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The VUV photoionisation and photofragmentation of cyclo-alanine—alanine (cAA) has been studied in a
joint experimental and theoretical work. The photoelectron spectrum and the photoelectron—photoion
coincidence (PEPICO) measurements, which enable control of the energy being deposited, combined
with quantum chemistry calculations, provide direct insight into the cAA molecular stability after photo-
ionisation. The analysis of the ion-neutral coincidence experiments with the molecular dynamics
simulations and the exploration of the potential energy surface allows a complete identification of the
fragmentation pathways. It has been found that the fragmentation always starts with the ring opening
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1 Introduction

Amino acids are the building blocks of peptides, enzymes and
proteins. By the combination of a relatively limited number of
these elementary constituents an enormous variety of systems,
with the most diverse structures and functionalities can be
realized, both via biotic and abiotic'™ natural processes, as well
as by ad-hoc designed bioengineering® strategies. 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. Already at this stage, a large
variety of combinations can be envisaged, providing an essential
opportunity to investigate the electronic and molecular structures
of these prototypal oligopeptides, where the most detailed experi-
mental and quantum mechanical methods can still be exploited
to provide deeper insight into their intrinsic properties. While
almost all amino acids have been investigated in the gas phase by
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through the C-C bond cleavage, followed by release of neutral CO or HNCO moieties.

valence and core photoemission spectroscopy’ > as well as by
mass spectrometry,i > so far 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.'*?°2*

Nevertheless, the driving force for the investigation of
dipeptides spans from the need to answer fundamental
questions concerning the origin of life’®>* and the biological
activities of larger peptides and proteins,?® to their exploitation
in therapeutic®” and technological applications.>*3°

Cyclo-alanine-alanine (cAA) is one of the simplest cyclo
dipeptides. It is built on a 2,5-diketopiperazine (DKP) six-member
ring structure with the two metyhyl groups (CHj;) as side chains. In
a recent publication'® we focused on a specific cAA fragmentation
channel proposing reactive mechanisms which allow this dipeptide
not only to withstand VUV radiation, but also to provide the
seed for chain elongation in both cyclic and linear structures.
This mechanism predicted by molecular dynamics simulations
and potential energy surface exploration, was based on the experi-
mental observation of the fragment of mass/charge, m/z 71,
attributed to a peculiar ‘amino acid-like’ structure of [A-H-OH].
This fragment is the core of the A amino acid in a peptide sequence
and was proposed’® as a possible intermediate for peptide
formation in the early stages of the chemical evolution of life.

In this work we present a comprehensive investigation of the
VUV photoionisation and photofragmentation of cAA by joint

experimental (photoelectron spectroscopy, photoelectron-

# The cited references represent just a few examples, far from being an exhaustive
review of the vast amount of work present in the literature
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photoion and ion-neutral fragment coincidence experiments)
and quantum chemistry calculations.

2 Methods

2.1 Experimental methods

The photoemission and electron-ion coincidence experiments
were performed at the CIPO beamline®' of the Elettra synchrotron
radiation facility, using a monochromatic photon beam of 60 eV
and an end-station 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 linearly
polarized photon beam, in order to cancel out any angular effect
in the measurements. They have been operated independently for
photoelectron (PE) spectroscopy or photoion mass spectrometry
(MS) measurements, or ‘in conjunction’ for photoelectron-photo-
ion coincidence (PEPICO) experiments. For the PE measurements,
the TOF is switched off in order to have the interaction region free
from possible residual fields due to the penetration of the high
voltage applied to the drift tube. The electron analyzer, recently
refurbished to host a 2D position sensitive detector (PSD) built by
Sincrotrone Trieste,”>*’ is characterized by an acquisition window
and an energy resolution of about 10% and 2% of the pass energy,
respectively. The PE spectrum reported in Fig. 1 has been mea-
sured with a pass energy of 10 eV, an overall energy resolution of
about 200 meV and an acquisition time of 10 s per point.

For MS measurements, 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 our
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Fig. 1 (top panel) The photoelectron spectrum of cAA measured at 60 eV
photon energy (black dots) and the 3 point smoothed data (filled area).
Some contamination caused by water degassing from the sample
produces the feature at 12.62 eV due the H,O% ground state. Broader
bands of lower intensity are located at 14.74 and about 18.51 eV due to the
H,O™" A and B states, respectively. Schematic of the cAA sample is reported
in the top-right corner. The calculated vertical double ionisation potential
(VIP2) at 20.09 eV is also shown. (bottom panels) The valence spectrum
calculated with the P3+ and OVGF/6-311G(d,p) methods is reported as
vertical bars of different colors.
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experiments, the synchrotron photon beam can be considered
as a continuous source, therefore the ion extraction has been
operated in pulsed mode. The trigger for the extraction is
provided by a 1 kHz pulse generator in the MS measurements,
while in the PEPICO mode the extraction is triggered by either
the detection of a photoelectron or a pulse running at a
frequency of 100 Hz. The latter is used for the measurement
of the so-called ‘random mass spectrum’, due to ions residing
in the interaction zone and uncorrelated with the detected
photoelectron, to be subtracted from the measured electron-
ion coincidence spectrum. The cAA sample (C¢H;,N,0,, mass
m = 142 amu), which is a powder at standard ambient
temperature and pressure, has been introduced in the vacuum
chamber in a crucible and sublimated at a temperature of 87 °C.
During sublimation, MS measurements were used to monitor the
thermal stability and purity of the sample (results not shown).

