is possible only above IE. With this
procedure we obtained the IE of 5+ charge state of Ubiquitin protein at (294.3+0.2) eV.
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6.2 Electron experiments

6.2.1 Test measurements

Testing of the experimental setup is performed in two steps. The first step involves tuning
the electrode voltages to optimal values and the characterization of the electron beam in
the continuous mode. In the second step, the trapped ions are subjected to the pulsed beam
of electrons of a defined energy during an optimal irradiation time, which has been
defined previously.

In order to perform the optimization of the electrode voltages in the electron gun, the ion
trap in the LTQ was temporarily modified, to allow for the electron current measurements.
The electrical setup for the current measurement is presented in Figure 6.18. During the
current measurements, all ion optics lenses including the ion trap and the detectors were
turned off. Only the internal turbo pump has to be switched on.

The ion trap in the LTQ is equipped with two end disc plates, which appeared convenient
for current measurement. The size of the aperture on both plates is 2 mm. This aperture
was used for the beam profile measurement. The original wires in LTQ which supply the
voltage to the front and back disc plates were disconnected from the ion trap. Two Teflon
insulated Copper wires are connected instead, one on each plate of the ion trap. The front
plate of the ion trap is grounded. The back plate is closed with the Aluminum foil,
connected to the pico-ampere meter and polarized to +24 V relative to the ground, as
depicted in Figure 6.18. The distance between the last electrode of the electron gun and
the front plate of the ion trap is approximately 110 mm. The back plate is positioned at
65 mm from the front plate. Therefore, the final distance from the electron gun to the
current measuring point was around®® 175 mm.

15 This distance is a close estimation, since flexible bellows position is changed during optimal alighment.
Also, it can contract slightly once the pressure inside the vacuum manifold reaches ultra-high vacuum. For
this reason, a final distance is estimated with uncertainty of up to 5 mm.
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Figure 6.18 - An electrical scheme for the current measurement: 1) electron gun, 2) LTQ
front plate - grounded, 3) LTQ back plate - connected to the pico-ampere meter, 4) ion trap,
5) ion detectors and 6) aluminum foil attached to back plate.

By measuring the continuous electron current on the back plate of the ion trap, optimal
adjustment of the electrode voltages and characterization of the geometrical properties of
the electron beam inside the ion trap was done. The results of the measurements are
presented in Figure 6.19. The smallest spot size of the electron beam (or optimal focusing)
on the back plate of the ion trap is indicated by the maximal back plate current reading.
Optimal focusing, for a given electron energy is achieved by adjusting the voltage on the
electrode V in the electron gun (for reference see Figure 4.34 or Figure 4.39). The back
plate currents measured for different electron energies are presented in Figure 6.19a.
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Figure 6.19 - Electron current measured at the back plate of the ion trap: a) plot of the back
plate current versus the electron energy and b) electron beam profile. Simulated profile in
SIMION is obtained for the beam width of 1.1 mm and pencil angle of 0.3 degrees and is
in a good agreement with the measured profile.

The back plate current does not change significantly within the energy span of almost 100
eV. In particular, we were interested in a small energy range around 300 eV,
corresponding to C K-shell edge. The mentioned energy range of (280-300) eV is
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indicated by the dashed lines in Figure 6.19a. The current in this part of the energy range
is practically constant around the value of 1.8 pA. Therefore, a normalization of the ion
fragment intensities in the marked energy range was not necessary.

The electron beam profile is obtained by moving the LTQ mass spectrometer sideways
relative to the vacuum assembly. The recorded profile for the electron energy of 300 eV
Is presented in Figure 6.19b. Due to the limitation in the maximal sideway extension of
the flexible bellows, the measured profile is not fully completed. A programing code is
written in PC program SIMION, in order to simulate the geometrical properties of the
electron beam. The code is presented in Appendix 8.1. A good agreement with the
measured beam profile is obtained for a simulated electron beam width of 1.1 mm and a
pencil angle (divergence) of 0.3 degrees. According to the simulation, the electron beam
width at the front plate of the ion trap is =<2 mm. The obtained beam profile is very similar
to the measured beam profiles for the same electron gun in the experimental setup UGRA
from Belgrade. This was expected since no external electric fields from the ion trap are
present during the electron current measurements. After the initial testing of the electron
gun in the continuous mode, all original electrode connections of the ion trap were
reverted back to its previous state.

The trapped molecular ions are activated in collisions with electrons, during the activation
time. Part of the electron energy is absorbed by a molecular ion, which leads to the
fragmentation and ionization. An important question is for how long activation time
should last, before reaching a saturation of the signal intensity or even a detector
damage?*®. To establish optimal activation time under present experimental conditions,
trapped molecular ions were probed with different electron beam pulse widths.

Prior to the ion activation, tests with lowered detector multiplier voltages were performed,
in order to find their safe operating values. The beam of electrons was introduced in an
empty ion trap, without selecting any ions. The detection and the mass spectrum
acquisition was turned on, but with zero electron multiplier voltages on both detectors.
For safety reasons, we decided to use only one detector. The electron multiplier voltages
were gradually increased until normal values were reached, while constantly checking the
mass spectrum. Since no abnormalities were present in the mass spectrum, typical
working multiplier voltage of -1234 V (for positive ion mode) was set on the first detector,
while the other one was keptat 0 V.

