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The goals of this work are to attempt to decipher if an aniline dication can isomerize to a picoline
dication in a given astrochemical environment and if the dissociation of such dications could be a
source of kinetically hot fragment ions, some of which could be of significance in the interstellar
medium. Toward this purpose, the VUV-induced dication dissociation was investigated experimentally
using ion—ion coincidence and computationally by optimizing various pathways. Contrary to previous
reports, we show here that the dication of aniline is structurally too weak to retain its ring structure while
following the dissociation pathways. A fragile open ring structure could lead to all the experimentally

Received 2nd December 2023,
Accepted 12th May 2024

observed pathways of noticeable intensity. The significance of this, especially in terms of molecular
dynamics, can be assessed by the fact that all the transformations were facilitated by specific hydrogen
migration. A clear selectivity is seen where the dication of aniline was found to prefer a rearrangement
of hydrogen within the ring rather than transferring from nitrogen to the ring, which is conventionally
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1 Introduction

The presence of linear and cyclic nitrogenated molecules in various
regions of the interstellar medium (ISM) necessitates an investiga-
tion into their origins. While there are two prevailing hypotheses,
namely the “Top-Down” and “Bottom-Up” approaches, the for-
mation of these observed molecules lacks a definitive conclusion.
Due to the inherent variability of environmental conditions
throughout various regions in ISM, it is not feasible to rely on a
single model to describe the formation process of these molecules,
entirely. For example, there are many layers within the protoplane-
tary disc, with the dominant energy source being ultraviolet (UV)
radiation emitted by the protostar, where photodissociation can
play a primary role in the molecular synthesis. Recent findings have
revealed a significant presence of nitrogenated aromatic com-
pounds inside the TMC-1 region,' exposing the ongoing activity
of molecular formation mechanisms in certain areas where the
temperature is around 10 K. Hence, it has been hypothesized
that the associative chemical reactions through barrier-less neu-
tral-neutral reactions are the primary processes> in these cold
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environments. The inclusion of the ion-neutral reaction increases
the plausibility of the association process hypothesis, as ion-
molecule reactions often do not have an activation energy
barrier.*® Even if the chemical reaction has an activation barrier,
the reactant ions with sufficient kinetic energy can overcome these
barriers during the association process.” The molecular ions can
acquire kinetic energy by magnetohydrodynamic (MHD) shocks” or
during fragmentation, where fragment ions can possess a certain
amount of kinetic energy. Monocation dissociation usually pro-
duces fragments with minimal kinetic energy, typically in the range
of a few hundred meV. Conversely, when the ions are formed from
doubly or multiply charged ions through coulomb explosion, they
possess significantly higher kinetic energy, typically in the range of
a few eV. The production of doubly charged nitrogenated aromatics
can occur through various mechanisms, including interaction with
plasma, high energy cosmic rays, intense UV or X-ray photon
radiation, and electron impact driven by the magnetosphere.®®
In this scenario, they can eventually serve as the origin of a small
linear chain of ionic compounds in addition to producing ions with
kinetic energy that can be involved in ion-neutral reactions too. It is
also interesting to note that the resulting fragment ions can possess
sufficient energy to escape the atmospheres they are produced in.
Such mechanisms may be at play in the case of celestial bodies
such as Titan, Mars, Venus, and more.'® Therefore, it is crucial to
identify the fragment ions released from the doubly charged ions

This journal is © the Owner Societies 2024


https://orcid.org/0000-0002-9489-4580
https://orcid.org/0000-0001-8585-626X
https://orcid.org/0000-0002-6543-6628
https://orcid.org/0000-0002-2990-7330
https://orcid.org/0000-0003-4600-216X
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp05882d&domain=pdf&date_stamp=2024-06-03
https://rsc.li/pccp
https://doi.org/10.1039/d3cp05882d
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026023

Published on 16 May 2024. Downloaded on 6/19/2026 8:20:17 PM.

Paper

Fig.1 Aniline.

and measure their kinetic energy release, particularly in the case
of doubly charged nitrogenated molecules, which is the focus of
this work.