The PEPICO experiments reported in Fig. 2 have been
performed at the fixed photon energy of 60 eV, with an analyser
pass energy of 30 eV. The coincidence measurement is
performed by scanning the electron kinetic energy (KE) over
the range of interest in steps of 2.7 eV to provide sufficient
overlap between two adjacent KE settings. The entire scan is
repeated several times to improve the statistics. Schematically,
the coincidence data acquisition is based on a 8-channels
time-to-digital 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 already mentioned, the ion
extraction can be switched on either by the detection of an
electron or by a random pulse. These two signals are combined
into an OR logic unit whose output controls the power supplies
for repeller/extraction voltages. The output of this OR unit as well
as an analogue signal of an OR unit where an arbitrary time
delay is added to the random trigger are recorded into two other
separate TDC channels, providing respectively the time-zero for
the scale of the ions’s flight time and a flag to sort ‘true +
random’ and ‘random’ coincidence events. All signals in the TDC
unit are measured relative to a master 1 Hz pulse.

The post processing of these raw data provides, among other
information not relevant to the present publication, (i) the x, y
coordinates of each electron hit on the PSD (converted to
electron KE) that has one - and only one - ion detected within
a defined time window and the arrival time of the ion and (ii)
the mass spectrum generated by a random pulse. These sorted
electron/random coincidence data are binned according to
selected electron KE and ion flight time intervals. After the
normalization to their respective number of triggers, they are
subtracted from each other, providing the random subtracted
PEPICO spectra at all selected electron KE.

The next step in the data analysis consists of identifying the
m/z fragments and their yield obtained by integrating the area
over the region of approximately m/z £ 0.5 in the PEPICO
spectra. The area of these fragments can finally be reported
versus the binding energy, BE = iv — KE, see ref. 19 and Fig. 2 of
the present paper where a larger set of fragments is shown.

In the PEPICO experiments the ion signal is typically two
orders of magnitude larger than that of electrons, due to the

This journal is © the Owner Societies 2022
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Fig. 2 (aand b) The yields of the most intense fragments in the PEPICO spectra
reported versus molecular binding energy. For the case of the parent ion, m/z
142, the uncertainty is also shown as an indication of the expected accuracy. The
sum of all PEPICO fragments is reported in the bottom panel. The presence of
water (outgassed from the sample) is clearly visible. (c) The mass spectrum of
cAA obtained as sum of all PEPICO spectra measured in the binding energy
range 8-25 eV. (d) A pictorial view of the main fragments. For the detailed
discussion and calculation of the structures the reader should refer to Fig. 5-7.

high angular and energy selectivity in the electron spectro-
meter. Typical acquisition times on a PEPICO experiments are
in the order of 24 h. This is determined by the low count rate of
the energy selected electrons in the hemispherical analyzer.
The ion-neutral coincidence experiments have been per-
formed at the CNR-ISM in Rome, using a Wiley-McLaren TOF
mass spectrometer equipped with a rare gas discharge lamp
(see ref. 34 and 35 and the ESI} of ref. 36). Briefly, the TOF
spectrometer is operated in a continuous extraction mode, with

This journal is © the Owner Societies 2022
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DC electric fields of 700 and 1575 V cm ™" in the extraction
(1 cm long) and acceleration (2 cm long) regions, respectively.
The free flight region in the drift tube is 22.5 cm long. A
channel electron multiplier mounted behind the mesh of the
repeller of the TOF spectrometer detects all photoelectrons
released in the photoionisation events. The electron signal
triggers a TDC that, being operated in multihit mode, measures
the flight time of any charged/neutral particle that, impinging
on a pair of one inch microchannel plates (MCP), has sufficient
kinetic energy to produce electrons on the surface of the MCP.
The discharge lamp has been operated with He, Ne and Ar
gases, producing a main emission line at 21.22 eV, 16.85 eV
and 11.62 eV, respectively. The presence of an unquantified
contribution of other wavelengths cannot be excluded as the
radiation was not monochromatised.