Precursor ions of Ubiquitin protein with charge state 7+ were produced by ESI and
isolated in the ion trap. The trapped ions were subjected to short bursts of 300 eV electrons
during a specified activation time (defined by the pulse width). An averaged tandem mass
spectrum was recorded during 3 min for every pulse width. By this procedure, the MS?
were obtained for pulse widths of: 2, 5, 10, 20, 50, 100, 200, 500 and 1000 ms. The MS?
acquisition delay for each pulse width is presented in Table 6.1. The intensities of several
selected ion fragments of the interest were extracted and plotted against pulse widths in

16 See Section 4.3, for description of the LTQ mass spectrometer detection system.
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Figure 6.20. An example of one of the action MS? obtained for 500 ms pulse width, is
presented in Figure 6.21.
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Figure 6.20 - lon signal versus pulse width, measured for Ubiquitin 7+ precursor: a) peak
at m/z 1071 corresponding to the single ionization of the parent ion and b) fragments
originating from the electron background noise.

Table 6.1 - Acquisition parameters for the obtained MS? for Ubiquitin protein.

Pulse width [ms] 2 5 10 | 20 | 50 | 100 | 200 = 500 | 1000
Act. time [ms] 30 | 30 | 30 | 100 | 100 | 200 | 400 | 1000 | 2000
Acq. delay [ms] 28 1 25 20 80 | 50 | 100 | 200 | 500 | 1000
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Figure 6.21 - Tandem mass spectrum recorded for Ubiquitin protein, precursor charge
state 7+, for the electron energy of 300 eV and the pulse width of 500 ms. The spectrum

was not background subtracted and contains both ion fragments and the noise signal.

The ion fragment designated at m/z 1071 in Figure 6.21 corresponds to the single
ionization of the parent Ubiquitin precursor ion. The intensities of this ion fragment
obtained for different pulse widths are presented in Figure 6.20a. The peaks in the low
mass region in Figure 6.21 with mass-to-charge ratios 553, 479, 417, 387, 357 do not
originate from the isolated precursor ion. The intensities of the background noise peaks
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in relation to the pulse widths are presented in Figure 6.20b. They can be observed in the
MS? even when no ions were isolated in the ion trap, thus we consider them as the noise
signal. Both the ion fragments and the background start increasing for pulse widths higher
than 10 ms, although the background is always slightly higher. Maximum of the intensity
for ion fragment m/z 1071 is at 500 ms, while background continue to increase even
further with increasing the pulse width. Therefore, based on the fragment intensity values
presented in Figure 6.20, 500 ms is selected as optimal activation time (electron beam
pulse width) for Ubiquitin protein.

6.2.2 MS? examples - Ubiquitin, Substance P and Melittin

Several large bio-molecular targets were introduced into the gas phase and activated in
collisions with soft X-Ray energy electrons. In order to demonstrate the effectiveness of
the electron activation method, MS? are presented for protein Ubiquitin, peptides
Substance P and Melittin.

It should be noted that peaks with relatively high intensities appear in the low mass region
in every MS?. Their origin is not from the trapped precursor ions and they are regarded
as the background noise. The most probable cause of the background could be the
ionization of residual impurities on the ion trap electrode surface, as well as from
ionization of neutral species produced by ESI. Another possibility could be the direct
detection of reflected electrons by electron multipliers in the detectors. Increasing the
acquisition delay reduces the background, but with an expense of a decrease in ion
fragment intensities. Therefore, depending on the abundance of the produced precursor
ions, both the electron beam pulse width and the acquisition delay have to be optimized.
For the purpose of the background noise subtraction, MS? for each molecular target was
recorded three times: a) electrons and ions, b) electrons only and c) ions only. The final
MS? presented below were obtained by (b) from (a). Additionally, MS? obtained with
electrons only is presented for each target, to reflect the slight change of the experimental
conditions (regarding the neutral species content).

Ubiquitin, [M+7H]"*

Ubiquitin is a small protein composed of 76 amino acids, which exists in almost all
eukaryotic cells and has a molecular weight of 8565 g/mol.

The precursor ions with charge state 7+ from Ubiquitin protein, were selected in the ion
trap and subjected to the electron impact at 288 eV electron energy. Figure 6.22 presents
the MS? recorded without any ions produced, whereas Figure 6.23 presents the
background subtracted MS? obtained for 288 eV electron energy.

The tandem mass spectrum presented in Figure 6.22 contains strong peaks designated at
mass-to-charge ratios 360, 387, 401, 417, 479, 491, 553 and 873. The MS? is recorded
for the electron energy of 288 eV, for 500 ms pulse width, 200 ms acquisition delay and
is normalized to the intensity of the strongest peak at m/z 479. The mentioned peaks that
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dominate the spectrum, along with all other visible peaks, represent the noise signal since
there are no trapped precursor ions. Without a precise knowledge of the residual content

in the ion trap, it is not possible to assign these peaks. Therefore, so far, their assignment
remains unknown.

Electron noise at 288 eV, 500 ms
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Figure 6.22 - Mass spectrum recorded with no isolated ions, for electron impact energy of
288 eV, 500 ms pulse width and 200 ms acquisition delay, acquired during 3 min.
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Figure 6.23 - Tandem mass spectrum recorded for 288 eV electron impact with protein

Ubiquitin, 7+ charge state precursor. Electron beam pulse width is 500 ms, with acquisition
delay of 200 ms, acquired during 3 min.

MS? presented in Figure 6.23 was acquired during 3 min, it is background subtracted and
normalized to the intensity of the precursor ions designated at m/z 1225. Distinctive peaks
are observed at mass-to-charge ratios 1071 and 952. They correspond to the single and

double K-shell ionization of the precursor ions, respectively. More details are given in
the Section 6.2.3.

