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The fragmentation dynamics of the gas-phase, doubly charged camphor molecule, formed by Auger
decay following carbon 1s ionisation, using soft X-ray synchrotron radiation, is presented in this
work. The technique of velocity map imaging combined with a photoelectron—photoion—photoion coin-
cidence (VMI-PEPIPICO) is used for both electron energy and ion momentum (in-sequence)
measurements. The experimental study is complemented by molecular dynamics simulation, performed
with an NVT (moles, volume, and temperature) ensemble. Velocity Verlet algorithms were used for time
integration at various internal energies. These simulations validate observed dissociation pathways. From
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these, we successfully deduce that the internal energy of the doubly charged molecular ion has a
significant contribution to the fragmentation mechanism. Notably, a prominent signature of the internal
energy was observed in the experimentally determined energies of the neutral fragment in these
deferred charge separation pathways, entailing a more detailed theoretical study to uncover the exact
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1 Introduction

The response of a molecule to the excitation of an inner shell
electron is pivotal for understanding its interaction with X-ray
radiation. Investigating such interactions has profound impli-
cations in obtaining insights into processes such as radiation
damage in biology and the stability of molecular aggregates like
ices in interstellar medium."” When a core-level electron in a
molecule is excited, a valence electron fills the core hole
resulting in either photoemission or the removal of one or
more partner electrons from the system leading to an Auger
decay. Auger processes are the dominant multiple ionisation
channels in light atoms, even when they are a part of larger
aggregates, like molecules.” Multiple electron emission by
processes like Auger cascades or double/triple Auger decay®
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can occur, leaving the parent molecule in a higher charged
state, with a substantial amount of internal energy. Such a
multiply charged system eventually breaks up into smaller ionic
and neutral fragments. The dissociation process depends
significantly on the internal energy®® and its redistribution
among the various degrees of freedom of the molecule."®""
Furthermore, fragmentation is often accompanied by a redis-
tribution of charge density, and rearrangement of the atomic
constituents of the molecular system.'>'? These complex
dynamics may proceed through more than one fragmentation
channel,">'* especially in large molecules."®

Consequently, experimental approaches based on detecting
no more than one ion in coincidence with the ejected electrons
are inadequate to capture the essentials and the rich physics
associated with such inner-shell excited multi-electron pro-
cesses. In addition to scalar energy measurements, measuring
vectorial three-dimensional momenta of fragment ions and
their angular separations reveals the details of the processes
involved in the fragmentation channel, as noted previously.'* "
Momentum imaging and multiple ion coincidence detection
techniques have revealed important aspects of these processes,
such as the observation of a Renner-Teller state and multiple
fragmentations in CO,,">* inner-shell ionisation and fragmenta-
tion in intense X-ray pulses in methylselenol and ethylselenol,'*'®
details of fragmentation due to multiple charging of N,O by
ion-impact collisions®* and dissociation of multiply charged,
inner-shell photoionised ICN.??
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In the structure of sufficiently large molecules, chirality is an
additional feature in isomers, identical in all other respects
except being mirror images of each other. Camphor, a natu-
rally occurring molecule, has long served as the prototype to
investigate photoexcitation®® and dichroism in such systems.
Dichroism in photoelectron emission from valence and core
shells has been benchmarked using both photons from
synchrotrons®>*° as well as femtosecond laser pulses.*'™*
The origin of asymmetry is also well-explained in theoretical
studies.***® Moreover, dichroism is observed in the photoion
emission of other chiral and achiral molecule.’*™*' Though
the first study** on the fragmentation of camphor following
photoexcitation at the carbon K-edge was using the electron—
ion-ion coincidence technique,**™*° some questions, such as
how does a dicationic molecule dissociate in kinematically
complete scheme? were left unanswered, and hence motivating
this study.

In this investigation, we employed a photoelectron-photo-
ion-photoion coincidence (PEPIPICO) spectrometer consisting
of a velocity map imaging”® (VMI) and a Time-of-Flight (ToF)
setup placed opposite to each other, a VMI-PEPIPICO setup. We
investigated the ionisation and fragmentation dynamics of
camphor (C;oH;60) following carbon K-shell photoexcitation
using both experimental and computational methods. In the
experiment, photons with energies across the C 1s ionisation
energy range of the camphor molecule were employed for both
excitation and ionisation. Two sets of experiments were per-
formed in succession; first, we recorded the photoelectron
energy spectra on the VMI correlated with the ions on the
ToF part and, second, only the start signal was taken from the
electrons on the ToF part while 3-D momenta of the ions were
measured on the VML

Furthermore, with the aid of ionic fragments’ 3-D momenta,
correlated to the islands where the missing neutral fragment
has mass of 28 amu (corresponding to the mass of CO), angular
distribution between the fragments and their energy distri-
bution were determined. To comprehend the dissociation
dynamics resulting in these islands, molecular dynamics
(MD) simulations were performed with a doubly charged
camphor molecule deposited with various internal energies,
in the GAMESS suite of programs.”” A few experimentally
observed islands were associated with the dissociation chan-
nels obtained from the simulations. A good match between
the computed and experimentally measured results for angu-
lar distributions between the ionic fragments were observed.
In addition, unique signatures of the internal energy depos-
ited into the molecular ion were observed in the experimen-
tally determined kinetic energies of the neutral fragment (CO),
emitted in the first step of the two step (deferred charge
separation) fragmentation pathways. This necessitates a more
detailed theoretical study to have an extensive understanding
of the complex processes that occur during the dissociation.
This study, thus, serves as a forerunner to subsequent explora-
tions of the dynamics triggered by the inner-shell photo-
ionisation of this benchmark chiral molecule and other large
systems.
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2 Methods

