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Photoelectron—photoion(s) coincidence, PEPICO, experiments with synchrotron radiation have become
one of the most powerful tools to investigate dissociative photoionization thanks to their selectivity.
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1. Introduction

The interaction of VUV and/or soft X-ray radiation with a mole-
cule in the gas phase results in a single or multiple ionization
event. The experiments to characterize this event therefore
must involve the detection of electrons and ions. Photoelectron
spectra at fixed incident wavelength yields information on the
binding energies of the different valence and core orbitals and
within the frame of the Franck-Condon approximation allow to
unveil changes in the molecular structure occurring in the
ionization event. The measurement of the mass-selected ion
yields as a function of the photon energy provide information
on the onset of the ionization and fragmentation channels. The
two methods have been applied to a large class of molecules,
free radicals, clusters and nanoaggregates and strongly bene-
fitted of the advent of sources tunable over a broad energy
range like the synchrotron radiation sources. Already in 1967
Brehm and Von Puttkamer” realized that combining photoelec-
tron spectroscopy with mass analysis in a photoelectron-photo-
ion coincidence, PEPICO, experiment provides information
which goes beyond the simple combination of the photoelec-
tron and mass spectra, but via the time-correlation between the
two particles allows to explore in detail the dissociation
dynamics. As shown by the broad existing literature>* PEPICO
experiments give the possibility to determine the branching
ratios to various decay channels, the absolute rate decay and
the energy partitioning among the products. These experiments
have given an invaluable contribution to present understand-
ing of unimolecular dissociation reactions.” The field then
benefitted by the development of techniques for the detection
of threshold electrons,®” i.e. electrons with a kinetic energy of
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a few meV. These techniques are characterized by a high
efficiency thanks to the almost 4w detection and a high energy
resolution. PEPICO and threshold PEPICO, TPEPICO,® experi-
ments probe different ionization mechanisms. While PEPICO
experiments performed at fixed photon energy rely on direct
ionization, apart from accidental resonant excitation of the
target at the chosen photon energy, in the TPEPICO experi-
ments, which involve a photon energy scan, the “threshold”
electrons are often produced by autoionization processes of
neutral excited states of the target, which in some cases cannot
be accessed by direct ionization. As the photon energy increases
above the double or multiple ionization thresholds two or more
ions can be produced in the ionization process. This “multi-
ion” production is enhanced in the region of inner shell
ionizations, where the Auger decay of the core ionized species
populates dication states. Dications are reactive species, usually
formed with a certain internal energy, which easily fragment in
two cations. In the final state of a double ionization event
therefore there are four charged particles (two electrons and
two ions), and this number increases when even more highly
charged states are formed. A plethora of coincidence schemes
which involve the simultaneous detections of few charged
particles or charged particles and photons have been envisaged
to study multijonized molecules.”® J. H. Eland, to whom this
festschrift is dedicated, gave an unvaluable contribution to the
field of multicoicidence experiments®'" and their applications
in chemical physics.

The understanding of the physics and chemistry of isolated
molecules of biological interest is fundamental not only for
biology, where the damage of ionizing radiation strongly
depends on the structural and chemical properties of the
biomolecular constituents of life matter and can be related to
processes initiated at the atomic and molecular level, but also
in biotechnological applications, such as biosensors and
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molecular electronics. In astrochemistry and astrobiology, key
information on the origin of life is provided by the under-
standing of the chemistry of relatively simple molecules in an
environment resembling primordial conditions, either on
Earth or extraterrestrial objects. In this multidisciplinary field,
molecular physics can provide a valuable contribution both
experimentally and theoretically. Photoelectron and ion spec-
troscopies have been used to investigate spectroscopy and
dynamics of amino acids and peptides, nucleobases and their
building blocks, pharmaceuticals, antibiotics and their elemen-
tary components, radiosensitizers for radiotherapy, sugars and
lipids with a view to understanding their electronic properties,
and modelling their chemical behavior."” Here we will present
examples of the specific contribution that electron-ion coin-
cidences can and have provided to this field. The PEPICO
experiments described in this brief review do not aim to
represent a complete survey of the field. Most of them have
been carried out by our group and they have been chosen to
show some achievements and to point out future opportunities.

The review is organized as follows. A description of the
experimental set-up used at Elettra for PEPICO experiments is
done in Section 2. Then in Section 3 four different applications
are discussed. Ionization via inner shell excitation and direct
valence photoionization of halogenated pyrimidines are used to
tackle the topic of site selectivity and bond breakage in Section
3.1. The use of PEPICO data from valence photoionization of
thymidine and furan to extract information on the energy
distribution in collision experiments is illustrated in Section
3.2. Some examples of the large variety of electron-ion coin-
cidence experiments performed on amino acids and peptides,
going from energy unselected measurements with Helium I
discharge lamp to photoelectron-photoion-photoion studies
following core ionization, are reported in Section 3.3. The attempt
to go beyond experiments on model systems is discussed in
Section 3.4 using as an example the PEPICO studies of nitro-
imidazole compounds. Finally some conclusions and future
perspectives are presented in Section 4.

2. Schematics of a PEPICO set-up

In a PEPICO experiment an energy resolved electron and an ion
produced in the photoionization of the target are detected in a time
correlated mode. As an example of a PEPICO set-up, we will describe
the one in operation at the Gas Phase beamline at Elettra.’®

The end-station (Fig. 1) is equipped with a 150 mm radius
hemispherical electron energy analyser (VG 220i) and a time-of-
flight (TOF) ion mass spectrometer. The two spectrometers are
mounted opposite to each other at approximately 55° with
respect to the direction of the linear polarization of the photon
beam, in order to cancel out angular effects in the measurements.
They can be operated independently for photoelectron (PE)
spectroscopy or photoion mass spectrometry (MS) measurements,
or ‘in conjunction’ for PEPICO experiments.