Aniline (C¢H,N) (Fig. 1) is a widely recognized molecule that
serves as a building block for other nitrogen containing com-
pounds. While there have been several studies on its cationic
and neutral states,"™ more needs to be done on its dicationic
state. For instance, by incorporating nitrogen into the ring struc-
ture, aniline, an amine, can isomerize to heteroaromatics such as
methylpyridine. This isomerization process has only been found
in aniline’s neutral state, not in its cationic configuration.'*
Theoretical analysis of the aniline dication has shown that the
lowest energy ground state structure is one of the methylene-
hydropyridine isomers.'® This finding implies that nitrogen inser-
tion into the benzene ring might also be possible in the dicationic
form, though further investigation is needed to validate this.
Furthermore, the electron ionization analysis of doubly charged
aniline and its deuterated form indicates that the important
channels at m/z 27 and 39 are associated with C,H,;" and C;H;",
respectively. This result opposes the neutral fragments HNC and
HCCN found in singly charged aniline,"”* which implies that
distinct isomerization stages are involved in the dissociation of
the aniline dication. The small linear chain of ionic fragments of
aniline has significance in the ISM. Although aniline has not been
definitively detected in the ISM, the data collected by the Cassini-
Huygens ion and neutral mass spectrometer (INMS) indicate the
potential existence of C¢H;N (which could correspond to aniline)
in the atmosphere of Titan."” Therefore, in addition to its sig-
nificance for its basic structure as a precursor to other nitroge-
nated compounds, it is worthwhile to investigate aniline in the
context of ISM. It is also informative to study the decay of the
dication to understand the potential utilization of their kinetic
energies in the context of ion-neutral processes within the astro-
physics realm. Finally, it might be useful to dwell upon the
possibility of such kinetically hot ions to contribute to the atmo-
spheric escape for example in Titan. The Cassini Huygens data has
been monumental in measuring the atmospheric escape of ions
and neutrals with a mass of less than 50 amu.'® The required
kinetic energy for this escape is modelled to be sourced from the
plasma dynamics of the Titan ionosphere. But this kind of
model has so far been an underestimate by almost an order of
magnitude. This essentially compels one to consider additional
mechanisms of such losses. Intriguingly, the kinetically hot
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fragment ions measured here are indeed found in the list of
escaping ions of significance.'”

The present study investigates the dissociation dynamics of the
aniline dication under VUV radiation. Single-step and sequential
dissociation channels have been obtained using the ion-ion
coincidence diagram. The velocity map imaging (VMI) technique
has been used to measure the kinetic energy of ions and electrons.
Using density functional theory (DFT), the energy required for the
single-step and sequential dissociation channels was computed
and compared with the estimated internal energy derived from
the experimental results. Additionally, potential isomers of these
dissociation channels have been suggested. The computational
investigation of the isomerization process between the dication of
aniline and methylpyridine has been conducted, and the findings
are comprehensively analyzed and discussed. This combined
analysis is used to clearly identify, contrary to a few previous
computational results, the most plausible and unified pathway of
aniline dication decay.

2. Experimental details

The experiment was carried out using the VMI time-of-flight (TOF)
coincidence endstation housed at the low-energy branch line of the
GasPhase Photoemission beamline at the Elettra synchrotron in
Trieste, Italy. A detailed description of the experimental setup'® and
beamline®® has already been provided elsewhere. The experimental
setup can be operated in two modes: ion on VMI (iVMI) mode,
where ions are steered towards the VMI detector, which consists of
the position-sensitive crossed delay line anodes, and electrons
recorded on the TOF detector. In the electron-on VMI (eVMI) mode,
electrons were directed towards the VMI detector in order to
acquire kinetic energy and angular distribution of the electrons,
while the ions were directed towards the TOF detector. Without
going through any further purification process apart from freeze-
pump-thawing cycles, a commercially available liquid aniline
sample was used. No additional heating was needed since the
aniline vapour pressure was high, and the target was used at room
temperature. The aniline target beam was irradiated using a 32 eV
photon beam, which caused it to doubly ionize and dissociate. The
measurement was carried out in pulse-counting mode. The signal
was amplified, discriminated, and then transmitted to a 8-channel
time-to-digital converter (THR08-TDC). This particular TDC was
developed explicitly for conducting coincidence measurements
using delay line detectors. The experimental setup configured the
pulse-pair resolution to 12 ns and the temporal precision to 75 ps
FWHM. This was done to collect data from a maximum number of
ions effectively. The MEVELER algorithm”! was employed to extract
the kinetic energy of ions and electrons from the recorded position
in the ivMI and eVMI mode. The photoionization spectra of xenon
measured at specific photon energies was used for calibration.