This set-up has been used to investigate the delayed
emission of neutral fragments®” in cAA. Throughout this article,
the notation ‘molecular ion’ will refer to the unfragmented cAA"
molecular cation, while the notation ‘parent ion’ will refer to
a generic ion that, undergoing fragmentation, produces a
‘daughter ion’. Indeed, in a two-body fragmentation of a singly
charged ion, a parent ion (P;,,) breaks into a daughter ion (Djop)
and a neutral fragment (Nf,g). While ions can be handled by
electric fields, neutrals cannot. Nevertheless, if they travel
towards the TOF spectrometer and hit the MCP detector with
sufficient impact energy, they can be detected.*® In our set-up,
with constant DC extraction fields, any ion begins its travel
towards the TOF immediately at the time of birth, being
extracted, accelerated and then launched into the drift tube.
Qualitatively, it is easy to visualize that when dissociates in a
region where it is subject to an accelerating field then (i) the
flight time of D;,, (having a smaller m/z) will be shorter than the
nominal flight time of Pj,,, while (ii) Ngag will continue its travel
in a free flight at a constant speed unaffected by any electric field
in the TOF spectrometer and may or may not reach the MCP and
be detected after at a flight time longer than the nominal flight
time of Pj,,. The‘nominal flight time’ corresponds to a prompt
dissociation. Therefore the decay rate of a fragmentation
process®®*® produces a distribution of correlated partners (Djop,
Nirag) that, ideally, can be measured in a coincidence experiment
and encode the information on the position/time in the TOF
spectrometer where the fragmentation occurred. By taking into
account the geometry and operating conditions of the TOF
spectrometer, ion trajectory simulations predict (see Section S1
in the ESIf) a residence time in the extraction/acceleration
regions of the TOF in the range 880-940 ns for m/z 142 (cAA"
molecular ion) and 385-415 ns for m/z 28. Even though these
results can be taken as an indication of the measurable time
for the dissociation events, in practice, the capability of the
experiment to detect these processes will crucially depend on the
instrumental response of the MCP, which is known to be a
complicated function of energy and angle of incidence, mass
and charge of the particle as well as of the applied bias voltage
and the physical characteristics of the MCP itself.*®

The results for cAA are reported in Fig. 3, which displays the
2D map of the arrival times of the first (TOF;, that will always be
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Fig. 3 The 2D coincidence map for cAA reports the arrival times of the first, TOF;, and the second, TOF,, particle as measured by the TDC. The
experimental data, reported in black, are the sum of different acquisitions performed at photon energies 21.22, 16.85 and 11.62 eV, added up to improve
the statistics. The individual maps are shown in Fig. S1 of the ESI.{ At the bottom, the mass spectrum measured at 21.22 eV is shown and the main
fragments are indicated. In the 2D coincidence map many ‘traces’ provide evidence of delayed fragmentation processes. These have been simulated by a
custom made Igor Pro* procedure in order to provide unambiguous assignment of the Pign — Dion + Nirag reaction paths, see text and Section S1in the
ESI.+ The results of these simulations are superimposed in red and labeled by capital letters assigned in the legend.

the ion) and second (TOF,, that can be either an uncorrelated
ion or a correlated Ng,,) particle. Therefore, in addition to the
vertical and horizontal lines due to uncorrelated events, a large
number of ‘traces’ is observed. According to the qualitative
discussion above, these ‘traces’ connect the correlated arrival
times of Dj,, and N, due to the delayed fragmentation events.
As a general feature, they originate at the coordinate (TOF; =
TOF,) of Pj,, — which corresponds to ‘delayed fragmentation’
events happening in the drift tube of the time of flight spectro-
meter — and converge, asymptotically, to the TOF; of Dj,,.
Moving away from the origin, the intensity of the ‘traces’
becomes fainter, because these events correspond to ‘early
fragmentations’. In these events the Ny, is very slow and
therefore less effectively detected. In order to assign the dis-
sociation channels we performed a simulation using a custom
made procedure in Igor Pro*' software, see Section S1 in the
ESIT for the details. The results of these simulations are
reported together with the experimental data in Fig. 3. The

5858 | Phys. Chem. Chem. Phys., 2022, 24, 5855-5867

fragmentation paths responsible of the ‘traces’ are indicated by
the notation P;,, — Dion. The experimental data in Fig. 3 are the
sum of different acquisitions performed at photon energies
21.22, 16.85 and 11.62 eV to improve the statistics. The experi-
mental data acquired at each photon energy are reported in
Section S1 in the ESL.{

2.2 Computational details

Quantum chemistry calculations were performed for the simulation
of both the photoemission of electrons and the production of
different charged fragments after ionisation. First, photoelectron
spectra were estimated calculating ionisation potentials using the
electron propagation theory (EPT) of correlated electron,* in
particular using the quasiparticle methods OVGF** and P3+.*>%
These methods provide a significant improvement over the results
obtained with the Koopman’s theorem. In both cases, OVGF and
P3+, the simulations are based upon the diagonal matrix elements
in the canonical HF orbital basis of the self-energy operator in

This journal is © the Owner Societies 2022
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electron propagator theory.”” The atomic basis set used in these
simulations is 6-311G(d,p).*®