2.1 Experimental setup

Our investigations were carried out at the Circular Polarisation
(CiPo) beamline*® of the Elettra Synchrotron Trieste, Italy.
This beamline operates in the photon energy range between
5-1200 eV with two monochromators for different photon
energy ranges. Our experiments employed the Spherical
Grating Monochromator G3 (range 120-400 eV), capable of an
effective resolving power of ~4 x 10° for photon energies in
the range 280-305 eV relevant to this study.® Photon energy in
this region was calibrated using the well-known energy of the
C 1s — m* excitation of CO,.”°

The details of the experimental setup, shown in Fig. 1, have
been presented earlier.>’ > Briefly, the experimental setup
consists of two sections: the first is the source chamber where
camphor vapour was effused via a dosing valve with a chamber
pressure maintained at ~10~* mbar. (15)-(-)-Camphor (purity
> 95%) from Sigma-Aldrich was used without further purifica-
tion. Camphor molecules (effusive) then enter a differentially
pumped second chamber, which we call the interaction
chamber, through a skimmer. The pressure in this chamber
was maintained at ~10~® mbar. This chamber houses the
spectrometer consisting of a VMI setup and a ToF setup placed
opposite to each other, working in tandem. Molecules interact
with the focused beam of soft X-ray radiation from the

Interaction Chamber
~108 mbar

MCP & Delay line anode

Source Chamber
~10*mbar

VMI Spectrometer

TOF Spectrometer

Effusive
Vapour Inlet
MCP

Fig. 1 Schematic of the experimental arrangement: Camphor vapour in
the source chamber is leaked using a dosing value. The heart of this setup
is the interaction chamber into which the target molecules are effused
through a skimmer. The spectrometer consists of a velocity-map-imaging
(VMI) part, the top half, and a time-of-flight (ToF) section in the bottom.
Electrons/ions are imaged on the VMI, aided with a delay-line anode
behind a pair of microchannel plates. In the time-of-flight part at the
bottom, ion/electrons are detected. Photoions guided by electrodes are
detected at the corresponding ion end using suitable multi-coincidence
electronics, enabling electron—ion (single), electron-ion—ion (double)
coincidences.
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synchrotron at the geometric centre of the chamber, while the
plane of linear polarization of the photon beam was perpendi-
cular to the spectrometer axis. As the VMI and ToF spectro-
meters were operated synchronously, electron-ion coincidence
and electron-multi-ion coincidence measurements could be
done. For the current investigation, the ‘“‘start” signal was
derived from an electron detection on the VMI/ToF spectro-
meter, and multiple ion coincidences were recorded on the
ToF/VMI spectrometer for electron-VMI (e-VMI) and ion-VMI
mode, respectively. This enables us to compute the photoelec-
tron energy spectra, from the set of events (in e-VMI mode) and
the complete momenta of the photoions detected from each
event in the ion-VMI mode.

2.2 Analysis methods

The kinetic energy distribution of the photoelectrons, detected
in e-VMI mode, are evaluated using Abel inversion by employ-
ing the well-established protocol of the MEVELER®* program.
The kinetic energies of the detected electrons are calibrated by
referencing to atomic He photo-ionisation, as described
earlier.®® The average energy resolution (AE/E) of the VMI is
~7%. The electron energy spectra correlated to a specific ionic
fragment detected at the ToF detector can also be measured in
this setup.

To compute the complete 3-D momentum (p,, py, p;) of the
ionic fragments detected, in ion-VMI mode, the two position
coordinates (X and Y) and the ToF (7) of the fragments from
each ionisation event were recorded. Ion hits on the delay-line
detector in the VMI spectrometer were referenced to the arrival
time of the electron at the detector in the ToF spectrometer,
and arrival time differences were used to determine the three
momentum components. These components were computed as
follows:>>°

mX

Py = T

_my

b=
p. = —CqEAT

where, m and g are the mass and charge of the fragment ion,
respectively, E; is the electric field in the extraction region. AT
represents the relative difference in the ToF between an ionic
fragment with a given m/q (say, CH;") and non-zero momentum
along the ToF axis, and a corresponding ion from the same
family with zero initial momentum along the ToF axis. Para-
meters f and C are correction factors associated with the
lensing action of the non-uniform field, which impacts flight-
paths and -times of fragments. To estimate fand C, the ion ToF
was simulated using SIMION 8.0 (Scientific Instrument Services,
Inc., USA) as discussed in detail by Gopal et al.>® Determining
fragment momenta goes a step further in allowing us to take
advantage of momentum conservation in this kinematically
complete scheme to determine the momentum of a residual
neutral fragment pPpeurral as follows: for n fragments generated in
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an event, the linear momentum of a neutral fragment which
remains undetected in the charged-particle detection scheme can
be written as,

Z’neutral = _(131 +Z)2 +.- +ﬁn—1)

where components 1 through (n — 1) belong to ions. The angle
between two ionic fragments can thus be measured from their
momenta as,

0 = cos™! {ﬁl .ﬁz}
pip2

The kinetic energy, KE, of each fragment from every event
can be computed from individual ion momenta as,