The electron analyzer hosts a 2D position-sensitive detector
(PSD) built by Sincrotrone Trieste'>'® characterized by an
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Fig.1 Set-up for electron-ion coincidence at Elettra®® (S. Maclot
courtesy).

acquisition window and an energy resolution of about 10%
and 2% of the pass energy, respectively. To detect the ion, the
repeller and extractor electrodes of the TOF spectrometer are
polarized with antisymmetric voltages (Directed Energy Inc.,
model PVM4210) to produce a field up to 370 V cm ™. At the
time resolution of typical PEPICO experiments, the synchrotron
photon beam can be considered as a continuous source,
therefore the ion extraction is operated in pulsed mode.

In the experiment the ion extraction is triggered either by
the detection of a photoelectron or by a pulse running at a
frequency of 100 Hz. The latter is used for the measurement of
the ‘false electron-ion coincidence spectrum’, due to ions
residing in the interaction zone and uncorrelated with the
detected photoelectron. This spectrum has to be subtracted
from the measured electron-ion coincidence one. The coinci-
dence measurement is performed at fixed photon energy by
scanning the electron kinetic energy (KE) over the range of
interest in regular steps guaranteeing a good superposition
between adjacent regions. An example of the procedure is
shown in Fig. 2. First the PE spectrum is measured using the
hemispherical analyzer, then considering the width of the
acquisition window of the position-sensitive detector the PE
spectrum is divided in a few regions. After selecting a region of
binding energies a coincidence mass spectrum is measured.
Fig. 2 clearly shows that (i) each energy-selected mass spectrum
is characterized by only a few fragments as compared to the
total mass spectrum of the molecule; (ii) it strongly depends on
the selected region of binding energies and (iii) only a few
fragmentation channels at a time are associated with the bands
in the selected region of binding energies although lower
energy fragmentation channels may be already energetically
open. Finally, by a fine binning of the data in each region the
branching ratios of the different fragmentation channels as a func-
tion of binding energy can be derived. Schematically, the coinci-
dence data acquisition is based on a 8-channels time-to-digital
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Fig. 2 Left panel: Example of a single PEPICO acquisition at a fixed kinetic energy corresponding to region 1 in the right panel. The false electron—ion
coincidence contribution is already subtracted. Data from different acquisitions and different KE regions are energy calibrated, averaged and finally
patched together as shown in the right panel. Right panel: The photoelectron spectrum of cyclo-GlycilAlanine acquired by the electron energy analyzer
at a pass energy of 10 eV (red line) and the same spectrum ‘reconstructed’ by the total ion yield in the PEPICO spectra measured at a pass energy of 20 eV
(shaded areas) (bottom panel). The regions labeled 1-6 correspond to the integrated PEPICO signal at a fixed KE. The coincidence mass spectra
measured in each region are reported in the central panel. The sum of the PEPICO spectra 1-6 measured up to a BE of 25 eV is shown in the top panel.

converter (TDC) that records the arrival times of the signals from
the four ends of the PSD of the electron detector and the one from
the ion detector, as well as the triggering signal for the ion
extraction. The system operates with a master clock running at
1 Hz that drives the time scale for all acquired signals and allows
to reconstruct the x, y coordinates of the electrons on the PSD, the
ions time of flight with respect to the extraction pulse as well as the
‘flag’ identifying the extraction pulse as triggered by either a
random pulse or an electron. This mode of operation'” is particu-
larly suitable in the case of continuous or quasi-continous sources,
like synchrotron radiation, high count rates and broad TOF range.
Indeed, the ion extraction can be triggered by either the detection
of an electron or an external pulse. These two signals are combined
into an OR logic unit whose output controls the power supplies for
the antisymmeric repeller/extraction voltages. The output of this
OR unit as well as an analogue signal where an arbitrary time delay
has been added to the external trigger signal are recorded into two
separate TDC channels, providing respectively the time-zero for the
scale of the ions’s flight time and a flag to sort ‘true + false’ and
‘false’ coincidence events. In this set-up, due to the high angular
and energy selectivity in the hemispherical electron spectrometer,
the ion signal is typically two orders of magnitude larger than that

22358 | Phys. Chem. Chem. Phys., 2022, 24, 22356-22370

of electrons, resulting in a significant unbalance in the number of
detected electrons and ions. This often represents the bottleneck
for the coincidence experiment, resulting in long acquisition time.
A technical development, which can overcome this bottleneck, is
represented by the advent of velocity map imaging (VMI),'® which
guarantees high collection efficiency and simultaneous detection of
particles with different velocity and at all emission angles. Since its
introduction VMI has found application in electron-ion(s) and ion—
ion coincidence techniques.'®*° While in the first applications with
lasers mainly threshold and/or low energy electrons were detected,’
more recent developments have seen VMI coincidence spectro-
meters used in conjunction with synchrotron radiation.** In such
a case, the opportunities opened up by the higher photon energies
require the detection of particles with higher kinetic energy, which
in turns require modification of the standard VMI design (larger
size of the PSD, reduction of the time of flights by biasing the drift
tube and the adoption of extra focusing lenses). The ability of VMI
to study the angular distribution of the electrons and ions released
in the photoionization and the kinetic energy released, adds to the
state selectivity of PEPICO experiments further potentialities to
disentangle the complex fragmentation following ionization in
large molecules where several dissociation paths may compete.