Ab initio Molecular Dynamics (AIMD) simulations and
potential energy surface calculations were performed using
density functional theory (DFT), in order to obtain dynamical
and energetic information on the fragmentation after ionisation.
For the AIMD trajectories we used the Atom-centered Density
Matrix Propagation formalism (ADMP),**" an extended Lagrangian
molecular dynamics method that propagates simultaneously the
nuclei and the electronic density, and employs atom-centered
Gaussian basis functions. The ADMP simulations were per-
formed using a time step of A¢ = 0.1 fs and a fictitious electron
mass of p = 0.1 amu, thus ensuring adiabaticity. One hundred
trajectories propagated up to 500 fs were calculated for the
most stable conformer of the singly-charged cycle-Alanine-
Alanine taking into consideration two different internal energies,
10 and 15 eV, using the B3LYP functional®®™* in combination
with the 6-31++G(d,p) basis set.****> The AIMD calculations were
done using the optimized geometry of the neutral molecule and
considering a Franck-Condon transition in the ionisation. In each
trajectory, we randomly distributed the internal energy over the
nuclear degrees of freedom of the cationic molecule and we
propagated the dynamics in its electronic ground state. With this
approximation we are thus assuming that the electronic excitation
in the ionisation is rapidly transferred to the nuclei. In spite of the
state-selected kind of ionisation in the experiment, the main
patterns of the fragmentation are correctly described with this
approximation®®. We analyzed the channels that have been
populated in the ADMP simulations: in the last step of each
trajectory we considered two fragments separated if the smallest
distance between all their atoms exceeded 3 A. After identification
of each fragment, we performed a Mulliken population analysis in
the atoms and we thus obtain the total charge in each fragment.
The AIMD simulations only explore the first few hundred femto-
seconds after ionisation, nevertheless, several processes, relevant
to the dissociation of the molecule, could take place in longer
timescales. Therefore, we complemented the ADMP molecular
dynamics with Potential Energy Surface calculations at the B3LYP/
6-311++G(d,p) level of theory. The combination of AIMD with
potential energy surface exploration has been used with success
in the past to study the fragmentation dynamics of ionized
molecules and clusters of different nature.’*** EPT, ADMP and
DFT calculations were performed by using the Gaussian16
program®. The strength of the bonds were characterized with
the Quantum Theory of Atoms in Molecules (QTAIM),*” using the
AIMAIl code.®® QTAIM is a Quantum Chemical Topology (QCT)
method used to analyze different descriptors of Bond Critical
Points (BCP) to assess the nature of the chemical bond.®”

3 Results and discussion

The PE spectrum of cAA over the binding energy region 8-24 eV
measured at 60 eV photon energy is shown in Fig. 1, where it is
compared to the theoretical predictions of the OVGF and P3+
models for the orbital ionisation energies shown in the figure

This journal is © the Owner Societies 2022
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as vertical bars. The spectroscopic pole strength of these
orbitals are always larger than 0.85, which indicates that a
single-particle approximation in this region is appropriate. The
spectrum presents a distinct structure, with many similarities
to the spectra of other similar cyclo dipeptides, and is char-
acterized by a few partially resolved bands in the range 9-11 eV
followed, after a gap of about 1 eV, by several broader bands at
BE > 12 eV.

The DKP ring structure of the lower, almost energetically
degenerate, conformers of cAA has a boat shape, like in other
symmetric cyclo dipeptides,'””'® see Fig. S3 in the ESLf The
geometry of the different conformers, as observed in several
amino acids”® as well as in aromatic cyclo dipeptides®® results
in different electronic density of states. However, the predicted
differences in the energies of electronic levels become negligible
when convoluted to the experimental resolution, indicating a scarse
sensitivity of the PE spectroscopy to molecular conformation. We
therefore compare the experimental spectrum with the calculation
of the electronic structure of the lowest energy conformer.

The OVGF model has been successfully used in the past to
predict IE and electron spectra of biomolecules, which well
match the experiments once a shift of a few hundreds of meV is
applied"’. In the present case overall both the OVGF and P3+
models provide a good representation of the PE spectrum and
catch the main features in the region up to about 18 eV with no
shift. There are small differences in the position of the bands
between the two models, with the OVGF predicting the IE about
0.3 eV lower than the experimental results and overestimating
the separation of the states contributing to the first bands. In the
inner valence region, BE > 18 eV, both models overestimate the
ionisation energy of the main bands, due to the increasing
contribution of two-electron processes in this binding energy
region, as witnessed by the calculated vertical double ionisation
potential at 20.09 eV.

The BE region <11 eV in cAA contains four molecular
orbitals organized in two distinct bands. In the most simple
cyclo dipeptide c¢GG these orbitals are dominated by the 2p
electron lone pairs of the oxygen atoms in the C—0 moieties in
the DKP ring.'® In more complex cyclo dipeptides, like the ones
with either aromatic amino acids,®® a pyrrolidine ring fused to
the DKP ring'” or an imidazole ring'® as side chain, a larger
number of orbitals contributes in this lower BE region, partially
or completely localised on the side chain ring of the amino
acid. In the A amino acid the first contribution of orbitals
localized on the methyl group appear well above 13 eV binding
energy.’® It is therefore reasonable to observe how the outer-
most region of the PE spectrum, similarly to the ¢cGG case, is
dominated by only four orbitals related to the DKP ring. The
Hartree-Fock representation of the main molecular orbitals
(Fig. S4 in the ESIT) confirms these features. The outer orbitals
are mainly combinations of lone pair orbitals in the oxygen atom,
n orbitals in the C=O0 bonds and ¢ orbitals in the C-N bonds.