Substance P, [M+H]*

Consisted of 11 amino acids, Substance P is a neuropeptide with a molecular weight of

1347 g/mol. It acts as a neurotransmitter and neuromoderator. A comprehensive review
of the Substance P was reported by S. Harrison at al [104].
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The singly charged precursor ions of Substance P peptide are selected in the ion trap and
subjected to electron impact at two energies. Figure 6.24 presents the MS? obtained with
no ions selected, for 293 eV electron energy. Background subtracted MS? obtained for

electron energies of 288 eV and 293 eV, are presented in Figure 6.25 and Figure 6.26
respectively.

- Electron noise at 293 eV, 900 ms
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Figure 6.24 - Mass spectrum recorded with no isolated ions, for electron impact energy of
293 eV, 900 ms pulse width and 100 ms acquisition delay, acquired during 3 min.
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Figure 6.25 - Tandem mass spectrum recorded for 288 eV electron impact with peptide
Substance P, singly charged precursor. Electron beam pulse width is 900 ms, with
acquisition delay of 100 ms, acquired during 15 min.
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Figure 6.26 - Tandem mass spectrum recorded for 293 eV electron impact with peptide
Substance P, singly charged precursor. Electron beam pulse width is 900 ms, with
acquisition delay of 100 ms, acquired during 15 min.

Compared with the MS? presented in Figure 6.22, the same peaks corresponding to the
noise signal dominate the lower mass region of the MS in Figure 6.24. A distribution of
peak intensities is slightly different, given that the electron beam pulse width, the energy
and the acquisition delay are also different. A decreased acquisition delay of 100 ms,
yields higher overall noise. Unassigned noise peaks in Figure 6.24 with mass-to-charge
ratios of 387, 553 and 873 show relative intensity increase, in comparison with the same
peaks obtained at an electron energy of 288 eV (Figure 6.22).

Besides singly charged Substance P precursor ion [M+H]" designated at m/z 1374, the
tandem mass spectra presented in Figure 6.25 and Figure 6.26 also reveal the ion
fragments. In order to compensate for the low abundancy of precursor ions produced by
ESI, the electron beam pulse width was increased to 900 ms and the MS? were acquired
during 15 min. The peak at m/z 673 corresponds to the radical cation [M+H]"** originating
from the single ionization of the precursor ion, due to the Auger decay. After the neutral
loss of CH2CHSCH3, part of the methionine residue usually present in proteins, radical
cation [M+H]?* forms the ion fragment with a mass-to-charge ratio of 636. This ion
fragment is also reported by Canon et al [15], in a comprehensive fragmentation study of
the trapped Substance P cations, activated with VUV photons from synchrotron radiation.
Comparing the two MS? presented in Figure 6.25 and Figure 6.26, we observe a slight
increase in the relative intensities of ion fragments at m/z 673 and 636, for the electron
activation energy of 293 eV.

Melittin, [M+2H]%*

Melittin peptide is present in the honey bee venom and is composed of 26 amino acids,
with a molecular weight of 2846 g/mol.

Doubly charged precursor ions of Melittin peptide, are selected in the ion trap and
subjected to the electron impact at the energy of 293 eV. Figure 6.27 presents the MS
obtained with no ions selected, at 293 eV electron energy. A background-subtracted MS?
obtained for electron energy of 293 eV is presented in Figure 6.28.
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Figure 6.27 - Mass spectrum recorded with no isolated ions, for electron impact energy of
293 eV, 900 ms pulse width and 100 ms acquisition delay, acquired during 5 min.

The electron noise mass spectrum presented in Figure 6.27 is also characterized by the
distinctive peaks in the low mass region. The peak designated at m/z 553 shows up as the
strongest and followed by the peak at m/z 479. Even though the electron energy, the pulse
width and the acquisition time are the same as for the Substance P in Figure 6.24, the
distribution of the noise peak intensity is different. The different noise peak distributions
suggest that experimental conditions are changed if a new analyte solution was injected
into ESI, even though the precursor ions were not isolated in the ion trap. Compared with
the electron noise obtained for Ubiquitin and Substance P, the noise peak observed at m/z
873 in Figure 6.27 appears with an increased intensity.
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Figure 6.28 - Tandem mass spectrum recorded for 293 eV electron impact with peptide
Melittin, doubly charged precursor. Electron beam pulse width is 900 ms, with acquisition
delay of 100 ms, acquired during 25 min.

The tandem mass spectrum presented in Figure 6.28 shows a strong ion fragment at m/z
949, corresponding to the radical cation [M+H]"3*. It is formed by single ionization of the
precursor ion at m/z 1424 followed by an Auger decay. After a neutral loss of about 45
amu from the radical cation [M+H]"*, the peak with the mass-to-charge ratio of 934 is
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formed. The radical cation [M+H]™* that corresponds to double ionization of the Melittin
precursor ion would appear in the spectrum at m/z 712. Although the MS? in Figure 6.28
Is background subtracted, it is not entirely clear if the small peak observed at m/z 712 can
be assigned to this radical cation. The electron noise MS? from Figure 6.27, does show a
small noise peak at m/z 710. This noise peak is very close to the radical cation peak at
m/z 712, thus there is a possibility that we observe a noise signal instead. Another peak
at m/z 877 also remains unassigned so far. It might be assigned to a neutral loss from
[M+H]%*, corresponding to 216 amu. However, the presence of a broad noise signal peak
at m/z 873, clearly visible in the MS? from Figure 6.27, brings the ion origin of the peak
at m/z 877 into question.