This journal is © the Owner Societies 2022
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The large majority of the molecules of biological interest is
in the form of crystalline powders. Thus the set-up is equipped
with a noncommercial, noninductively wound oven where the
sample under study is thermally evaporated to produce an
effusive beam. The oven is equipped with a chromel/alumel
thermocouple. The materials used are aluminum or stainless
steel for the crucible, stainless steel for the heated parts of the
furnace and heat shield, and machinable glass ceramic for
thermal and electrical insulation.”® The set-up is equipped by
an inlet system which allows to insert/remove the crucible
without breaking the vacuum of the main chamber. This
provision speeds up any maintenance operation of the crucible
(cleaning, refilling, change of sample under study). The tem-
perature of the crucible can vary in the range from room
temperature to about 200 °C. The sublimation temperature of
each sample is usually determined via off-line photoionization
mass spectrometry with a VUV rare gas discharge lamp. The
mass spectra are monitored for long time, using the ratio of the
fragment ions as a figure of merit to check for the stable
operational conditions or any indication of thermal decompo-
sition in the case of too high temperature. Typically, samples of
biomolecules degas water at low temperature as well as some-
times other contaminants, like residual precursors of the
molecular synthesis. During the long PEPICO experiments the
photoelectron spectrum is monitored before and after each
coincidence scan. This allows to identify impurities, such as
water, and spurious signals due for example to carbon dioxide,
ammonia or other small molecules that provide hints of
thermal decomposition of the sample. These small species give
rise to sharp peaks, often with vibrational structure, easily
recognizable in high resolution PES spectra. Another possible
artifact to be monitored is the charging up effect, due to the
deposition of the evaporated sample on the meshes delimiting
the extraction and acceleration zone of the TOF, which shifts in
energy the photoelectron peaks. Plekan et al.>* estimated the
local vapor pressure by comparing the photoemission signal of
the amino acids they were studying with the signal from
nitrogen gas admitted to the chamber by a separate inlet and
measuring the nitrogen pressure with an ion gauge. The local
pressures were estimated in the range of a few 10~® mb with a
possible error of a factor of 2, mainly attributed to a systematic
error because the nitrogen gas is distributed uniformly,
whereas the effusive source is inhomogeneous.

3. Application to molecules of
biological interest

3.1 Halogenated pyrimidines: site selectivity and bond
breakage

The ability to manipulate selective bond cleavage in molecules,
via proper “molecular knife/scissors”,>* has attracted interest
because it offers unique chances to manage the local site
physics and chemistry. Inner shell photo-excitation and ioniza-
tion have been proposed as suitable candidates for selective
bond cleavage because core electrons are localized close to the
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nucleus of one particular atom.”>® In terms of biological
applications and in particular of the radiation damage, selec-
tive bond cleavage can be exploited for the damaging/destruc-
tion of certain molecules, the selective production of reactive
radicals or the splitting of the two moieties of a theranostic
agent, for example.

As an example of an experiment devoted to investigate the
selective bond cleavage in a molecule of biological interest
here the PEPICO experiments on 2Br-pyrimidine (C,H3;BrN,,
158/160 amu)®® are described. Pyrimidine is the building block
of some of the letters of the DNA/RNA alphabet and halo-
pyrimidines are the basic constituents of an important class
of radiosensitizers, such as bromo- and iodo-deoxyuridine
(UdR) or the 5-fluorouracil (5-FU).*°

In the experiment the fragmentation of the 2Br-pyrimidine
molecule following inner shell photoexcitation at the C and N
1s and Br 3d thresholds or via direct valence photoionization
has been studied by electron—-ion coincidence experiments. The
inner shell excitations of the Br, C and N atoms in molecules
are separated by more than 100 eV. This guarantees a site-
selective excitation. A core excited state is unstable, in a few fs
undergoes either a fluorescence decay or more likely a non-
radiative decay with the emission of a resonant Auger electron.
The selection of the incident photon energy to excite a specific
atom, i.e. a specific site, in the molecule and the detection of
the resonant Auger electron, which marks the final cation state,
in coincidence with the formed ions completely define the
fragmentation process. The leading fragmentation channels
in 2Br-pyrimidine®" (Fig. 3) are the HCN loss (m/z = 131/133),
the Br loss (m/z = 79), the BrCN loss (m/z = 53) and then the
sequential or concerted loss of the HCN group and the Br atom
or of the BrCN group and the H atom (m/z = 52). In the mass
spectrum other features at m/z < 40 are observed. The main
ones are assigned to C;H,", HCN" and CN" at m/z = 38, 27 and
26, respectively.

The coincidence yields of seven fragments (from m/z =
158/160 down to mj/z = 26) produced at photon energies
corresponding to the excitation of the C(1s), N(1s) and Br(3d)
to the LUMO state as well as from direct photoionization at
100 eV measured as a function of the binding energy of the
singly charged final state are shown in Fig. 3, where also the ion
states®> of the molecule are indicated. The PEPICO yields show
that, independently of the excitation channel, the parent ion is
only formed in correspondence with the three lower ion states,
while the channel of the loss of the Br atom opens close to
11 eV. The HCN loss channel is mainly active for the states
between 13 and 16 eV and appears to be a minor channel. At
about 14 eV also the (BrCN + H) loss and the HCN' channels
open up. The PEPICO yields measured in the direct valence
photoionization experiment follows the same trend of the ones
measured at the different inner shell excitation energies.

The similar behavior of the fragmentation observed in
valence photoionization and inner shell excitation, indepen-
dently of the excited atom, can be explained by the fact that the
fragmentation occurs on a timescale longer than the non-
radiative relaxation of the inner shell vacancy. Thus, it is the
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Fig. 3 The energy-selected coincidence yield for several 2Br-pyrimidine fragments as a function of the binding energy of the singly charged ion state
(left panel). The black arrows in the bottom panel indicate the position of the ion states calculated by O’Keeffe et al.,>? while the red ones indicate the
appearance energy of the fragments measured by Castrovilli et al.3 (right panel) The scheme of fragmentation of the 2Br-pyrimidine cation as proposed

by Castrovilli et al.**

internal energy stored in the singly charged ion and/or the
charge distribution of different cation states that control the
fragmentation. The site selectivity of the inner shell excitation
appears to affect only the yield of the fragments, because
depending on the overlap between the neutral inner shell excited
state and the final singly charged ion states, the population of the
singly charge ion states and in turn the fragmentation channels
preferentially associated with those states, vary.