The relative stability of systems evolving from amino acids
to oligo and poly-peptides is an interesting topic. In peptides of
increasing length, a complex relation between molecular survival
and molecular size has been observed under VUV irradiation.”*

Phys. Chem. Chem. Phys., 2022, 24, 5855-5867 | 5859
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The comparison between amino acid considered as isolated
units or ‘assembled’ into dipeptides represents the simplest case.
The gap between the HOMO and LUMO orbitals is often used as
an indicator of the kinetic stability of the species with respect to
any further chemical reaction.”” In the cyclo dipeptides the
HOMO-LUMO gap has been observed to decrease as the side
group becomes larger'” thus, for instance, it decreases of about
0.61 eV going from cGG to cPhePhe. In the present calculations we
found that, despite the side group of cAA, the methyl moiety, is
larger than the single H atom in ¢GG, the HOMO-LUMO gap of
cAA is 0.14 eV larger than the one of cGG, indicating a slightly
higher kinetic stability and lower chemical reactivity of cAA with
respect to cGG.

A comparison of the ionisation energies of the cyclic
dipeptides measured up to now and of their constituent amino
acids is shown in Table 4. It can be observed that they follow
the same trend, indicating the role of the side chain of the
amino acid building the cyclo peptide in determining its
physico-chemical properties. In the case of the series of cyclic
dipeptides cGPhe, cTrpTyr and cTrpTrp®® it has been observed
that even though orbitals localized on the aromatic side chain
largely contribute to the frontier orbitals of the dipeptide, the
ionisation energy of the dipeptide is not smaller than the one of
the constituent amino acids as expected for the case of a
molecule of increased size. This observation has been
interpreted®® as a signature of a stability effect induced by the
structure of the DKP on the orbitals of the aromatic ring of the
side chain. The data collected in Table 1, where dipeptides with
different side chains are considered, appears to be consistent
with this observation, although they do not allow a general
statement. For example, the cAA dipeptide has the same
ionisation energy of the A amino acid within the experimental
uncertainty.

In the BE range 8-24 eV we performed PEPICO measurements
to investigate the cAA state-selected photofragmentation, see Fig. 2
where the yield of the main fragments is reported vs binding

Table1 The experimental ionisation energies (IE) of several cyclo dipeptides
and of their constituent amino acids are reported. Unless stated otherwise,
these are all vertical ionisation energies

Cyclo-dipeptide IE (eV) Amino acid IE (eV)
¢GG* 9.91 + 0.01 G* 10.0 + 0.1
cGA® 9.62 + 0.01 leid 10.0 + 0.1
A" 9.74
CAA® 9.53 4 0.05 A" 9.74
¢GPhe? 9.54 + 0.02 Phe/ 9.5 + 0.1
G# 10.0 + 0.1
CcHistG® 9.41 + 0.02 His® 8.2 4+ 0.1
leid 10.0 + 0.1
cPhePhe’ 8.93 + 0.02 Phe’ 9.5 4+ 0.1
¢TrpPro° 8.28 + 0.04 Trp/ 7.8 +£0.1
Prof 8.9 4+ 0.1
cTrpTyr? 8.18 + 0.04 Trp/ 7.8+ 0.1
Tyr 8.5 4+ 0.1
cTrpTrp? 7.97 £ 0.04 Trp’ 7.8 £ 0.1

¢ Present authors, private communications from unpublished data.
b present work, determined by fitting. © Ref. 18. ¢ Ref. 68. ¢ Ref. 69,
adiabatic value./ Ref. 8. £ Ref. 9. " Estimated from Fig. 3 in ref. 70.
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energy. These spectra display features quite commonly observed
in small polyatomic molecules,'***”*”* where increasingly smaller
fragments represent the fragmentation products at higher
excitation energy, Eex. = BE — IP. In cAA the molecular ion at
m/z 142 (or 142") is measured as an intact unit exclusively in the
region of the HOMO orbital, rapidly becoming unstable already
from the region of the HOMO—1 state onwards, where it is
fragmented into either 114" or 99°, assigned respectively to the
CO and HNCO loss channels (see Table 2). These two channels,
even though opening at similar energies, present very different
branching ratios, clearly favouring the HNCO-loss over the
CO-loss. These three species, molecular ion and its daughter
ions 114" and 99°, are the only ones observed in the BE region
<11 eV.

In the region of BE > 12 eV, a larger number of smaller
fragments, ie. 71", 56", 44'-42" and 28" to cite the most
relevant, can be released, with different branching ratios and
a less defined state selectivity, particularly for the smaller
fragments at m/z < 44.