3. Computational details

Density functional theory calculations were performed using
the GAUSSIAN 09 software.”® Potential energy surface (PES)

Phys. Chem. Chem. Phys., 2024, 26, 16540-16549 | 16541


https://doi.org/10.1039/d3cp05882d

Published on 16 May 2024. Downloaded on 6/19/2026 8:20:17 PM.

PCCP

scans were performed at the B3LYP/6-311++G(d,p) level of
theory in order to locate the structures of the stationary points
involved. The pathways with the lowest energy barrier leading up
to each of the structures considered are reported. Geometries
were optimized at the same level of theory, and vibrational
frequencies were used to characterize the structures as minima
(intermediates) and first-order saddle points (transition states).
Intrinsic reaction coordinate (IRC) calculations were carried out
for significant steps to verify that the associate transition state
indeed connects the local minima on either side.

4. Results and discussions
4.1. Ion-ion correlation diagram

The ion-ion coincidence (2D correlation) diagram is obtained
by plotting the data recorded in the iVMI mode with the arrival
times of individual events’ first and second ion hits. This
momentum correlation diagram allows for the extraction of
true events associated with a dication dissociative single step
and sequential channels. The ion-ion coincidence diagram of
the aniline dication, obtained at a photon energy of 32 eV, is
illustrated in Fig. 2. The dispersion of the individual islands
can be attributed to the release of kinetic energy during the
dissociation process, while the elongated tail signifies the
presence of metastable dissociation.

The correlation diagram exhibits three discernible groups,
namely groups A, B, and C. Within group A, the island denoted