However site-specific fragmentation results to be strongly
molecule dependent as shown by the study of the fragmenta-
tion following Cl 2p excitation in a similar molecule, the 2Cl-
pyrimidine.* In this molecule the core hole localization on the
Cl atom of 2Cl-pyrimidine, occurring by the choice of a photon
energy equal to the Cl(2ps, — o©*) excitation, triggers an
ultrafast molecular dissociation proved by the emission of
atomic autoionizing electrons from the decay of the CI'
3s°3p* (*°P,'D and 'S) states as well as by the production of
the Cl" ions in coincidence with these electrons.

In summary the PEPICO experiments in these molecules,
prototype of an important class of radiosensitizers, show that
the combination of selective soft X-ray excitation together with
a change of the local chemistry can enhance the production
of certain fragments. In the radiation damage language this
means to target either directly malignant molecules or chemical
agents that can release toxic species, like HCN, or extremely
reactive radicals like halogen and H atoms that act as secondary
source of radiation damage.

3.2 PEPICO and energy distribution in ion collisions

With the development of cancer therapies based on ionizing
particles, such as hadrotherapy,® the understanding of the
radiation damage via a multiscale and multidisciplinary
approach has become a must.>®> At the molecular scale, this
relies on the investigation of ionization or fragmentation of

22360 | Phys. Chem. Chem. Phys., 2022, 24, 22356-22370

molecules of biological interest in different energy ranges.>*°

The excitation energy distribution of complex molecular ions
produced in collisions with fast ions is the key parameter in
order to evaluate the energy deposition and therefore the
damage in the tissues. In ion collision the energy transferred
by the ion projectile to the target molecules is expected to be
represented by a wide distribution due to interactions at
different impact parameters. Some information on the internal
energy distribution of the target has been obtained by mea-
suring the energy loss of the scattered particle,*® but the
method implies the knowledge of the initial and final state of
the incident ion, which is achievable only in specific cases.*’

Maclot et al.** proposed a procedure that combines ion
collision with state-selected photoionization experiments and
quantum chemistry calculations to estimate the excitation
energy distribution in ion collision. As target, the thymidine,
a nucleoside composed of deoxyribose (a pentose sugar) and
the pyrimidinic base thymine, has been used. Fig. 4 shows the
mass spectrum of thymidine after the ionization by 48 keV
0% ions and the state-selected mass spectra measured in the
PEPICO experiments at 50 eV photon energy.

In the procedure a series of PEPICO spectra is measured at
different binding energies. These spectra are normalized to the
same total area and then their combination is fitted via a
constrained linear least-square regression to the ion-induced
mass spectrum, considering the most relevant features. In the
case of thymidine, the eleven most intense fragments have
been considered. The fit parameters are the weighting factors
of each PEPICO mass spectrum used in the linear regression.
The value of these parameters represents the contribution of
each PEPICO mass spectrum, Ze. the contribution of the
fragmentation of a bunch of excited states in a specific binding
energy of the singly charged ion region, to the ion spectrum.*'
The result is displayed in Fig. 5a as a function of the excitation
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Fig. 4 (a) Structure of thymidine. Considering the glycosidic bond cleavage, the fragments produced are noted B and S for the base and sugar parts,
respectively. (b) Mass spectrum of thymidine after the ionization by 48 keV O®* ions. White peaks around m/z 180 and 200 are due to pollutions. (c) PE
spectrum of thymidine obtained at 50 eV (black curve). The blue dashed lines show the energy values chosen for PEPICO measurements. Red bars
correspond to orbital energy values computed with the OVGF method. Panels (d) show the PEPICO mass spectra recorded for different binding energies

of the electron.

energy defined as the difference between the energy left in the
target and the ionization potential. The energy distribution
increases smoothly up to a maximum around 2-3 eV and then
it decreases towards 8 eV and most likely extends above this
energy, as suggested by the presence of a larger amount of small
fragments in the ion-induced mass spectrum. Collisions at closer
impact parameters can explain the extended tail towards larger

254

(a)

intensity (arb.units)

T T T T T T T
o 1 2 3 4 5 [} L 4 8

internal energy (eV)

deposited energies,”> because penetrating trajectories are asso-
ciated with large deposit energy of several tens of eV.*! The quality
of the fit is shown in Fig. 5b where the comparison between the
measured intensity of the selected charged species in the ion
spectrum and the one reconstructed by the fit is reported.

The form of the distribution shown in Fig. 5 is qualitatively
similar to those obtained by fitting theoretical fragmentation

2x10° (b)

yield (arb. units)
n

T T T T T T T T T
31 55 73 98 99 110 116 117 126 127 242
mass fragment (amu)

Fig. 5 (a) Determined distribution of the excitation energy in the ion collision (see text). The R? coefficient for this fit is 0.86. (b) Comparison between the
measured intensity of the selected charged species in the ion spectrum (red bars) and the reconstructed ones (blue bars), using the best values of the
parameters in the linear least-square regression to the ion-induced mass spectrum.

This journal is © the Owner Societies 2022

Phys. Chem. Chem. Phys., 2022, 24, 22356-22370 | 22361


https://doi.org/10.1039/d2cp03079a

Published on 09 2022. Downloaded on 28.01.26 2:09:08.