2
P
KE =—
2m
Fragment kinetic energy distributions can thus be determined
from the event by event data collected during the span of an

experimental run. For the particular case of single coincidence

Energy spectra computed by MEVELER

Energy spectra computed from 3-D momentum

Counts (Arb. units)

0 1 2 3 4 5 6 7 8 9 10 11 12
Energy (eV)

Fig. 2 CHs" kinetic energy spectra observed post ionisation and frag-
mentation of camphor by photon of energy 292.4 eV, obtained by two
different methods for single coincidence events. The upper panel shows
the VMI (left side of inset) of the CHz* fragment recorded on the position-
sensitive detector and the MEVELER analysed image (right side of inset)
and the corresponding kinetic energy distribution. The lower panel shows
the CHs™* fragment kinetic energy distribution derived from the computed
3-D momentum. The black curves represent the three fitted peaks
centered at 0.7 eV, 2.5 eV and 5.5 eV, while the red ones represent the
cumulative fits. The spectra obtained by both the methods agree to
sufficiently good extent.
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events (which also includes contribution from missed doubly
and triply charged states), the VMI scheme provides an inter-
nally consistent means to cross-check our momentum analysis
procedure. Fig. 2 shows the obtained energy distribution for the
CH;" fragment from measured momenta of single coincidence
events in the lower panel. This is in good agreement with
the upper panel where corresponding energy distribution is
obtained from VMI images using Abel inversion employing
MEVELER, which is not a momentum analysis technique but
relies only on the relative position of the arrival of the ionic
fragment on the position-sensitive detector of the VMI, refer-
enced to the spectrometer axis. This validates the analytic
approach, which we proceed to apply also for the cases of
double-coincidences of photoions from a single event. The total
kinetic energy release (KER) in each event can be evaluated by
summing up the kinetic energies of all the fragments generated
in that event as,

KER = Z KE;

i=1n

The distribution of the KER can then be plotted for a particular
break-up reaction. This provides insights into probable states
accessed by the ionised molecule before breaking into ionic
and neutral fragments.

2.3 Computational methods

To elucidate the fragmentation routes of the dicationic cam-
phor molecule, we performed molecular dynamics simulation
on the molecular ion using the quantum chemistry package
GAMESS.”” In general, in molecular dynamics simulation the
molecular system with a specific internal energy is allowed to
evolve for a long time for equilibration, and the randomised
structure and the velocity distribution of the molecular fragments
are estimated as a function of time. In this specific case, we have
started from the dicationic state of the (15)-(—)-Camphor with the
optimised geometry of the neutral (1S)-(—)-Camphor under the
equilibrium. The geometry optimisation has been performed by a
DFT calculation of the B3LYP type exchange-correlation func-
tional using the 6311-G basis set. The convergence threshold of
the density matrix is kept at 10~ ° during the optimisation.
We matched it with the known geometry of the neutral (15)-
(=)-Camphor from earlier studies®*””*® to validate our geometry
optimisation. Usually, the MD simulation is performed with an
NVT (moles, volume, and temperature) ensemble and the velocity
Verlet algorithm is used for time integration. In this study, the
simulation is performed at a time-step of 0.5 fs, and it is
continued up to 2000 fs. The internal energy of system was varied
over a wide range, as a function of bath temperature (which
corresponds to the internal energy deposited in the doubly
charged molecular ion), from 500 K to 5000 K in steps of
500 K. A similar approach has been previously used for
thiophene,” and cysteine and serine.® For the temperatures below
2500 K, no fragmentation is observed for the dicationic (1S)-
(—)-Camphor up to 2000 fs. However, for temperatures above
this, the molecular ion starts fragmenting into various channels,
with dependence on the temperature and a few experimentally
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observed dissociation channels can be accounted for. For
temperatures beyond 5000 K, we have observed extensive frag-
mentation and several neutral and charged fragments are cre-
ated, which cannot be identified in our experimental data.

3 Results

3.1 Ion yield, mass spectra and photo-electron spectra

Fig. 3 shows the total ion yield of camphor, around C 1s edge,
between photon energies, 280-305 eV, in steps of 0.2 eV with an
acquisition period of 20 s per step. This encompasses the C 1s
ionisation of camphor, at 293 eV for the carbonyl and around
290.5 eV for the rest of the skeletal C atoms.**>° In a previous
PEPIPICO fragmentation study of camphor, photon energies of
270 eV and 330 eV were used for ionisation.*” To gain a deeper
understanding of the fragmentation dynamics of the molecule,
we implemented the VMI-PEPIPICO technique at 292.4 eV
(having the highest ion yield) for ion-VMI and 304.9 eV for
electron-VMI (e-VMI) (where the VMI resolution (AE/E) is better
at around 7%, as compared to low energy electrons produced by
photons of energy 292.4 eV).