2D correlation diagram
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as Al corresponds to the single-step dissociative channel with the
highest detected intensity with the m/z 27 and 66 coincidence,
which may potentially be attributed to the dissociative channel
corresponding to C,H;" or HNC', resulting in the formation of
product ions C,H,N' or CsH' respectively. Based on previous
studies on aniline dications, this channel most likely corresponds
to the C,H;" and C4H,N" dissociation channel.”®> Group A has
other low-intensity channels associated with dissociative channels
of m/z 28, 26, 29, and 30, accompanied by their corresponding
product ions of m/z 65, 67, 64, and 63, which are ordered in
descending order of intensity. These channels can be associated
with HNCH'/CsHs", C,H,"/C,HsN*, CH;N/CsH,", and CH,N'/
CsH;". In group B, island B1 corresponds to the next significant
channel where C,H,;"/C;H,N", HNCC'/C,Hs" or HCNC'/C,H¢"
with m/z 39 and 54 are possible fragment ion pairs. The presence
of additional minor channels in group B, with m/z values of 41
and 42, is associated with the product ions 52 and 51, which could
be fragment ions corresponding to C;H;s"/CzH,N" and C,H,N'/
C4H;". Group C contains the third intense island, C1, with the
corresponding fragments of m/z 15 and 78 correlation, possibly
corresponding to CH;'/CsH4N" or NH'/C¢H' fragment ions. The
major channels corresponding to islands A1, B1 and C1 all show
the long tail feature, indicating that these channels follow meta-
stable decay. The following presentation focuses only on islands
A1, B1 and C1 since the other channels in the respective groups
are of significantly lower intensities compared to these ones.
The work here reports and explains some additional features
which are usually not reported in such measurements for any
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Fig. 2 The ion—ion coincidence diagram of aniline dication. The main channels in the islands with the associated m/z values represented by the dotted
lines. An expended view of the islands, which shows the most intense single-step dissociation channels, is shown in the three panels on the right side.
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dication dissociation work. The presence of small islands below
groups A and C is attributed to the sequential dissociation
channels of the aniline dication. Island a exhibits neutral loss
of mass 27, accompanied by the dissociation of ions with m/z 27
and 39. Notably, the mass of the neutral and one of the
fragment product ions in the sequential channel is 27. Either
HNC or C,H; could be found as neutral. In the vast majority of
PA(N)Hs, neutral loss of C,H; is exceedingly rare; instead,
neutral C,H, is preferred. This suggests that C,H; was likely
lost in ionic form while HNC was likely lost in neutral form in
this instance as well. Another primary concern that must be
addressed is whether the neutral loss occurred before the
Coulomb explosion or if it occurred from one of the fragment
ions after the ion-ion dissociation. Upon close observation of
Fig. 2, island a appears to be connected to the m/z 66 via a
bridge, suggesting that the dissociation of m/z 39 from m/z 66
occurs throughout the flight. In contrast, the constrained
position of m/z 27 supports the claim that the ion with m/z 27
is exclusively produced within the region ie., in a very short
time after interaction. This statement elucidates that the neu-
tral loss does not occur as an outcome of the aniline dication
directly but rather originates from the molecular ion with m/z
66, which is expelled from the parent dication. Likewise,
another island, ¢, conversely reflects an indirect loss of neutral
with mass 27 from the ion with m/z 78 through the manifesta-
tion of a bridge link. The ion corresponding to m/z 78 from the
dissociation channel, which corresponds to island C1, further
underwent dissociation, resulting in the neutral loss of mass 27
and the formation of an ion with m/z 51. In both islands a and c,
it is worth noting that the isomeric composition of the neutral
(mass 27) loss can also help to identify fragment ion composi-
tion during single-step dissociation in such a way, given that
sequential channels follow the single-step dissociation. This will
be explored further in the subsequent sections, where the
structure calculations will be presented to provide quantitative
support. There is another island located well below island ¢ with
very low intensity, which exhibits a neutral loss of mass 54 in
conjunction with the dissociation of the parent ion into two ion-
ion losses. However, considering their intensity, the current
study will address only islands A1, B1, C1, a and c.

4.2. Mapping internal energy

Determining the internal energy of the doubly charged molecular
ion prior to the dissociation event poses significant challenges
unless the investigation is conducted using a specialized experi-
mental procedure and instrument. This section describes an
attempt that has been made to estimate the internal energy
threshold required for the desired dissociation channels of the
aniline dication. This estimation has been carried out by analyz-
ing the appearance of the dissociation channel while scanning the
electron energy from the data obtained in eVMI mode.

The complete recorded electron image taken in eVMI mode
at 32 eV photon energy, which includes the contributions from
every ionization event, including monocation and dication, was
plotted. In order to extract the information pertaining specifically
to the dication, an ion-ion coincidence diagram was constructed,
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which shows the occurrence of all dissociation channels. When a
certain electron energy window is chosen by selecting a ring from
the electron image, the internal energy threshold of the dissocia-
tion channels is indicated by their absence in the 2D correlation
diagram. With known double ionisation, photon energy used for
the ionisation event, and electron energies (at least one of the
electrons), the internal energy of molecular dication can be
estimated (eqn (1)). For instance, if the double ionization energy
of aniline is 22 ev'? and a photon beam of 32 eV is used, the
following dissociation of the aniline dication must occur within
10 eV of internal energy. Suppose one of the electrons carries away
4 eV energy; in that case, the remaining internal energy will be less
than 6 eV for the dissociation.