PCCP

probabilities to experimental measured branching ratios in
small carbon clusters®® and fullerenes,** in which the energy
distribution was the fitting parameter. This shows that the
present results are also consistent with previous empirical
estimations. Notice that, although the set of accessible target
states can, in principle, be different in photoionization and
collision processes, due to the different conservation rules that
can apply in each case, this is not a problem in thymidine
because the absence of any symmetry in the molecular target
does not restrict the number of accessible states in either
process. Moreover, the single-electron capture, which is the
dominant process at impact energies considered in this work,
is not accompanied by excitation of target and projectile
electrons.** Therefore, one can safely assume that the mass
spectra resulting from the collision involves the same target
states as the PEPICO spectra.

In a further work the PEPICO fragmentation branching
ratios in furan ionized by 60 eV photons have been compared
with the ones predicted by a combination of high level quan-
tum chemical calculations and the statistical Microcanonical
Metropolis Monte Carlo method (M3C).*> The M3C assumes
the excess energy being randomly distributed among all inter-
nal degrees of freedom and the fragmentation independent of
the excitation process, i.e. the applied excitation and ionization
method. The found good agreement between calculated and
measured branching ratios*® suggests that the internal energy
distribution function is the main parameter which determines
the fragmentation pattern. Therefore, from the calculated
breakdown curves the internal energy distribution function
for the ion-molecule collision induced by Xe*** and Ar" ions
and electron impact experiments have been determined back-
wards as the one which generates the best fit to each measured
mass spectrum (Fig. 6). The obtained results are consistent
with the fact that single electron capture occurs at much larger
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ion-molecule distances for higher projectile charges, hence
leading to a much lower energy transfer, while in Ar" collisions
and electron impact ionization occurs in close or penetrating
collisions by either electron capture or direct ionization.

The proposed approach displays promising applications in
the modelling of radiation damage and may guide new efforts
to unravel the molecular fragmentation of more complex
systems like large biomolecules.

3.3 Amino acids and peptides

The twenty amino acids have primary importance in living
organisms since they participate in protein synthesis. The
knowledge of their structure and reactivity is crucial to under-
stand the role of transient species involved in protein radical
catalysis as well as the effects of oxidative damage in proteins,
which can be initiated by agents like radicals or ionizing
radiation. They also play a role in the search for prebiotic
molecules in interstellar media and Altwegg et al.*® recently
reported the observation of volatile glycine, the simplest amino
acid, in the coma of a comet by the Rosetta Orbiter mass
spectrometer for ion and neutral analysis.

The first coincidence experiments on amino acids have been
performed using a Helium I (21.21 eV) discharge lamp and an
energy unselected electron to trigger the mass/charge analysis
by a TOF mass spectrometer. Glycine, alanine, proline and
valine’” have been studied. In the mass spectra the most
intense fragment observed corresponds to the loss of a neutral
fragment (COOH) by the parent molecule. The dominance of
the COOH loss channel due to the backbone break over the
entire outer valence region has been attributed to the most
energetically favorable process which involves the removal of
one electron from the nitrogen lone pair. As a consequence
ionization mainly results in the charge being localized on the
nitrogen and on the adjacent a-carbon atom.
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Fig. 6 (a) Determined distributions of internal energy in the ion collision and electron impact experiments. (b—d) Experimental mass spectra (red)
detected after the interaction of Xe?>* (b), electrons (c) and Ar* (d) with furan molecule. Inverted peaks (blue) are theoretical mass spectra obtained by
convolution of MsC breakdown curves with the corresponding internal energy function from panel (a). Reproduced from ref. 45 with permission from the

Royal Society of Chemistry, copyright 2021.
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Further PEPICO experiments with synchrotron radiation on
glycine®® confirmed the relevance of the COOH loss, but also
allowed to unravel traces of minor processes like the isomeri-
zation with H transfer and dehydration of the parent ion.*”
As an example, Fig. 7 reports the state-selected branching ratios
for the formation of the H,NCH," m/z 30 fragment, which
corresponds to the COOH loss channel, and the C(OH)," m/z
46 one. The observation of this latter fragment clearly indicates
that a hydrogen migration from the H,NCH, moiety to the
carboxylic group has occurred. The C(OH)," fragment has been
observed only in a quite narrow region of BEs. According to C.
T. Falzon and F. Wang® in this binding energy region are
located a few cation states (the 3a”, 14a’, 13a’, and 2a” orbitals)
significantly affected by the conformational process induced by
rotations of the C-C, C-O(H) and C-N bonds. A rotation around
the C,-N bond may change the orientation of the NH, moiety,
turning from the bifurcated configuration, the most stable
neutral structure of glycine, to an in-plane one stabilizing the
hydrogen bond between the NH, and the carboxylic oxygen
atom. Then a H transfer from the amino group directly to the
carboxylic oxygen atom may occur. Theoretical studies on the
migration of hole charge during the ionization in glycine®>*"
show that on a fs time scale the hole charge migrates from the
orbital 14a’, spread over the entire molecule but with its most
significant part located on the N-terminal moiety, to the orbital
13a’, localized mainly on the carboxyl group. The hole charge
then returns back to its original position in a cyclic way. The
electronic dynamics may also affect the nuclear dynamics,
because at least within the Born-Oppenheimer approximation,
the electronic motion determines the effective potential seen by
the nuclei. Evidence of this nuclear dynamics has been given
more recently by a pump-probe experiment with a XUV attose-
cond pulse that assigned a time constant of about 50 fs to the
intramolecular hydrogen transfer in the glycine cation.®