6.2.3 Electron induced action spectroscopy of Ubiquitin protein

Multiply charged precursor ions of Ubiquitin protein, with 7+ charge state were produced
by electrospray ionization and activated with electrons. Electron energy was scanned near
Carbon K-edge, from 280 eV to 300 eV. The same target was also probed with soft X-
ray photons, by A. Milosavljevic et al [101]. The two obtained action MS? for practically
the same incident energies of 288 eV, are compared in Figure 6.29 [105].

Figure 6.29a presents the action MS? obtained for the electron activation of the trapped
precursor ions [M+7H]"* at m/z 1225, at the electron energy of 288 eV. The dominant
relaxation channel corresponds to the single ionization of the precursor ion, thus forming
the radical cation [M+7H]"®* with a mass-to-charge ratio of 1071. The triggering process
of the Auger decay, in this case is the direct inner-shell excitation by the electron impact.
A strong peak is observed near m/z 1066 corresponding to a neutral loss of about 42 amu
from the radical cation [M+7H]®*. Given the reduced m/z resolution, we can tentatively
assign the peak due to the amino acid side chain losses. A second strong channel is
observed at m/z 952, corresponding to the formation of the radical cation [M+7H]"®*,
originating from the double ionization of the precursor ions. The intensive peak at m/z
947 is ascribed to the neutral loss (of about 42 amu) from the doubly ionized precursor
ion. Other peaks with very low intensities are also present in the spectrum, although their
assignments are not significant for the present study.

Figure 6.29b presents the action MS? obtained for the Ubiquitin 7+ precursor ions, at the
photon energy of 288.2 eV. These action NEXAFS results are recently reported by A.
Milosavljevi¢ et al [101]. The experiment is performed by coupling the same LTQ XL
mass spectrometer to the soft X-ray beamline PLEIADES, at the synchrotron SOLEIL. It
should be noted that m/z resolution of the X-ray action spectrum is higher than the one
obtained for the electron activation. The energy of 288 eV, corresponds to a maximum in
measured C 1s near-edge excitation function [101]. It could be seen that both
fragmentation patterns are very similar. Indeed, in both cases, the ionization of the protein
precursor ion, is the result of a resonant Auger decay process. It is triggered by the Carbon
1s electron excitation into higher unoccupied molecular orbitals, resulting in a core hole
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formation. The system relaxes and an electron is ejected, resulting in a single ionization.
Even though the triggering process of the Auger decay is entirely different (photons or
electrons), the ionization pattern seems to be very similar.
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Figure 6.29 - Comparison of tandem mass spectra of Ubiquitin 7+ precursor, for energies
near Carbon K-edge activated with: (a) electrons and (b) photons.

If the incident energy is lower than the ionization threshold, governed by the selection
rules of a dipole transitions, the X-ray photon can be absorbed by the protein if its energy
matches with the energy required by the core electron to undergo a transition from its
ground state to the particular unoccupied bound excited state. In short, the photon
absorption is a resonant process. In the case of the electron impact, the lower part of the
incident electron energy is transferred to the core electron undergoing a transition. The
remaining energy is carried away by the scattered electron, suffering the energy loss.
Upon core hole formation valence electron fills the core vacancy in the order of
femtoseconds [106] and an electron is ejected. In both cases, the process is called the
resonant Auger decay, in which the single ionization of the protein precursor ion
dominantly occurs. It should be noted that even below the ionization threshold the
multiple resonant Auger decay can still occur [103, 107] in which system relaxes with
more than one ejected electrons.
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In the present experiment, the incident electron energy is only slightly above the transition
energy. Thus, the excitation process is performed under so-called near-threshold
conditions [108].

The acquisition of many action MS? spectra for different photon energies yields the action
NEXAFS. In the case of the electron activation, action near-edge electron excitation
function (NEEEF) is obtained. Figure 6.30 presents the obtained NEEEF action spectra,
for the single and double ionization of the 7+ charge state precursor ions from Ubiquitin
protein.

A comparison between the obtained NEEEF and NEXAFS action spectra, obtained for
single ionization of the same Ubiquitin protein, is presented in Figure 6.31. The presented
energy yields are extracted from MS?, by normalizing the area under the corresponding
peak in the mass spectrum to the total ion current and by plotting it against the incident
energy. In the experiment involving photons, an additional normalization to the photon
flux was performed. In order to preserve the electron beam geometry and keep the
incident electron current constant, the electron gun was refocused for each energy point.
The voltages required to refocus the electron gun were determined during the test
measurements, prior to the experiment involving activation of trapped ions.
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Figure 6.30 - Energy yields of single (a) and double (b) ionization of Ubiquitin protein, 7+
charge state precursor, obtained with electron impact.
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Figure 6.31 - Comparison of single ionization energy Yyields, obtained for Ubiquitin
protein 7+ charge state precursor, for electron and photon impact.

In order to be able to compare the two energy yields from Figure 6.31, both yields are
additionally normalized to the same area under the presented curves. The dashed line
represents the NEXAFS spectrum, while diamonds represents the normalized NEEEF
spectrum for the obtained single ionization (SI) of the Ubiquitin precursor ions. The clear
spectroscopic feature appears for both Sl yields. For the electron impact, the increase of
the cross sections starts at the energy of 284.5 eV, corresponding to the Carbon 1s —
7 c=c (aromatic) transition. The maximum is reached at the energy of 288 eV, which
corresponds to the Carbon 1s — m’c.n (amide) transition. Cross sections of both Sl yields,
decreases slowly with further increase of the incident energy.