M+hy - M™ +e, +e, (1)

This will provide a qualitative estimate of the required
internal energy for the particular dissociation channels. It is
imperative to acknowledge that no feasible methods are now
available to measure both electron energies from the dication
in the present experimental setup. Consequently, the entire
analysis is conducted on the assumption that the energy of one
of the electrons is zero. When the ring corresponding to an
electron energy of 6 €V is selected, all three major channels
(islands A1, B1, and C1) begin to disappear and show a faint
trace (Fig. 3). The ring on the electron image was scanned until
the specified dissociation channel vanishes. When the ring is
selected for electron energies above 6 eV, all these channels
disappear entirely. This observation suggests that these disso-
ciation channels are expected to occur at energies lower than
26 eV relative to the ground state of neutral aniline. However, it
was noted that the sequential channels, corresponding to
islands a and ¢, may occur between 28 and 28.5 eV, respectively,
since these islands vanish when the electron energy ring is
selected at 4 and 3.5 eV.

4.3. Major channels

Using the energetics of computed PES, this section will address
the three main dissociation channels associated with the
islands A1, B1 and C1 that are dominant in intensity over other
channels, as well as potential fragment ionic combinations.
While indeed the energy is nearly 10 eV more than that of the
double ionisation threshold the channels of interest appear at a
total energy of less than 26 eV (Section 4.2), which is just 4 eV
above the threshold and combining that with the fact that we
assumed zero kinetic energy for the second electron and we do
need some kinetic shift to observe the fragment within the ToF
time scale implies that the dication must relax to low lying
energy states. Hence the calculation of dication dissociation
based on the ground state structure is suitable in this case. A
similar approach is taken for several other cases as well.**"°
Hence, all the computations are done for the dication in the
ground electronic state, and the energy has been reported with
respect to the neutral ground state. The singlet state of the
aniline dication is 0.68 eV lower than its triplet state, while the
possible PES were investigated in both singlet and triplet states.
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Fig. 3 The ring selection of electrons with a minimum energy of 6 eV (left) and the corresponding 2D correlation diagram (right).

The present study discussed the pathways originating from
singlet states that were found to dominate by far in terms of
their energy barriers. As a result of an extensive search of
possible dissociation routes, it was observed that the impact of
H migration on the interplay between ring scission and retention
in aniline dication through structural rearrangement is crucial.

4.4. H migration to the ring

An attempt was made to transfer the hydrogen H14 from the
amino group to the carbon C5, which contains the NH group,
but it was unsuccessful. Hence, it has been attempted to move
one of the hydrogens (H14 or H13) from the amino group to the
carbon C4 in the benzene ring. Interestingly, transferring H13
or H14 to C4 will result in a different first intermediate
structure followed by the same INT2 structure. However, the
energy required for the transition state to move H14 to C4 is
24.75 eV, while H13 to C4 requires 25.37 eV. Given the energy
requirements, the present study prioritises the H14 to C4 route
over another. Therefore, the first step in the pathway involves
transferring the hydrogen H14 from the amino group to the
carbon C4 in the benzene ring. This results in the formation of

an intermediate structure INT1 (Fig. 4) in which the carbon C4
changes to sp3 hybridization, leading to an open ring inter-
mediate structure INT2. Either dissociation fragment combina-
tions, C,H;" and C,H,N" or HNC" and CsH¢" associated with
island A1 can occur by C-C bond cleavage without requiring
any additional structural rearrangement from the INT2 struc-
ture. However, the dissociation of C,H;" and C,H,N" is exother-
mic by 0.93 eV, with the most energetically demanding step
throughout this dissociation process being the initial transition
state TS1 involving hydrogen migration, which requires 24.75
eV. Conversely, HNC" and CsH, ' dissociation requires 25.24 eV.
The fragment dissociation of HNCC' and C,H,', one of the
possible dissociation channels of island B1, can result from the
INT2 structure by relocating the hydrogen atom H11 to C1. The
resulting product energy is calculated to be 26.06 eV. However,
the attempt to find the dissociation pathway for the CH;" and
CsH,N" dissociation through the INT2 was unsuccessful. The
structure INT2 can give rise to a possible dissociation channel
behind island C1, NH' and C¢H¢", which entails a transition
state barrier with the highest energy requirement of 29 eV, and
the energy associated with the formation of the resulting