The C 1s electron ionised by 304.9 eV photon is presented in
Fig. 4a. The total electron yield in coincidence is shown by
the black curve, while the coloured dotted curves show the
electrons corresponding to a particular fragment/group of
fragments. The counts are normalised by the total counts (area
under the curve) of the PES, between the binding energies of
285 eV and 298 eV. The peak at 293 eV corresponds to carbonyl
C atoms and the prominent peak between 290 and 292 eV
corresponds to the other C atoms, as has been computed for
(1R)-(+)-Camphor by Stener et al. by ADF and B-spline LCAO
approach.’® E. E. Rennie et al. observed a sharper peak at
290.5 eV with a shoulder near 291 eV and a second peak at
293 eV, see red curve Fig. 4a.>° Although vibronic coupling
generally leads to asymmetry in the peak shape as observed in

292.4 eV 304.9 eV

lon Yield (Arb. units)

280 285 290 295 300 305
Photon Energy(eV)

Fig. 3 Total ion yield spectrum of camphor around C 1s ionisation
potential. The vertical lines represent the photon energy chosen for
VMI-PEPIPICO of camphor for ion-VMI and e-VMI at 292.4 eV and
304.9 eV respectively.
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Fig. 4 (a) Photo-electron energy spectra of camphor with a photon of energy 304.9 eV. The solid black curve corresponds to electrons in coincidence
of all ions, while the dotted curves are in coincidence of the specific ionic fragment/group of ionic fragments from ToF mass spectra. The plots were
normalised with the total number of counts between the binding energies 285 eV and 298 eV. The red curve is from a previous study by E. E. Rennie et al.
(b) ToF mass spectra in coincidence with electrons, post ionisation of camphor with a photon of energy 304.9 eV. The horizontal axis represents the mass
to charge ratio of ionic fragments and major fragments are marked. The magnified, shaded area depicts the molecular camphor ion.

the case of benzene,® with the overall resolution of our spectro-
meter (AE/E) at around 7%, that is ~1 eV at 15 eV, resolving
vibrational fine features is beyond the scope of the present
experimental data. In addition, two other parameters are to be
considered here. First, the C 1s ionisation potentials of the nine
C atoms, except the carbonyl C, in camphor has been previously
found to be very close to each other (few tenths of eV), both
theoretically®® and experimentally.’® Second, even with a much
higher experimental resolution (~90 meV) in the study by
E. E. Rennie et al,”® the peak resulting from ionisation of
the carbonyl C 1s electron has a full width at half maximum of
~300 meV, and is essentially structureless. Broadening of
photoelectron spectra normally arises due to various causes
like slit width dependent photon bandwidth*® and post colli-
sion interaction.®® However, the most dominant reason for
broadening in our experiment is the effusive nature of the
source giving rise to an elongated ionisation region along the
direction of photon propagation and hence leading to a low
energy resolution on the VMI spectrometer. In a recent study
on avebenzone," a variation in the photoelectron spectra
corresponding to the fragments/group of fragments has been

2948 | Phys. Chem. Chem. Phys., 2022, 24, 2944-2957

observed. In our study, however, a similar difference has not
been observed. Hence, establishing dependence of fragmenta-
tion on the initial site of ionisation (carbonyl C or other C
atoms) becomes untenable.

Fig. 4b shows the PEPICO mass spectra with the prominent
fragments, following ionisation with a photon energy of
304.9 eV, observed at m/q values of 15, 27, 29, 39, 41, and
groups of fragments around 53-55, 67-69, 81-83, 95, 109. We
note that the relative ratio of the lighter to heavier fragments
produced in near C 1s edge ionisation is different compared to
electron impact ionisation.*®®? This is expected for C 1s edge
photoionisation as the molecule can undergo double and triple
ionisation by highly efficient secondary mechanisms like Auger
decay,’ leading to higher fragmentation as observed previously.”
This is further confirmed by the presence of the observed fragments
in photoelectron-photoion-photoion coincidences.

3.2 PEPIPICO maps

The ToF mass spectra of camphor ionised by 292.4 eV photon,
see Fig. 5a, is comparable with the ToF mass spectra at 304.9 eV
(Fig. 4b), with major fragments having a smaller m/q value.

This journal is © the Owner Societies 2022
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Fig. 5 (a) ToF mass spectra in coincidence with electrons post ionisation of camphor with a photon of energy 292.4 eV. The horizontal axis represents
the mass to charge ratio of ionic fragments and major fragments are marked. The magnified, shaded area depicts the molecular camphor ion. (b) ToF
correlation map of the recorded PEPIPICO events is displayed by using the flight time of the faster ion along the horizontal axis and the slower ion along
the vertical axis, respectively. The orange box and red boxes represent the islands discussed in detail, having the m/q ratio of the first and the second ions
as 55 & 97 (adding to molecular mass of camphor) for the orange box and 15 & 109, 29 & 95, 42 & 82 and 55 & 69, for the red boxes, respectively.

At 292.4 eV, the dominant decay process would be different for
the carbonyl C and the rest of the C atoms. While, as this energy
is below the ionisation potential of the carbonyl C, this leads to
resonant Auger decay from highly excited states of the mole-
cule, for the rest of the C atoms normal Auger will be the
dominating process. However, as the 1s ionisation would result
in very slow electrons, their collection probability would
be more efficient than the fast resonant Augers, and hence
the ion-ion coincidence data would be dominated by the
ionisation of the rest of the C 1s electrons. Auger decay,
following the photoionisation predominantly leaves the mole-
cule doubly charged; however, triple ionisation of the molecule
is plausible via Auger cascade or double Auger decay. By using