Sl yields presented in Figure 6.31 are in a very good agreement, even though the
triggering process is intrinsically different. This fact could be of a high importance for
the studies involving the radiation damage [109]. Furthermore, the similarity in the
obtained action MS? (Figure 6.29) as well as in the ionization yields (Figure 6.31), is a
proof of principle for our experimental setup for electron activation of trapped ions.
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7 Conclusions

The work presented in this Thesis involved the gas-phase photon and electron action
spectroscopy of trapped biopolymer ions, as well as bare and hydrated nucleotide ions.
The activation of trapped ions was performed by either synchrotron radiation or electron
beam produced by a custom designed electron gun. The photon action spectroscopy was
performed using the previously developed setup and during the work on this Thesis, the
experimental procedures have been improved and new interesting results have been
collected and discussed. The experimental setup for coupling a focusing electron gun with
the LTQ XL linear ion trap mass spectrometer has been developed during this Thesis. It
allowed for performing, for the first time, the electron impact action spectroscopy of
trapped macromolecular ions, in the C K-edge ionization region.

The energy dependent fragmentation study of protonated peptide Leu-enk in the VUV
photon domain of (5.7-14) eV or (217.5-88.56) nm was performed. In the obtained
fragment ion yields, we were able to observe the distinctive spectroscopic band centered
at c.a. 6.9 eV ascribed to the peptide momz* (NV1) transition. For fragments by, bs, bs and
y2 we could also observe the second spectral band centered at c.a. 9.6 eV ascribed to the
mnz* (NV2) transition. We propose that the photo-fragmentation below the IE threshold
proceeds on the hot ground electronic state after an internal conversion, following the
electronic excitation of the target. The measured photo-dissociation yields of the selected
ionic fragments from Leu-enk dimer precursor reveal the absorption bands at about 6.7—
7.1 eV (185-175 nm), which is similar to the monomer precursor.

The UV/VUV photo-dissociation of both bare and monohydrated protonated AMP
nucleotide isolated in the gas phase, revealed spectral bands located at 4.75 eV and 6.5
eV. It should be noted that the band at 6.5 eV has not been directly measured previously
and agree very well with our TD-DFT calculations. However, our studies also showed
that the nanosolvation of the AMP nucleotide, with even one water molecule,
significantly reduced the dissociation. This could be due to different absorption properties
of the hydrated species, according to theoretical analysis.

The inner-shell X-ray action spectroscopy near C and N K-edge of multiply charged
Ubiquitin protein (from +4 to +11 charge states) allowed to clearly distinguish the band
at 284.5 eV, ascribed to Carbon 1s — m"c=c (aromatic) transition, as well as dominant
strong absorption band at 288.2 eV corresponding to Carbon 1s— w'cn (amide)
transition. For the N-edge, the spectroscopic band was observed at 401.2 eV
corresponding to Nitrogen 1s— 7 c.n (amide) transition. IE for 5+ charge state precursor
ion of Ubiquitin protein was measured at (294.3+0.2) eV.

Finally, we have presented the energy-tunable focused electron beam activation of m/z
selected trapped protein ions by coupling an electron gun to a linear quadrupole ion trap
mass spectrometer. We have shown that the electron and the X-ray activation of the
charged precursor ion of Ubiquitin protein produce very similar MS? patterns, which is
defined by the resonant Auger decay, regardless of the triggering process. We could also
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measure the electron-induced single ionization ion yield, that revealed a maximum
centered at about 288 eV, in the accord with the soft X-ray measurements. The performed
experiments represent a proof of principle for an electron-impact activation method for
MS? of trapped macromolecular ions, which can be also of interest for top-down protein
sequencing.
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8 Appendix

8.1 Faraday cup simulation in SIMION

This program was used to simulate and record the electron beam profile for the preset
beam width and angle divergence. The final result is plotted in the graph in Microsoft
Excel, although that part of the code is not necessary for the simulation. The main
program code is contained in the LUA file. The geometry of the electrodes is contained
in a separate geometry file (GEM), independent of the main LUA code. Definition of
particles is also contained in an independent file (PARTICLES). All three pieces of the
code are presented in the following sections.

8.1.1 Faraday cup - LUA code
simion.workbench_program()
--global adjustables

adjustable _y range_mm -- Y-axis range to scan [mm]

adjustable _points -- number of data points

adjustable _dy _mm -- electron beam initial width (window) [mm]
adjustable _da_deg -- electron beam initial divergence (pupil angle) [mm]

--Create Excel object (if not exist).
local excel -- Excel object
if not excel then
_G.excel = _G.excel or luacom.CreateObject("Excel.Application™)
excel = _G.excel

end
local wh = excel.Workbooks:Add()  -- Excel workbook
local ws = wh.Worksheets(1) -- Excel worksheet
excel.Visible = false -- don't show excel window