As already outlined in Section 3.1 core excitation and
ionization represent useful tools to localize the energy transfer
on a particular molecular site. In the case of amino acids these
tools can be exploited in the study of the effect of varying
the carbon backbone length, different stereoisomers and
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addition/removal of functional groups.>>** In the case of light
elements (C, N, O and S), like the ones composing amino acids,
the ionization of a core shell leads to the formation of an
intermediate cation state with a short life time of a few fs,
which rapidly decays via an Auger process forming a dication,
often in a highly excited state. This state then suffers a
fragmentation in two momentum correlated singly charged
ionic fragments, in some cases accompanied by neutral species.
The most appropriate approaches to characterize the frag-
mentation via inner shell ionization process are either a
photoelectron-photoion-photoion  coincidence (PEPIPICO)
experiment, where a photoelectron, which marks the ionized
atom, triggers the collection of the ions or the Auger electron-
ion-ion coincidence, where the Auger electron selects both the
ionized atom and the final dication state. The results of these
experiments are usually reported in the form of 2D maps which
display the flight time of the slower ion in the pair versus the
time of the faster ion. The shape of the patterns of the
correlated ion pairs, their slope and intensity can be used to
extract information about the fragmentation dynamics and the
relative probabilities of different fragmentation channels.’ The
Turku group has exploited both methods to investigate the
photofragmentation of a few amino acids: glycine, methionine,
cysteine and serine.”*>® Their results show that core ionization
induced fragmentation is mainly governed by the rupture of
C-Ca bond, usually followed by a secondary dissociation.
Correlations between the localized core ionization and the mole-
cular fragmentation have been observed with some channels
stronger at one specific core hole. The site-specific effect can be
as strong as to change the dominant dissociation pathway. The
site-specific core-hole localization effects however could not be
related to particular bond breakages or charge localization in a
straightforward way. Instead, fast Auger decay populates dication
states with electron charge density depending on the hole
creation in particular molecular orbitals, which can be strongly
core hole dependent. It is the final dication state that determines
the preferential bond breakages and fragmentation pathway.
This latter observation is consistent with the one reported in
ref. 29 and in Section 3.1 in the case the dissociation following
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(a) PEPICO yields of the glycine cation, the H,NCH,* and C(OH),* fragments as a function of the binding energy. In the inset the structure of

neutral glycine is shown. (b) The proposed mechanism that, via a H transfer in the glycine cation, leads to the formation of C(OH),* fragment.
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inner shell excitation, where, of course, in that case the final
state was a cation.

In all the reported studies on amino acids the observation of
the large contribution of dissociation channels which involve
the carboxylic acid, either as an ion or a neutral species, has a
direct relevance to the medical fields. Organic acids are inter-
mediate metabolites of all major groups of organic cellular
components and it has been repeatedly proven that their
presence in excess in various fluids of the human body is
linked to the manifestation of certain diseases as stated in
ref. 57 “More than sixty-five disorders well-known these days
are due to enzyme deficiency in the amino acids degradation
pathways”.

The simplest combination of two amino acids, a dipeptide,
is achieved via the formation of peptide bonds between the
carboxylic and amino groups of the two respective amino acids
and the elimination of one or two water molecules, resulting in
a linear or cyclic structure, respectively. While almost all amino
acids have been investigated in the gas phase by valence and
core photoemission spectroscopy’>>®*®* as well as by mass
spectrometryt,®>®* the studies of both linear®® and cyclo®®®°
dipeptides, are quite scarce. This is probably due to the thermal
lability of most of these biomolecules which can undergo
structural changes during the desorption, particularly in linear
dipeptides.®*”° The driving force for the investigation of dipep-
tides spans from the need to answer questions concerning the
origin of life and the biological activities of larger peptides and
proteins, to their exploitation in therapeutic and technological
applications.

In a recent study,®® where PEPICO experiments have been
combined with ab initio molecular dynamics (MD) simulations
and calculations of the potential energy surface, the photo-
fragmentation of cyclo-AlanilAlanine (cAA) by VUV radiation
has been investigated. The molecule (Fig. 8) is formed by the
diketopiperazine ring and two methyl groups. In the PEPICO
spectrum, among others, the 71" fragment observed in the BE
region of 12-16 eV, is particularly intriguing. This fragment,
with a mass, which is half of the cAA mass, is produced in a
symmetric breakup of cAA and may be related to the [alanine-
H-OH]" fragment.

The theoretical investigation of the cAA fragmentation lead
to two relevant observations involving this fragment. On the
one hand they predict that this fragment can drive the recon-
struction of the dipeptide itself through reaction with a similar
neutral fragment. Then they show that the cAA" fragmentation
in the near-ionization threshold region is always initiated by a
ring opening which likely leads to the formation of stable
oxazolidinone structures. The reactivity between the neutral
71 and cationic 71" products can also produce the oxazolidi-
none obtained after ring opening and with the addition of a
further a neutral 71 fragment can lead to the formation and
elongation of a linear peptide as the reactive side is repristi-
nated each time (Fig. 9).

+ The cited references represent just a few examples, far from being an exhaus-
tivereview of the vast amount of work present in the literature.
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Fig. 9 Artistic view reproduced from ref. 68 of the theoretically proposed
pathways leading to the reconstruction or polimerization of cAA following
the fragmentation of cAA™. Reproduced from ref. 68 under the license CC
BY 4.0.

These findings demonstrate that a cyclic dipeptide via a
smart decomposition can recycle its fragments into a cyclic-
dipeptide structure or provide the seed for linear polymeriza-
tion and suggest that the identified pathways may have played a
role in the early stages of the chemical evolution of life.

3.4 From model system to real drug: the case of the
nitroimidazoles

Highly sensitive experimental techniques and among them
PEPICO experiments, which due to their energy selectivity,
provide insights on state-selected fragmentation, and accurate
computational methods have been developed to provide a
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detailed description of model molecules and to link their
electronic and geometric structure to their functions. The ques-
tion is whether the fragmentation mechanisms and properties
identified in the model systems are still active at macroscopic
level in more complex and realistic systems. Nitroimidazole
derived compounds offer the opportunity to follow a bottom-
up approach starting from their building blocks, the 2- or
5-nitroimidazole up to the more complex species misonidazole,
nimorazole and metronidazole (Fig. 10) which are used in
clinical applications.