This journal is © the Owner Societies 2022

the predictive equation of Roos et al.,** the empirical estima-
tion of the triply ionised state is between 10-16% for C 1s
ionisation from all the C atoms. With this presumption, we
assert that the triply ionised state will contribute negligibly in
the ion-ion coincidences and focus only on the doubly ionised
state by normal Auger decay. PEPIPICO map,*>*> one of the
techniques to study fragmentation dynamics, is a plot of
the ToF of the faster ion in the horizontal axis while the ToF
of the slower ion in the vertical axis, as presented in Fig. 5b.
Ionic fragments originating from the same ionisation event
appear as tilted islands, and their shape depends on the
dynamics of fragmentation post ionisation.®* The molecular
camphor dication can break up by two-body, three-body or
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many-body dissociation pathways, as the doubly charged mole-
cular camphor is highly unstable. This leads to the formation of
more stable singly charged and neutral species, and the corres-
ponding fragments share the KER in each step of fragmenta-
tion. Atomic rearrangements and elimination occur during
fragmentation® as demonstrated for camphor®*®°
large organic molecules.™

Fig. 5b is the PEPIPICO map of camphor ionised by a
292.4 eV photon. The islands formed by fragments of
lower m/q appear not to have a clear slope and are relatively
broad. This indicates that the islands are resulting from multi-
body dissociation, accompanied by the release of neutral frag-
ments, post C 1s ionisation. It can be further noted that some
islands appear to be formed by a merger of one or more islands;
this may result from different fragmentation pathways produ-
cing the same set of ionic fragments and can also have
a significant contribution from triply or multiply ionised

and other

camphor, as some of them were also observed in triple ion
coincidences.

Consequently, a few islands were chosen for further elucida-
tion. The first being the island formed by m/q of 55 & 97, which
adds to the molecular mass of camphor (see the area marked in
orange in Fig. 5b) and the second, a set of islands, formed by
masses 15 & 109, 29 & 95, 42 & 82 and 55 & 69, forming a
diagonal in the PEPIPICO map (see the area marked in red in
Fig. 5b). The masses of the detected fragments add up such for
the set of islands, that the missing fragment has an mass of
28 amu, which can reasonably be assigned to the carbonyl
group (C=O0) of camphor molecule (as this forms the strongest
the molecular bond and the emitted neutral carbon mono-
oxide fragment would be fairly stable). The PES obtained from
the e-VMI of the chosen islands, at a photon energy of 304.9 eV,
have very few counts, and this combined with instrumental
broadening leads to ill-defined PES. This complicates the
assignment of a fragmentation channel to a specific initial
ionisation site. However, an improved overall resolution and
sufficiently long acquisition period can reveal critical informa-
tion about the core level ionisation site and the associated
fragmentation channel.

4 Discussions

4.1 Two-body dissociation of doubly charged camphor
molecule

The probability of doubly charged camphor dissociating into
two fragments, post C 1s ionisation is not very high. However,
some pathways would lead to two body dissociation of the
doubly charged molecule. One such pathway was observed in
the PEPIPICO map leading to formation of charged moieties
having m/q of 55 & 97 (see Fig. 5b marked in orange). As the two
body dissociation process of a doubly charged molecule is
governed by Coulombic repulsion, the resulting fragments
would drift away from each other carrying equal and opposite
momenta. This becomes evident when the 3-momenta, p,, p,
and p,, of the slower ion are plotted against corresponding
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Fig. 6 The 3 momentum components, p, (a), p, (b), derived from the
position of the ions on the detector, and p, (c), derived from the time-of-
flight of the ions, of the slower ion (m/q = 97) plotted against corres-
ponding momentum of the faster ion (m/q = 55). The horizontal axis
corresponds to the faster ion while the vertical axis represents the slower
ion. A slope of ~—1 shows that the ions have equal and opposite
momenta. Angular distribution between the ionic fragments (d) substanti-
ates the same. The ionic fragment energy distribution and the total kinetic
energy release spectra are shown (e). The KER spectra peaks at around
3.5 eV, indicating the amount of energy deposited in the molecule.

momenta of the faster ion, as shown in Fig. 6a-c. Further, the
angular distribution between the m/q of 55 & 97, refer Fig. 6d,
shows an very narrow distribution around 180°. This, in
addition, affirms that the methodology adopted for analysis
produces rather correct results. The photo-fragment energy
spectra, Fig. 6e, shows the experimentally measured energy
distribution of the detected ions. It is observed that the lighter
ionic fragment having m/q of 55 carries more energy as com-
pared to the heavier fragment with m/q of 97, as expected.
However, as the dissociation channel of the transient molecular
ion depends on the energy states accessed during the quench-
ing of the hole formed by photoionisation, it is essential to
estimate these energy states. The Kinetic Energy Release (KER)
spectra is obtained by summing up the event by event kinetic
energies of the ionic fragments generated (m/q 55" + m/q 97%),
and plotting the hence formed distribution. Even though an
Auger electron energy discriminated experiment provides a
greater detail of the energy states accessed, KER spectra too is
associated with the energy state accessed by the precursor
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molecular ion.> Hence, the KER spectra (in coincidence with
electron) can be used to estimate the states contributing to the
dissociation precursor.®” The KER spectra in this fragmentation
channel peaks around 3.5 eV, indicating the energy state
accessed by the molecule following Auger decay.

4.2 Three-body dissociation of doubly charged camphor
molecule with neutral CO emission

A core electron ionised molecule has a very high probability of
decaying via Auger decay, quenching the core hole. As the core
hole lifetime in molecules is strongly dependent on the Auger
transition rates and is in the order of a few femtoseconds,®**°
the core hole will decay before the molecule actually breaks.
This will leave the molecule with two holes in valence orbitals
and a definite amount of internal energy.