-- create function for ploting graph in excel
local function plot_chart()
local chart = excel.Charts: Add()
chart.ChartType = -4169 -- scatter XY
chart.HasTitle = true
chart.HasLegend = false
chart.ChartTitle:Characters(). Text = "Faradey cup simulation
local range = ws.UsedRange
chart:SetSourceData(range, 2)
chart.Axes(1,1).HasTitle = 1
chart.Axes(1,1).AxisTitle:Characters(). Text = "Y(mm)"
chart.Axes(1,2).HasTitle = 1
chart.Axes(1,2).AxisTitle:Characters(). Text = "Transmission(%)"
end
-- global help variables
local y_step=_y range_mm/ _points
local current_ y =y range_mm
-- Counters.
local run=1
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local num_particles
local num_hits
-- SIMION intialize segment. Called for each particle construction.
function segment.initialize_run()
assert(current_y)
assert(y_step > 0)
assert(_dy_mm > 0)
assert(_da_deg > 0)
-- Regenerate particle definitions
local PL = simion.import 'particlelib.lua’
PL.reload_fly2('particles.fly2', {
--variables to pass to FLY2 file.
current_y=current_y,
y_step=y_step,
_dy_mm=_dy_mm,
_da_deg=_da_deg,
b
-- Reset the counter before each rerun
num_hits = 0
num_particles =0
if run == 1 then -- when first particle in run is created.
-- Print parameters used.
print("Initial parameters:")
print(string.format("dY=%g[mm], dA=%g[deg]"”, _dy_mm, _da_deg))

print(" ")
print("Y[mm] T[%]")
print(*'---------- ")
end
end

-- called on each particle initialization inside a PA instance...
function segment.initialize()
end
-- called on each particle termination inside a PA instance...
function segment.terminate()
-- Count total number of particles
num_particles = num_particles + 1
-- Count particles that splat beyond some distance
if ion_px_mm >=75.5 then
num_hits = num_hits + 1
end
end
-- called on end of each run...
function segment.terminate_run()
-- Count number of runs
run=run+1
-- Print summary and store some data at end of each run.
local transmission = 100 * num_hits / num_particles

if run > 2 then -- skip the first run
print(current_y+y_step, transmission)
end

-- set next y position to scan
current_y = current_y - y_step
-fill excel cells with data
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ifrun>2then  --skip the first run
ws.Cells(run,1).Value2 = current_y + 2*y_step
ws.Cells(run,2).Value2 = transmission

end

-- rerun the ions

sim_rerun_flym=1

-- stop reruns if enough data points are reached

if run > 2*_points+2 then

sim_rerun_flym=0

--Plot chart, make excel visible and reset number of runs

excel.Visible = true

plot_chart() -- create chart

run=0

end

end

8.1.2 Faraday cup - GEM file
pa_define(1957,201,1,cylindrical,y_mirror)

e(1) ;{fill{within{box(0,0,4,200)} ;start disc
locate(1105,0,0)
{
within{box(0,0,11,200)} ;f.c.
notin{box(0,0,11,8)} :f.c. hole
locate(663,0,0)
{
within{box(0,0,4,200)} ;detector disc
1}

8.1.3 Faraday cup - PARTICLES file
local var = _G.var or {}
local yO = var.current_y
local y_step = var.y_step
local dy = var._dy_mm
local da = var._da_deg
particles {
coordinates = 0,
standard_beam {
n=121,
tob =0,
mass = 0.00054857990946,
charge = -1,
x =0.401,
y = arithmetic_sequence
{
first = y0O+(dy/2),
step = -(dy/10),
n=11

z=0,

ke =1,

az =0,

el = arithmetic_sequence

Institute of physics Belgrade | Appendix 99



M. Lj. Rankovié¢ PhD Thesis

{
first = da/2,
step = -(da/10),
n=11

}
cwf=1,
color=3

8.2 Simulation of the linear quadrupole RF+DC ion trap

This program was used to simulate the transmission of the electron beam through the
linear quadrupole ion trap from the LTQ mass spectrometer. This simulation consists of
few separate code segments. Particle definitions are used without special coding and are
created through the user interface of the SIMION program. The main part of the code
(LUA) is presented in the following section, while 3 geometry files with the information
of electrode dimensions are given in the sections that follow next.

8.2.1 lontrap - LUA file
simion.workbench_program()
-- Definition of variables.

adjustable DC_voltage V =100.0 -- DC voltage [V]

adjustable RF_frequency Hz = 1E+6 -- RF frequancy [Hz]

adjustable RF_voltage V =400 -- RF voltage [V]

adjustable phase_in_deg =0 -- Phase angle at ion entrance [deg]
adjustable phase_RF_deg = 180.0 -- Phase angle between RF rods [deg]
adjustable disk_DC_voltage V=0 -- Disk electrode DC voltage [V]
adjustable katode_V =0 -- Katode DCvoltage [V]

adjustable pe_update_each_usec = 0.0001 -- PE display update time step [usec]
adjustable time_step_min = 0.0001 -- Min time step [usec]

-- Initialising static potentials on Disk electrodes and kathode in instances 1 and 3 only.
function segment.init_p_values()
if ion_instance == 1then  -- entrance PA
adj_elect03 = disk_DC_voltage_V
adj_elect04 = katode_V
elseif ion_instance == 3 then -- exit PA
adj_elect03 = disk_DC_voltage_V
end
end
-- SIMION fast_adjust segment. Called to override electrode potentials.
function segment.fast_adjust()
local omega = 2 * math.pi * RF_frequency_Hz * 1E-6
local phase_in = phase_in_deg * (math.pi/180)
local phase_RF = phase_RF_deg * (math.pi/180)
-- Set electrode voltages.
adj_elect01 = RF_voltage V *sin (omega * lon_Time_of Flight + phase_in) + DC_voltage V
adj_elect02 = RF_voltage_VV * sin (omega * lon_Time_of Flight + phase_in + phase_RF) -
DC voltage V
end
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-- SIMION other_actions segment. Called on each time-step.
local next_pe_update =0 -- next time to update PE surface display [usec]
function segment.other_actions()