These molecules are known for their capability to sensitize
hypoxic tumor cells to radiation by “mimicking” the effects of
the presence of oxygen as a damaging agent.”'””> In an aerobic
environment, free oxygen, produced by for example radiolysis
of water, falsely repairs damaged DNA reducing the survival
rate of tumor cells. Nitroimidazoles are oxygen mimetics com-
pounds that, activated by irradiation during radiotheraphy, can
trigger mechanisms matching the chemical characteristic
of molecular oxygen. However, at variance with the direct
injection of oxygen, they can be driven to the tumor site and
activated in conjunction with a radiotheraphy. Despite some
successful applications the detailed mechanisms of nitroimi-
dazole operation at molecular levels are still unknown, making
difficult for example to understand while some isomers have
better performances as radiosensitizer than others and ham-
pering a rational design of more efficient and less toxic drugs
for treatment.

A series of studies on nitroimidazole derivatives based
mainly on PEPICO experiments and accompanied by quantum
theory calculations’®®® have been reported in the literature.
The first objective of these studies has been the identification
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of the possible microscopic physical chemical mechanisms that
could explain not only the known radiosensiting capabilities of
nitroimidazole, but also the different efficacy reported for the
different isomers. Indeed, three regio-isomers of nitroimida-
zole (Fig. 10) exist depending where the nitro group is attached
to the imidazole ring. The 4-nitroimidazole, 4NI, isomer was
found to be more stable than 5-nitroimidazole, 5NI, in water®!
and in crystalline state,®” while in gas phase they coexist in a
tautomeric equilibrium.®!

The first observation from VUV photofragmentation mea-
surements has been that the intensity of the NO-loss channel
(m/z 83) appears to be a dominant channel in both the non-
coincidence and PEPICO mass spectra of 2NI, while it is
strongly suppressed in the case of 4(5)NL’® At first glance,
these experimental results may lead to the conclusion that 2NI
releases a significant amount of NO, while 4(5)NI does not,
explaining the enhanced performance of 2NI as radiosensitizer.
Indeed, similarly to oxygen nitric oxide is a potent radiosensi-
tiser and highly reactive species, but also an essential signaling
molecule in the cardiovascular system acting as regulator of
vasodilation.®® However, the theoretical calculations’®
very similar energetics for the NO-loss channel in the three
isomers. Indeed the potential energy surfaces’® for the frag-
mentation of the 5NI, 4NI (not shown, but very similar to 5NI),
and 2NI radical cation isomers (Fig. 11) show that in all isomers
the most stable structure of the radical cation corresponds to a
quasi-planar arrangement with the nitro group out of plane
with respect to the neutral molecule. This structure allows
the easy NO-loss following intramolecular rearrangement in
the nitro group, with energy barriers of 1.35, 1.52 and 1.37 eV
for 4NI, 5NI, and 2NI, respectively. Therefore, in all isomers,
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Fig. 10 Structure of the nitroimidazole derivatives.
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Fig. 11 Potential energy surfaces of the 2Nl and 5NI, respectively, for the fragmentation of their corresponding molecular ions M* (m/z 113) calculated at
the CCSD/6-311++G**//B3LYP/6-311++G** level of theory.”® The molecular ion M* as well as the fragments [M—O]*, NO,*, HCN,*, NO*, and HCNH*
are all radical ions; the radical symbol e has been omitted for sake of simplicity.

the NO-loss from the [83-30]" adduct can produce the C;H;N,0"
ion at m/z 83, which preserves the ring structure, or the NO' ion
at m/z 30. From the energetic point of view, the three isomers
show a very similar behavior in the formation of the m/z 83
fragment, while the subsequent fate of this ion is profoundly
different. While in 4NI and 5NI (Fig. 11) the intermediate
fragment is unstable and, by overcoming an energy barrier of
0.58 and 1.14 eV respectively, it undergoes a ring opening and
fragmentation with the final release of CO and HCN, in the case
of 2NI the m/z 83 ion has to overcome a large barrier of 2.75 eV
before the final fragmentation into HCN and CO molecules and
the HCNH" ion can take place. A further PEPICO experiment’®
focused on the study of the NO-loss channel in 1-methyl-5-
nitroimidazole. The results show that adding a methyl group
to the N1 site in 5NI suppresses even further the NO release and
totally inhibits the NO" production. This work also outlined the
role of density of effective dissociative states in determining the
relative yields of the NO loss and NO' channel.

The more complex misonidazole, metronidazole and nimor-
azole molecules are characterized by linear side chain attached
to the N1 atom in misonidazole and metronidazole and by the
morpholine group at the end of the side chain in nimorazole,
which creates a double ring structure. Both metronidazole and
nimorazole are built on 5NI, while misonidazole on 2NI. The
results of the PEPICO experiments in the case of misonidazole
and metronidazole’® indicate that the main reaction/fragmen-
tation channels correspond to the elimination of the NO, and
HONO groups in both molecules. Although both metronidazole
and misonidazole contain the imidazole ring in their back-
bone, the side branches of these molecules appear to lead to
different bonding mechanisms and properties. Metronidazole
is very fragile and a complex fragmentation follows the initial
ionization. Misonidazole on the other hand is relatively robust.
Ionization and fragmentation may occur simultaneously, as the
intensity of the molecular ion in the mass spectrum is very
small. Then the preferential loss of part of the tail, acts as a
‘protection’ of the ring against its opening and successive
fragmentations. The dissociation of nimorazole®® is strongly

22366 | Phys. Chem. Chem. Phys., 2022, 24, 22356-22370

characterized by a single fragment CsH;,NO" (m/z 100), which
results from the fragmentation of the molecule in two moieties
with the cleavage of the H,C-CH, bond of the side tail. In this
molecule neither NO, nor NO loss are observed.