M+ hv — M+ + eCOl'67 - M2+ + eAuger7 + ecore7

Calculations to decipher the exact dicationic states involved
in a particular dissociation pathways is extremely complicated
due to the presence of a large number of densely packed Auger
final states in a large molecule, as observed previously for
benzene.”® Moreover, we do not have selection on the energy
of Auger electron in the experiment, hence we are not restricted
to a few electronic states and configurations. Therefore, it is
essential to exploit other parameters to discern a fragmentation
channel. The internal energy deposited in the molecule, post
Auger decay, depends on the Auger decay channel, and plays a
vital role in the fragmentation pathway it follows. In a previous
study of OCS, it was observed that the fragmentation mechan-
isms showed marked differences depending on the final Auger
decay state.” In another fragmentation study of chloro- and
bromo-acetic acid post C 1s ionisation, a clear relation between
the initial ionisation site and the fragmentation pattern was
detected, resulting from the difference in internal energy
following the site-specific Auger decay.® In a recent study of
N-methyltrifluoroacetamide,® internal energy was found to be
the dominant factor for the fragmentation pattern even for a
resonant Auger decay.

With this premise, ground-state ab initio molecular
dynamics (MD) simulations for the dicationic camphor mole-
cule, with given internal energies (in the form of bath tempera-
tures) were performed using GAMESS suite, as described in
the computational methods section. These MD simulations
sufficiently unfolds the fragmentation dynamics of the islands
discussed arising from doubly charged camphor molecule,
following C 1s ionisation of camphor. The crucial factor that
affects the molecule’s fragmentation channel, as observed, is
the ‘bath temperature’. The bath temperature here corresponds
to the internal energy deposited on the doubly charged mole-
cular ion, as mentioned earlier, thence the normal Auger decay.
A similar approach has been employed for studying X-ray
induced fragmentation of Thiophene” and Serine & Cysteine.®
Among the various temperatures chosen for the MD simulations,
the dicationic molecule starts fragmenting at 2500 K leading to
fragments corresponding to the experimentally observed island
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m/q 15 (CH;") & 109 (CgH;5"), with emission of a neutral CO, mass
of 28 amu, in the initial stage. This fragmentation channel
remains unchanged for temperatures up to ~4000 K. At 4000 K,
the molecule fragments into the island corresponding to m/q of
55 (C4H,") & 69 (CsH,"), with emission of neutral CO, similar to
the first island. This channel is observed till the temperature
reaches 5000 K. A few crucial steps of the dynamics have been
shown in Fig. 7a1 and b1 (generated using wxMacMolPIt""). The
molecular ion fragments into the final daughter fragments faster
for higher internal energy, as the MD is faster for higher energy,
as previously observed.”

Taking advantage of the experimentally measured momenta
of the detected fragments and the estimated momentum of the
neutral fragment, the angular distribution could be easily
plotted for both the channels, see Fig. 7a2 and b2. To corro-
borate this with the molecular dynamics simulations, the
centre of mass (CM) of each fragment were computed from
the positions of the individual atoms contributing to that
particular fragment, as obtained from the simulation, in time
steps of 2.5 fs. Fig. 7a3 and b3 show the CMs of each of the
fragments in space coordinates (in A), and each bubble repre-
sents the CMs at a particular time with interval of 10 fs, up to
1000 fs. The straight dashed arrows are formed by connecting
the CM of the camphor molecule before fragmentation to the
CMs of the individual fragments after 1000 fs, and these depict
the relative direction of the fragments in space after 1000 fs.
Furthermore, the angles between the individual fragments were
computed from the trajectories, using the direction vectors,
aforementioned ‘straight dashed arrows’. These fragmentation
channels, CH;" + CgH;3" + CO and C,H," + CsHy" + CO, has
been discussed in detail in the following subsections.

4.2.1 Fragmentation channel 1: CH;" + CgHy3" + CO. The
dicationic molecule fragments to CH;" + CgH,5" + CO at 2500 K
in the molecular dynamics simulation, which corresponds to
the experimental island formed by m/q of 15 & 109. In the
simulations, it is observed that one of the C-C bonds that
carbonyl C forms, breaks almost immediately. Neutral CO is
then released at ~ 80 fs and the rest of the dicationic fragment
further breaks into the observed charged moieties CH;" &
CgHy;" at ~290 fs post the first fragmentation (refer Fig. 7al).
This process is accompanied by proton migration and only one
C-C bond breaks, post emission of the neutral CO to form the
observed moieties, up to 500 fs.