-- Trigger PE surface display updates. If TOF reached next PE display update time...

if ion_time_of_flight >= next_pe_update then
-- Request a PE surface display update.
sim_update_pe_surface = 1
-- Compute next PE display update time (usec).
next_pe_update = ion_time_of flight + pe_update_each_usec
end
end
-- SIMION segment called by SIMION to override time-step size on each time-step.
function segment.tstep_adjust()

ion_time_step = min(ion_time_step, time_step_min)
end

8.2.2 lon trap - front section GEM file

pa_define (72,72,232,p,xy,e,1)

locate(0,0,0,1,0,0)

{e(4) ; Cathode

{fill{within{box3d(-72,0,0,72,72,5) circle(0,0,10,10)}}}}
locate(0,0,155,1,0,0){e(3) ; Front plate disc
{fill{within{box3d(-72,0,0,72,72,6) circle(0,0,61,61)}
notin{box3d(-72,0,0,72,72,6) circle(0,0,6,6)}}}}
locate(0,0,166,1,0,0){

locate(0,0,0,1,0,0)

{e(1) ; Y-axis electrodes

{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}}
locate(0,0,0,1,0,-90)

{e(2) ; X-axis elektrodes
{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}

8.2.3 lon trap - center section GEM file
pa_define (72,72,1,p,xy,e,1)

locate(0,0,0,1,0,0){

locate(0,0,0,1,0,0)

{e(1) ; Y-axis electrodes

{fill{within{box(-52,0,52,72) hyperbola(0,0,16,17)}}}}
locate(0,0,0,1,0,-90)

{e(2) ; X-axis electrodes

{fill{within{box(-52,0,52,72) hyperbola(0,0,16,17)}}}}}

8.2.4 lon trap - back section GEM file
pa_define (72,72,82,p,xy,e,1)

locate(0,0,70,1,0,0)

{e(3) ; Detector disk

{fill{

within{box3d(-72,0,0,72,72,6) circle(0,0,61,61)}
notin{box3d(-72,0,0,72,72,6) circle(0,0,6,6)}}}}
locate(0,0,5,1,0,0){

locate(0,0,0,1,0,0)
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{e(1) ; Y-axis electrodes

{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}}
locate(0,0,0,1,0,-90)

{e(2) ; X-axis electrodes

{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}}
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Mpunor 1.

UsjaBa o ayTopcTBY

Motrvcatim-a Mwuaow Pavmeoeuh

6poj ynuca D29 (2012
UsjaBrbyjem
[a je [oKTopcKa avcepTaumja no Hacnosom

q)oTOH(;KA W ENEETPOHCE A A¥E UMOHA COEKTPOCKOO\A\DI—\ TPATMTWVPARUX
BVOMONE KYNAPHUX f)oHA; O UBZONOBAHUX NO HAHOCONRATWCAHRUX AEQTV&LHA

e pe3ynTtaTt CONCTBEHOr NCTPaXXuBadkor paga,

e [a npeanoxeHa guceprauunja y UennHn HU y Aenosuma Huje buna npeanoxeHa
3a pobujawe OWno Koje Aunnome npema CTYyAWjCKAM nporpamuma apyrux
BMCOKOLLIKOTNICKMX YCTaHOBA,

e [1a Cy pe3yntaTu KOPEKTHO HaBedEeHN U

* [a HucaMm KpLmo/na ayTopcka npaBa W KOPWUCTUO WHTENEKTyanHy CBOjUHY
Opyrux nuua.

MoTnuc gokTopaHga

Y Beorpagy, _15 . ©4, 2016,

Fopeabads  Muoapan




Mpwunor 2.

M3jaBa 0 NICTOBETHOCTMU LWITaMIMaHe N efIeKTPOHCKe
Bep3uje OOKTOPCKOr paaa

Nwme n npesnme aytopa Munsow Paveoruh

Bpoj ynuca D29 {2012

CTtyaujckn nporpam Cb\/l?,vw-ﬁ\ ATOMA W MOAEXRINA

PoTorcra U EAEETPOHC KA AKLUB HA CNEETPO CEONUI A TPANUPAUUX
Hacnoe pafa _ EuoMoNEEINAPHUX  IOHA ! S MIOAPBAHUX NSO HAHOCOABAT UCA HUX
MECT UY A

MeHTop oe /\AEx:cAHmAP N\AJ\OCAG%EBMT}

[ToTnncann Mv\/\ow PAH Loﬁm"h

n3jaBrbyjeM Aa je WTamnaHa Beps3uja MOr AOKTOPCKOr paga NCTOBETHA €MNeKTPOHCKO]
BEP3NjM KOjy cam npefao/na 3a objaBrfbuBarkbe Ha nopTtany [Ourutandor
penosuTtopujyma YHuBep3urteta y Beorpagy.

[osBorbaBam fa ce objaBe MOjU NUYHU Nojaum BesaHW 3a faobujarbe akagemckor
3Bara [OKTOpa Hayka, Kao LUTO Cy MMe 1 nNpe3ume, rogrHa n Mecto pofewa u gatym
onbpaHe paga.

OBM nuyHM nopaum mMory ce o6jaBuTW Ha MpPEXHVWM CTpaHuuama aurutanHe
B6ubnuoTeke, y eNeKTPOHCKOM KaTanory uy nyénukauujama YHusepsuteTa y beorpaay.