While the pathways of formation and the reactivity of
fragment 71" have been already presented in a previous
publication,” in the following we will discuss the general
picture on cAA" molecular fragmentation. To this purpose, we
have performed ab initio molecular dynamics (MD) simulations
at two internal excitation energies, namely 10 and 15 eV.
Statistics on the populated channels during the first 500 fs
after ionisation are given in Table 2. With low excitation energy,
Eexe = 10 €V, 86% of the trajectories are ‘non-reactive’; i.e. they
do not produce any fragment, although the initial cAA" could
undergo isomerization. This percentage is reduced to 48%
when E.. = 15 eV. Most of the fragmentation observed in the
MD simulations corresponds to the release of HNCO and/or CO
moieties. Exceptions in the reactive trajectories, meaning those
trajectories involving the formation of new molecules and thus
showing cleavage of one or several chemical bonds, are those

Table 2 Statistics of the ADMP molecular dynamics simulations for cAA*:
percentage of all channels for both internal energies. The mass over
charge ratio (m/z) of the charged fragments in each channel is also given

(cAA)

Channel m/z 10 eV % 15 eV %
H;0CeN,O," 142 86.0 48.0
CH;CHCONHCHCH;'/HNCO 99 5.0 17.0
CH;CHCO'/CH;CHNH/HNCO 56 1.0 7.0
CH,CHCO/CH;CHNH /HNCO 43 0.0 2.0
CH,;CHNH/CH;CHNH/2CO 43 1.0 5.0
CH;CHNHCOCH(CH;)NH'/CO 114 0.0 3.0
CH;CHNHCO'/CH;CHNH/CO 71 0.0 4.0
CH;CHNHCOCHNH/CH;, 127 5.0 6.0
COCH(CH;3)CHNHCO'/CH;CHNH 99 2.0 0.0
COCH(CH;)CHNHCOCH(CH,)NH/H 141 0.0 1.0
CH;CHNHCOH'/CH;CHN/CO 72 0.0 1.0
CH;CHCONHCHCH,'/HNCO/H 98 0.0 1.0
CH,CHNHCOCHNH '/CH,/CO 99 0.0 1.0
NH,CHCH;'/CH;CHNCO/CO 44 0.0 1.0
NHCHCO'/CH,;CHNH/CH,/CO 56 0.0 1.0
CONHCH(CH;)CO'/CH;CHN/H 99 0.0 1.0
CHNH'/CH;CHNH/CH,/2CO 28 0.0 1.0
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Fig. 4 Statistics of bond breaking in the molecular dynamics simulations that lead to HNCO and CO losses, with two different internal excitation energy
values (Ecxc = 10 and 15 eV). Histograms summing up those trajectories that present bond breaking within time intervals of 50 fs. We consider that a bond
is broken when it reaches a distance of 3 A for the first time in the trajectory. For HNCO production two bond breaks are shown (when the second is
broken HNCO is released). For CO production, four bonds are given: the first two correspond to the release of one CO molecule and the third and fourth

to the second CO molecule loss.

showing production of CH; or H, although with extremely low
rates. Fig. 4 presents a temporal analysis of the bond cleavage
in those trajectories that lead to HNCO and CO fragments. Both
cases exhibit broad distributions. At E.,. = 15 €V, the first bond
break, which corresponds to ring opening, occurs mainly
within the first 100-150 fs, and the second one (thus leading
to the release of the fragment) is observed typically in the range
250-350 fs. In the case of CO loss, breaking of the third and
fourth bonds corresponds to the release of a second CO
molecule. Further analysis on the ring opening process is given
in Table 3, where we observe that the most probable process
starts with the CO-CHCHj; bond cleavage, which amounts to
almost 85% of the reactive trajectories at E.,. = 15 eV. The
results of the MD simulations are qualitatively in agreement
with the mass spectra, ie. they show all main fragments
experimentally observed. Even though the MD statistics
distribution of Table 2 cannot be directly compared to the

Table 3 Percentage of reactive trajectories (those producing two or more
fragments) that start with the breaking of different bonds

First bond breaking 10 eV % 15 eV %
CO-/-CHCH; 64.3 84.6
CH;-/-CH 35.7 13.5
CH,-/-H 0.0 1.9

This journal is © the Owner Societies 2022

experimental intensities in the PEPICO (Fig. 2) and ion-neutral
(Fig. 3) spectra, both of these measurements show how the
molecular ion follows two possible fragmentation pathways, in
each one producing a neutral moiety and a cationic fragment,
114" and 99", respectively. These fragments are observed in
Fig. 2 and the fragmentation channels are identified in Fig. 3
with the notation 142" — 114" and 142" — 99". Notice that
~95% of the fragmentation channels observed in the MD
simulations involve the direct formation of neutral CO or
HNCO as a first step. These two neutral fragments are of special
interest as they have been identified as potential prebiotic
activating agents, low-molecular weight organic compounds
that act as free energy carriers to induce biomolecular self-
organization.”>””” By ‘direct formation’ we indicate that, in the
mechanism leading to these two fragments, the first two bonds
that break lead to either the release of neutral CO or HNCO.
Furthermore, in the molecular dynamics simulations it was
observed that in 96% of the reactive trajectories, the first bond
to break was one of the C-C bonds in the ring, CO-CHCH;
bond. Fig. 5a shows an example of a typical trajectory following
this bond cleavage. Fig. 5b shows the energetic profile for
ionisation followed by ring opening through cleavage of each
of the three different bond types in the DKP ring: CO-NH,
CO-CHCH; and NH-CHCH;. The energy profile indicates a
different lability among the three bond-types in the ionized

Phys. Chem. Chem. Phys., 2022, 24, 5855-5867 | 5861


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp05811h

Open Access Article. Published on 15 February 2022. Downloaded on 11/7/2025 2:27:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