From the experimentally observed angular distribution, see
Fig. 7a2, neutral CO was observed to have a broad angular
distribution with both the ionic, detected fragments, while the
angle between the ionic fragments has a rather narrow dis-
tribution, having momenta in the almost opposite direction.
The Newton diagrams referenced to the neutral fragment, inset
in Fig. 7a2, reciprocate the same and gives an indication of
molecular rotation post emission of the neutral CO. In Fig. 7a3
(obtained from simulations as aforementioned), it can be
observed that the molecule has undergone rotations following
the neutral CO emission and before fragmenting further. Albeit
the fact that the computed angle neutral CO makes with the
detected fragments does not make much sense, as the molecule
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Fig. 7 The key steps during the time evolution of the camphor molecule dication as obtained from the MD simulations. (al) The emission of neutral CO,
at 2500 K, is observed to occur at 80 fs post the initialization of MD simulations and the final molecule fragments into the experimentally observed singly
charged moieties 290 fs post the neutral CO emission. (b1) Similarly, at 4000 K, neutral CO is emitted post 50 fs, and final fragmentation follows after
150 fs. Please note that the bond order appearing in the images are not accurate. The angular distributions between a pair of fragments, as evaluated from
the experimentally obtained momenta, for the dissociation channels, CHz* + CgHyz* + CO (a2) and C4H;* + CsHo™ + CO (b2). The insets in the third
panel of the respective channel present the Newton diagrams for the respective channels, as determined from the experiments. The direction of neutral
CO has been plotted in horizontal axis (olive histogram) and taken as reference, while the momentum of the two ionic fragments with respect to the
neutral are shown as 2-D histogram. The false colour intensity increases from light to dark. The centre of masses of the three fragments computed from
the MD simulations has been plotted in the three space co-ordinates, where each bubble depicts the CMs of the fragments at a particular time, having an
interval of 10 fs, for the channels CHs"™ + CgHi3* + CO (a3) and C4H,™ + CsHo™ + CO (b3). The straight dashed arrows, in (a3) and (b3), are produced by
joining the CM of the molecule at the initial time to the CMs of each of the fragments after 1000 fs, rendering the relative angle between the fragments
after 1000 fs.
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is free to rotate after the first stage of dissociation, this
adequately explains the experimental broad angular distribu-
tion of the charged moieties with the neutral CO. CH;" is the
lighter among the two final daughter fragments and shows a
higher degree of rotation. This correlates to the broader dis-
tribution with respect to CO in experiments, as compared to
CgH,;". However, the angle computed between the ionic frag-
ments, CH;" & CgH;;", from the MD simulations, was found to
be 156°, which sufficiently complements the experimentally
observed angular distribution.

4.2.2 Fragmentation channel 2: C;H," + C;H," + CO. At
4000 K, the doubly charged molecule fragments to C,H," +
CsH," + CO in the simulations, corresponding to island formed
by m/q 55 & 69. Similar to the first dissociation pathway, one of
the C-C bonds of carbonyl C, breaks almost immediately and
neutral CO is released at ~50 fs. The fragmentation to the
observed charged moieties occurs at ~150 fs post first frag-
mentation (refer Fig. 7b1). This pathway, too, is accompanied
by proton migration. However, two C-C bonds break here
during the charge separation, which can be a result of more
energy being deposited into the molecule.

The angular distribution in this dissociation channel is
comparable to the first channel. While the neutral CO has a
broad distribution with the charged fragments, they themselves
have a narrow distribution in opposite direction (Fig. 7b2).
Having said that, the ionic doubly charged fragment rotates for
a significantly shorter time post neutral CO emission, than the
first channel and the masses of the final ionic fragments are
not as distinct as in the first channel. This leads to a similar
degree of rotation of both the fragments and a more directed
emission of the final fragments with respect to the neutral CO.
The Newton diagrams referenced to the neutral fragment (inset
in Fig. 7b2) are much distinguished owing to ample number of
events recorded for this channel and the free rotation post
neutral CO emission is hence more comprehensible. This can
be ratified with the simulations, see Fig. 7b3. Similar to the first
channel, the angle between the charged fragments C,H," &
CsH," is found to be 156°, complementing the experiments.

4.2.3 Fragmentation channels: m/q 29" + m/q 95" + m/q 28
and m/q 42 + m/q 82" + m/q 28. In addition to the two
dicerened channels, for the other two channels with neutral
fragment having m/q of 28, angular distribution from the
experimental data is extracted, but since the simulations corre-
lating to these channels were not observed and performing new
set of MD simulation are computation heavy, we could not
ascertain the exact fragments associated with the masses in
both the channels, as various atomic combinations are possible
from camphor leading to the same m/q ratio. Nevertheless, a
broad distribution is observed between both m/q 29" & m/q 28
and m/q 95" & m/q 28 for the channel m/q 29" + m/q 95" + m/q 28,
while, the ionic fragments m/q 29" & m/q 95" has almost back to
back emission. Similarly, for the channel m/q 42" + m/q 82" +
m/q 28, back to back emission is observed for the ionic frag-
ments m/q 42" & m/q 82'. Interestingly, the distribution of
mjq 28 & mjq 82" is comparatively much broader than the distribution
of m/q 28 & m/q 42". Another interesting aspects is the observed

This journal is © the Owner Societies 2022

View Article Online

PCCP

systematic increase in the momenta of the final ionic fragments
(increase in the radii of the ring formed by ionic fragments in
the Newton diagram) corresponding to the relative mass ratios
of the final fragment, considering all the four channels with
neutral fragment having m/q of 28. This correspondence
indicates a relation between the internal energy of the molecular
precursor ion and the fragmentation pathways, as discussed in
the following section in details.

4.2.4 Internal energy and kinetic energy release distribu-
tion. Some interesting observations were made whilst studying
the kinetic energy distributions (KEDs) of the individual frag-
ments and the kinetic energy hence released (KER) during the
reaction. The KEDs of the individual fragments and the KER of
both the discerned channels are shown in Fig. 8. It can be noted
that the maximum amount of kinetic energy is being carried by
the charged moieties as one would expect. Nevertheless, the
kinetic energy carried by the neutral fragment in these deferred
charge separation channels carry the signature of the internal
energy the molecular ion initially has. As one can consider the
effect of CO released in the first stage would be equivalent
to the thermal velocities of the molecule upon two-body
dissociation,”> a way to interpret the signature of internal
energy is by fitting a Maxwell-Boltzmann (M-B) curve to the
distributions and compute the temperature (and hence the
average energy) from there. As the momentum of the neutral
fragment is measured indirectly via the detected charged frag-
ment, it is essential to consider the resolution of the apparatus
and the propagation of error for the neutral fragment. The
charged moieties’ energy resolution was computed by using the
temperature obtained from an M-B fit to their energy distribu-
tions, as shown in Fig. 8. The energy bandwidth for the neutral
CO would be, consequently, the summation of the individual
energy bandwidth of the charged fragments. The panels in
Fig. 8 corresponding to the neutral CO, for each channel, shows
the temperature obtained from the M-B distribution fitted to
the computed energy distribution (red dashed line). This
temperature is then convoluted to the spectrometer resolution
(depicted in light red shaded area), and the M-B distribution
for the temperature range observed in the MD simulations are
shown as a light olive shaded area.