MoTnuc gokTopaHaa

Y Beorpagy, _ A5 .94, 2916,




Mpwunor 3.

UzjaBa o kopuwhemwy

Osnawhyjem YHusepsuteTcky 6ubnuoteky ,CBeTosap Mapkosuh® aa y OurutanHm
penosnTopujym YHuBepauTeTa y Beorpagy yHece Mojy AOKTOPCKY AucepTauujy nop
HacrnoBomMm:

chToHu_/;\ W TBAEETPOHCKEA AELUOHA CNEETPOCKSNUYA TPANUPAHUX

CUOMONE EYNAPHUX  SOUA: Off MIONSBAUUX O  HAHO CoABAT ICA HUX HqecTvy A

Koja je mMoje ayTopcko aeno.

HAucepTauujy ca ceum npunosmma npegao/na cam y enekTpoHCKOM (opMary norogHom
3a TpajHO apxmMBMpare.

Mojy AOKTOpCKY AucepTaumjy noxpaweHy y [urntanHn penosutopujym YHusepsuteTa
y beorpany mory aa kopucTte CBuW Koju nowTyjy oapeade cagpxaHe y ogadbpaHom Tuny
nuueHue KpeatueHe 3ajeaHute (Creative Commons) 3a kojy cam ce ogny4uno/na.

1. AyTopcTBo
2. AyTOpCTBO - HéKomepumjanHo
@AyTopCTBo — HeKkomepumjanHo — 6e3 npepage
4. AYyTOpCTBO — HEKOMEepLMjanHo — AeNUTH Nogd UCTUM YCroBUMa
5. AytopcteBo — 6e3s npepage
6. AyTOpCTBO — AENWUTU NoA UCTUM yCroBuMa

(Monumo pa 3aokpyxute camo jedHy oA LUECT MOHYHEeHUX NULEHLM, KpaTak onuc
NVLEHUN AaT je Ha nonefhuHu nucra).

MoTnuc gokropaHaa

Y Bbeorpaay, 15,04, 2916,




1. AytopcTteo - [losBorbaeaTe ymHOXaBawe, OUCTPUBYLM)Y M jaBHO CaoniiTaBare
Aena, v nNpepaje, ako ce HaBefe vMme ayTtopa Ha HauvH ofpeheH of cTpaHe ayTtopa
vrm aasaoua NuUeHLe, Yak 1 y komepuujande cepxe. OBo je HajcnoboaHuja of CBux
NMLEHLM.

2. AyTOpCTBO — HekomepuwjanHo. [lo3BorbaBate yMHOXaBsarwe, AncTprubyumjy u jaBHo
caonwiTasarse Aena, u rnpepage, ako ce HaBede vMe ayTopa Ha HauuH oapefjeH of
CTpaHe ayTtopa vy fasaoua nuueHue. Osa nuueHUa He [03BOMbaBa KoMepuujanHy
ynoTpeby gena.

3. AyTOpCcTBO - HekomepuujanHo — 6e3 npepape. [ossorbasate yMHOXaBarbe,
ANCTPUbYLMj)y 1 jaBHO caonwTasawe fena, 0e3 npomeHa, npeobnukosarba Wnu
ynotpebe Aena y cBOM fefly, ako ce HaBede UMe ayTopa Ha HauuH oppeheH of
CTpaHe ayTopa wnu gaeaoua nuuerue. Osa nuueHua He [03BOrbaBa KoMepLmjany
ynotpeBy fena. Y ofHOCY Ha CBe ocTarle NULEHLE, OBOM JIMLIEHLIOM Ce orpaHuyaBsa
Hajsehu 0BuM npasa kopuithera fena.

4. AyTOpPCTBO - HEKOMepuujanHO — AenuTi Nog WMCTUM ycrosuma. [o3BorbapaTte
yMHOX@Bame, ANCTpubyLMjy v jaBHO caonwiTaBawe Aena, U npepaje, ako ce HaBeae
“Me ayTopa Ha HaumH ofpeheH of cTpaHe ayTopa Wnu [asaoua fMueHLe W ako ce
npepafja aucTpubympa nofd WCTOM UnM CuYHOM nvueHuoM. OBa nuueHua He
A03BOM-a@Ba KoMepuujandy ynotpeby fena u npepaga.

5. AytopctBo — 6e3 npepage. [ossorbaBate ymHOXasarwe, OUCTPUBYUM)Y W jaBHO
caonwTaBak-e fena, bes npomena, npeobnnkosara win ynotpebe aena y csom geny,
ako Ce HaBeJe vMe ayTopa Ha HauduH ofpefleH of CTpaHe ayTopa unv nasaoua
nuuerue. OBa nuleHUa Jo3Borbasa komepuujanty ynotpeby gena.

6. AyTtopctBO - pgenuTy nod ucTUM  ycrioBuma. [ossorbaBate  yMHOXaBaroe,
AVCTPUBYLIM]Y ¥ jaBHO caoniuTaBare [ena, v npepage, ako ce Hasefe UMe aytopa Ha
HauMH ofpefeH o CTpaHe ayTopa wnuM Aasaoua NULeHUe ¥ ako ce npepaja
AucTpubynpa nopd UCTOM WM CriMuHOM nuueHuom. Osa nuueHUa [o3BoMLasa
komepuujarnHy ynotpeby pena u npepaga. CrnunuHa je codTBEPCKUM FMLEHUama,
O[HOCHO NvLeHLama OTBOPEHOT Koaa.