Rt ol olin vl ol es

30 fs 20 fs 30 fs 50 fs
b)
m—  CO-/-NH n
e CO-/-CHCH, S
= NH-/-CHCH, +
11.25 ¢
10.98 10.93
: +
<
9.74
T\ 942
014 9.22
——_ 8.84 +
~ . &fﬁ
_— = P
>
m/z =142
amu

Fig. 5

(a) Snapshots of an example trajectory of the ab initio Molecular Dynamics simulations showing the cAA ring opening in time. (b) Different

energetic barriers for the break up of the three different bonds in cAA. Relative energies are given in eV, referred to the neutral molecule and were
obtained at a B3LYP/6-311++G(d.p) level of theory. (c) Bader's QTAIM analysis for the neutral and singly charged cAA. The numbers correspond to the
values for the density at the bond critical points, determining the strength of the chemical bond. This analysis was performed using the QTAIM formalism

and the density obtained at the B3LYP/6-311++G(d,p) level of theory.

CAA". To assess the strength in these bonds we performed a
Bader analysis for both neutral and singly-ionized cAA using
the QTAIM formalism.”® Fig. 5¢ shows how, before ionisation,
the strength of each bond type is very similar and equal
between the same bond type, as indicated by the value of their
density at the bond critical point. Nevertheless, after ionisation,
the charge acts by widening the gap between the strength of the
three different bonds and also between the same bonds type,
identifying again the CO—CHCH; bond as the most reactive.
Notice that cleavage of this bond corresponds to the lowest
energy barrier and is the most populated one in the molecular
dynamics (see statistics of first bond breaking in Table 3).
After cleavage of the CO—CHCH; bond, the direct formation
of HNCO and CO allows us to explain the most relevant peaks
highlighted in the PEPICO experiments and observed in the
ion-neutral coincidence map, ie. 114" and 99, as directly
correlating to the parent molecular ion. The corresponding
mechanisms are shown in Fig. 6 and 7. In the former, we
appreciate that release of HNCO implies a barrier located at
9.65 eV with respect to the neutral cAA. The fragment produced,
99", can further evolve leading to CHZCH,CHO' (58"). This

5862 | Phys. Chem. Chem. Phys., 2022, 24, 5855-5867

fragmentation channel, labelled 99" — 58", is a complex mecha-
nism that involves several hydrogen transfers and the break-up of
the peptide NH-CO bond. The complete path, including minima
and transition states in this process, is detailed in Fig. S5 in the
ESL{ Mechanisms involving multiple hydrogen transfers have
been previously proposed to explain the fragmentation dynamics
in other ionized molecules in the gas phase.®®®> In Fig. 6 we also
observe the formation of CO through a barrier at 10.18 eV leading
to fragment 114". This can further evolve to produce CH;CHNH,"
(44") and CH;CHNH" (43"). Notice that in the pathway towards
production of CH;CHNH," the highest barrier is the one at
10.18 eV with respect to neutral cAA, and the exit channel is at
9.41 eV (almost degenerated with the ionisation at 9.14 eV); this
implies an energetically quite accessible mechanism and is the
reason behind the dominance of the peak at m/z 44 in the mass
spectra (Fig. 2); in the PEPICO this fragment peak appears at
relatively low energy (~11 eV) and is dominant in a wide energy
range. In contrast, fragment 43" presents very low intensity and
appears at BE larger than 12 eV. This can be explained again
with simple energetic arguments, as the mechanism leading to
fragment CH;CHNH" in Fig. 6 involves high-energy barriers.

This journal is © the Owner Societies 2022
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Fig. 6 Two different paths after the most probable ring opening CO—/—CHCH3 (see Fig. 5a). The green paths follows the direct formation of CO and its
evolution while the lower blue path follows the evolution after the release of HNCO. Relative energies are given in eV, referred to the neutral molecule
and were obtained at a B3LYP/6-311++G(d,p) level of theory. The blue path leading to fragment 587, indicated with a *, is presented and further discussed
in Section S4 in the ESI.{