It can be observed here that for the channel CH;" + CgH;;3" +
CO, the theoretical and the experimental values match very
well. For the channel C,H," + CsHy" + CO, they are adequately
close considering the substantial spectrometer error associated.
Essentially, both the parameters, the convoluted temperature
range obtained from M-B fit to the experimental data and the
temperature range of the bath in MD simulations, are observed to
increase proportionally. Furthermore, Gaussians have been fitted
to the KER distributions of both the channels, which results in
energy difference indistinguishable to the spectrometer resolu-
tion, and mean energy at ~ 3.5 eV. A possible explanation for the
resultant temperature of the neutral fragment would be that
the fragment is carrying the excessive energy resulting from the
normal mode state in which the fragment formed.

For the other two channels m/q 29" + m/q 95" + m/q 28 and
m/q 42" + m/q 82" + m/q 28, we found the M-B fit to experimental
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Fig. 8 The kinetic energy distribution of the individual fragments and the distribution of the total kinetic energy released (KER) in the dissociation
channels for (a) CHz* + CgHy3* + CO channel and (b) C4H," + CsHo™ + CO channel. M-B fit for all the fragments produced has been performed, giving
the temperature associated with the average energy of the fragment. Furthermore, for neutral CO, the light red shaded region represents the error
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have been fitted to evaluate the mean energy of the state resulting in the particular channel.

data in range between the channels CH;" + CgHy3" + CO and s in that particular temperature range. Therefore, substan-
C4H;" + CsHo' + CO. However, in the MD simulations we did tiating the correlation of the temperature obtained from M-B
not observe the fragmentations correlating to the observed m/q fits to experimental data with bath temperature in the MD
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simulations, for the channels m/q 29" + m/q 95" + m/q 28 and
mlq 42" + m/q 82" + m/q 28, is untenable without further
dwelling. Anyhow, the experimental M-B fits and the fragmen-
tation pattern do correlate in a manner. A comparison between
the amount of energy carried by the m/q 28 (which manifest in
the form of temperature of the M-B fits) in all the four channels
and the mass ratio of the two detected ionic fragments suggest
that, as the energy of the m/q 28 increases the fragmentation of
the remnant doubly charged fragment becomes more aggres-
sive resulting in final fragments of comparable masses.

Having said that, the fragmentation dynamics and detailed
understanding of it are associated with many intricate pro-
cesses that may involve multiple potential energy surfaces and
crossing over from one surface to another via conical inter-
sections. Therefore, a thorough theoretical study, comparable
to studies such as; examining the impact of conical intersection
on the product vibrational state distribution on non-adiabatic
photodissociation of phenol,'® and investigating the effect of
the redistribution of internal energy among various degrees of
freedom, and its effect on the dissociation pathways, using
quantum chemical calculations, statistical mechanical methods
and experiments as previously reported for furan," is essential.
Such a study for a molecule like camphor would, however,
be computationally costly and complex, and requires further
dwelling.

5 Conclusions

In conclusion, we studied the fragmentation dynamics of a
doubly charged camphor molecule post C 1s ionisation at photon
energies 292.4 eV and 304.9 eV. Using the VMI-PEPIPICO tech-
nique, photoelectron energy spectra at 304.9 eV and complete 3-D
momenta of the ionic fragments at 292.4 eV were recorded.

Furthermore, as the internal energy of the molecule and its
redistribution to the various degrees of freedom is known to
drastically affect the fragmentation of multiply charged mole-
cule following Auger decay, MD simulations were performed to
determine the evolution of the fragmentation dynamics of the
doubly charged camphor with temperature as a parameter. Two
experimentally observed fragmentation channel, CH;" + CgHy3"
+CO and C,4H," + CsHy' + CO, were successfully simulated, for
two particular temperature ranges. Notably, the signature of
this temperature was found in the experimentally observed
energy distribution of neutral CO, emitted in the dissociation
via deferred charged separation pathways. This hints towards
the excessive energy carried by the neutral fragment, resulting
from the normal mode state. Nonetheless, a detailed theore-
tical study requires complex computation to decipher the finer
details of the dissociation channels.

Since a kinematically complete scheme is used to detect
both electrons and ions, this study sets a base for further
studies like exploring the photoelectron circular dichroism
(PECD) post ionisation of O 1s of camphor (as observed for
carbonyl C 1s of camphor®®), probing photoion circular dichro-
ism (PICD) in strong field ionisation of camphor, as previously
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seen for other molecules®*™" or the impact of ro-vibronically
cooling of such a molecular system in a He nanodroplet host
environment. Additionally, it motivates the study of interaction
of radiation with large chiral molecules significant in biological
applications.
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