The fact that the NO loss, the most relevant channel
involved”®”””® in the 2-NI and 4(5)-NI molecules, is a minor,
if any, channel in these large compounds, prevents a direct
extension of the chemical physics mechanisms identified in the
building block molecules to the more complex species adopted
as drugs in clinical use. The preferential elimination of the
nitro-group in the metronidazole and misonidazole molecules
may support the hypothesis® that the radiosensitizer effect is
due to the complex redox chemistry, which, occurring after the
selective binding of the nitroaromatic compounds to hypoxic
cells, involves the reduction of the nitro-group to an amine
(-NH).

In summary the results of this set of extensive studies on
nitroimidazoles, which has followed a bottom-up approach,
indicate that the translation of the chemical physics findings
from the prototype molecules to the chemotherapeutic com-
pounds is neither straightforward nor an easy task.

4. Conclusions and future
perspectives

This brief review illustrates how the selectivity of PEPICO
experiments combined with the tunability and broad energy
range of synchrotron radiation can be exploited for the charac-
terization of the structure and the dynamic processes that lead
to the redistribution of the energy absorbed by some molecules
of biological interest, such as radiosensitizers, amino acids and
small peptides. It has been shown that the obtained informa-
tion on energy distribution can found useful application in the
modeling of radiation damage in hadrotherapy and the accu-
rate study of the fragmentation pathways can lead to a better
understanding of the effectiveness of some molecules and may
suggest pathways to the origin of life in the early universe.
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It has also shown, however that a direct bottom-up approach to
transpose the findings in prototype molecules to the com-
pounds used in clinical application is still a challenge.

While most of the work performed up to now and all the
work done by the authors has been restricted to molecules
produced by thermal evaporation, a promising research area is
the examination of larger molecules, brought into the gas
phase by sophisticated and softer methods. The state-of-the-
art technique to bring unfragmented nucleotides, proteins or
peptides from solution into the gaseous phase is represented by
the Electrospray Ionization (ESI) technique.®>®*® Since the com-
mercial development of ESI sources, mass spectrometry has
become the most popular tool for the study of very large organic
molecules. The coupling of this versatile ion source with
spectroscopic techniques implies that the mass selected ions
generated in the gas phase by an ESI source are collected in an
ion trap and then excited with a proper radiation. For example,
Gonzalez-Magana et al.®” used a combination of an ESI source,
tandem mass spectrometer and Paul trap to measure partial ion
yield NEXAFS spectrum at the carbon edge of protonated
leucine enkephalin, a peptide containing five amino acid
residues and more recently the same group studied the VUV
photoabsorption in multiply deprotonated gas-phase oligonu-
cleotides containing a long telomere sequence.®® Using similar
methods to produce the sample, Milosavljevic et al.® produced
free protonated cytochrome ions (consisting of 104 amino
acids, and charge state-selected), and performed VUV photo-
ionization mass spectrometry. An improvement of the through-
put of the sources is needed in order to make them suitable for
electron spectroscopies and eventually for photoelectron-
photoion coincidence experiments. However in the case of an
ESI source used in negative mode to produce anions and
coupled to a hexapole accumulation ion trap the Weitzel
group’®®’ has investigated laser-induced photodetachment
from gramicidin anions, a peptide consisting of 15 amino acids
and Gibbard and Continetti®® proved that photoelectron-
photofragment coincidence spectroscopy of the dissociative
photodetachment of negative ions can be done.

In the ESI process biomolecules are produced as multi-
charged ions in small charged droplets so that the spectroscopy
and photon-induced processes involving neutral species cannot
be assessed. A possibility to overcome this issue is represented
by the aerosol mass thermo-desorption method which com-
bines the aerodynamic lens systems, typically used in mass
spectrometry of aerosols®® with the thermal desorption from
a heated surface.”* This approach has been followed by
Gaie-Levrel et al.°® at Soleil synchrotron where such a source
has been coupled to a Velocity Map Imaging (VMI) analyzer
operated in coincidence with a Wiley-McLaren Time of Flight
spectrometer. With this set-up the thermochemistry of some
aminoacids®® and DNA bases®® has been investigated by mea-
suring their ionization energies and fragmentation paths via
threshold photoionization spectroscopy (TPEPICO) at high
resolution and the chiroptical properties of gas phase pure
enantiomers of biomolecules and especially their photo-
electron circular dichroism (PECD) have been characterized.
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Chirality plays a fundamental role in the bio world, for
example in determining the functions of different molecules
as well as the molecular recognition processes. Methods prob-
ing simultaneously chirality and molecular conformation are
therefore crucially needed. The photoelectron circular dichro-
ism (PECD),”” which results from the forward-backward asym-
metry in the photoelectron angular distribution with respect
to the light axis for randomly oriented chiral molecules photo-
ionized by circularly polarized radiation, is well suited for
studying gas-phase molecules. Unlike to others chiroptical
spectroscopy methods which lack sensitivity (the measured
effect is about ~ 107> of the total absorption), PECD is allowed
in the electric dipole approximation, which explains its intense
relative magnitude, up to almost 40% of the average photo-
electron intensity.”® The combination of PECD with ion mass
spectrometry in an electron-ion coincidence experiment can
find interesting analytical applications like the quantitative
determination of enantiomeric excess, as shown by the first
pioneering experiments®*™*°* using double imaging electron-
ion coincidence spectrometers, as well as enable the predicted
identification of the absolute molecular configuration from the
experimental observations.®”
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