m/z =44 amu

¢ m/z =99 amu
d 5-methyl-4-imidazolidinone

m/z=114 amu
2,5-dimethyl-4-imidazolidinone

Fig. 7 Further evolution of the Potential Energy Surface starting from fragments 44* and 114*, both observed after the fragmentation of cAA* (see Fig. 5
and 6). Relative energies are given in eV, referred to the neutral molecule and were obtained at a B3LYP/6-311++G(d,p) level of theory.
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Fragment 114" can also rearrange to form a 4-
imidazolidinone(2,5-dimethyl-4-imidazolidinone®), a type of
organic molecule recently proposed as relevant intermediates in
peptide macrocyclization.*® This path also implies a relatively low
energy barrier (10.24 eV with respect to neutral cAA) and the
product (at 9.20 eV) is also almost degenerated with the ionized
CAA (9.14 eV). However, despite its energetic accessibility, fragment
114" presents very weak intensity in the recorded PEPICO spectra
(Fig. 2). The difference in intensity between 44" (NH,CHCH;") and
114" (2,5-dimethyl-4-imidazolidinone’) can be understood by ana-
lyzing the fragmentation of these species, given in Fig. 7. Formation
of fragment 42" (NH,CHCH;') arises from the direct release of
neutral H, from NH,CHCH,' through a quite high energy barrier of
more than 4 eV, located at 13.46 eV with respect to neutral cAA,
thus explaining its appearance over 14 eV in the PEPICO spectra
(Fig. 2) and why peak at m/z 44 is quite intense. The degradation
channel of 2,5-dimethyl-4-imidazolidinone’, on the other hand,
leads to the sequential appearance of several molecular moieties: 5-
methyl-4-imidazolidinone’ (99"), NHCHNHCHCH;' (71'), CH;
CHNH,' (44"), and NH," (18"). In this path, it is necessary to
overcome a low barrier for the production of fragment 99', which
explains why fragment 114" appears to be particularly fragile, and,
as a consequence, of very low intensity in the mass spectra.

The sequential fragmentation pathways presented in Fig. 5-7
provide insight into the experimental ion-neutral map in Fig. 3,
where each path has its corresponding mechanism in the
potential energy surface. In particular, further that the channels
mjz 142" — 114" and/or 99", we clearly identified the evolution of
m/z 114" — 99 99" — 71", 58" and 44", as well as
the fragmentation of these smaller ions, 71" — 56" and 44";
56" — 28'; 44" — 18", Even though the present ion-neutral
coincidence measurements cannot validate the entire sequential
evolution as illustrated in the potential energy surfaces (as for
example in m/z 142" — 114" - 99" - 71" — 44" — 18") each
individual step is present in the coincidence map in Fig. 3.
We note however that while the model assumes a statistical
distribution of the energy in the ionic ground state, the measure-
ments were performed at several photon energies above the
molecular ionisation threshold. Thus effects due to the for-
mation of excited electronic states of the ion and, in the valence
region, also the resonant excitation of autoionizing neutral states
embedded in the continuum can contribute to the measured
fragmentation patterns. To evaluate the importance of those
processes, the photon energy dependence of the fragmentation
patterns and corresponding decay rate would need to be
explored, which is beyond the scope of the present study.

4 Conclusions

An extensive investigation of the photoionisation and photo-
fragmentation of cAA in the VUV photon energy range has been
performed by PE spectroscopy, PEPICO and ion-neutral
coincidence experiments accompanied by quantum chemistry
calculation of the photoelectron spectrum, ab initio molecular
dynamics simulations and potential energy surface exploration
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of the most important fragmentation channels. The analysis of
the photoemission spectrum has outlined the relative stability
of the cAA cyclo dipeptide with respect to the constituent A
amino acid as well as with respect to other cyclo dipeptides, in
general revealing a complex interplay between the molecular
orbitals of the DKP ring and of the side chain of the constituent
amino acid in determining the frontier orbitals of the dipep-
tide. In the case of cAA the molecular orbitals of the DKP ring
dominate the frontier orbitals. The PEPICO experiments have
shown that already in the lower energy molecular bands (BE <
11 eV) the parent ion dissociates into fragment 114" and 99", as
also observed in the ion-neutral coincidence measurements,
with a clear dominance of fragment 99" over 114", Consistently,
the molecular dynamics simulations have shown a large variety
of sequential fragmentation mechanisms, initiated by the ring
opening through the CO-CHCHj; bond cleavage followed by the
release of neutral CO or HNCO fragments. The analysis of the
molecular bond strength of neutral and singly-ionized cAA has
allowed to identify how, after ionisation, the CO-CHCH; bond
becomes indeed the most reactive one. The exploration of the
potential energy surface for the production and evolution of
these two fragments has shown how a nearly barrierless process
leads to the fragmentation of 114", contrary to fragment 99"
whose fragmentation requires overtaking a much higher energy
barrier, thus explaining the low intensity of 114" with respect to
99" in the mass spectra.

In the region BE > 12 eV several smaller fragments are
observed. The observation of smaller fragments over a broad
range of BEs is most likely due to the existence of different
fragmentation patterns leading to the same fragments.
Nevertheless, all fragments in the PEPICO spectrum have been
assigned and sequential paths of fragmentation have been
proposed. Most of these paths have been observed also in
ion-neutral coincidence measurements that correlate the for-
mation of a daughter ion to a specific parent ion in a delayed
fragmentation process, providing an excellent support to the
theoretical calculation, which in turn allows interpreting the
coincidence map.

The release of neutral carbon monoxide (CO) and isocyanic
acid (HNCO),”® have been also observed in the fragmentation of
urea,’®® uracil,**®! thymine®® and larger samples like
flavins.®® Together with the theoretically predicted rearrange-
ment of the molecular ion into a 4-imidazolidinone structure,*”
these represent particularly relevant channels: in addition to the
already discussed path leading to the release of charged frag-
ments in the so-called ‘amino acid-like’ structure, [A-H-OH]',
with a peculiar predicted reactivity,'® these neutral and charged
fragments are crucial in astrochemistry, confirming how cyclo
dipeptides may have played a role as prebiotic molecules.
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