20.88 ¢

N
29.55 2599

Fig. 4 The calculated PES for the open ring structure (right) and the methylpyridinium isomers (left) via ring expansion through hydrogen migration from

the amino group to the ring. Energy values expressed in eV.
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product is 27 eV. The loss of NH" can also occur directly from
the first intermediate INT1, which is also connected to the
same transition state TS7 and the formation of the final
product. Therefore, an effort was made to find a dissociation
route for another possible dissociation channel of the island
C1, CH;" and C;H,N" from INT2, necessitating a transition
state involving a dihedral rotation of 90 degrees. This rotation
results in the formation of a planar intermediate structure
INT3, which subsequently facilitates the migration of hydrogen
and ultimately leads to the dissociation of CH;" and CsH,N". In
addition, the possibility of CH;" loss from methylpyridinium
through isomerization was investigated via a comprehensive
search. The intermediate structure INT1, which involves hydro-
gen migration, tends to undergo ring expansion instead of ring
opening by incorporating nitrogen into the ring. A doubly
charged, energetically stable seven-member intermediate struc-
ture INT10, known as azepine, is formed by incorporating
nitrogen. This seven-membered ring structure INT10 can be
subsequently isomerized into a 2, 3 or 4 methylenepyridinium
(a,b and c in Fig. 4) structure, which is structurally more stable
than the aniline dication.'® For this dissociation pathway as
well, the transition state TS1 is the step that requires the
highest energy. The dissociation of CH;" and CsH,N" can occur
through hydrogen transfer steps in the methylpyridinium iso-
mers. The transfer of hydrogen from nitrogen to the CH, group
in 2-methylpyridinium will result in the formation of the 2-
methylpyridine structure, which can cause the dissociation of
CH;" and CsH,N". In contrast, more than one hydrogen trans-
fer step will be required to achieve the 3- and 4-methylpyridine
structures in the other two isomers, 3- and 4-methylpyridinium,
respectively. However, other dissociation channels associated
with islands A1 and B1 require further structural rearrange-
ment, which is entropically more expensive than the open ring
pathway through INT2.

4.5. H migration within the ring

The process of hydrogen migration within the ring entails the
transfer of a hydrogen atom, H9, from carbon C3 to C4,
accompanied by an energy barrier of 24.17 eV. This hydrogen
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H9 migration results in the formation of an intermediate state
INT11 (Fig. 5), which has the potential to initiate the formation
of an open ring structure through two possible mechanisms:
(1) the transfer of a hydrogen atom H14 from the amino group
to the sp® hybridized carbon C4, which leads to INT12. Due to a
hydrogen transfer process, this INT12 structure can ultimately
induce the dissociation of CH;" and CsH,N', whereas hydrogen
transfer from C4 to C3 results in INT14, where the dissociation
of C,H;" and C,H,N", as well as HNC" and CsHg", can be
induced. The dissociation to HNC" and CsH," requires 0.73 €V
more energy than the highest transition state (TS12) through-
out this dissociation route, but the two other dissociation paths
are less than TS12. (2) The breaking of a C-C bond between the
sp3 hybridized carbon C4 and the carbon C5 containing the
amino group leads to INT15. It ultimately results in the loss of
C;H;" by breaking the bond between C1 and C2 and forming
a product ion, C;H,N", upon crossing the final transition state
at 24.87 eV.

4.6. Contribution from the triplet state

An attempt has been made to evaluate the pathways from the
triplet state of the aniline dication; this is essential because
the isomers of aniline, namely picolines, are known to have a
substantial contribution from the triplet dicationic state in the
dissociation process.>” The entire dissociation landscape was
investigated computationally for the triplet configuration of the
aniline dication. The ground state of both singlet and triplet
states has a geometrically planar structure, but the singlet state
is 0.68 eV lower than the triplet state. In the triplet state, most
of the probable pathways for the prominent dissociation chan-
nels were found to have barriers equal to or greater than 26 eV
(estimated total energy limit defined by experimental observa-
tions in Section 4.2). However, one channel was found to be
suited to participate in the current scheme, with an energy
barrier of 25.54 eV for the dissociation of C;H;" and C;H,N".
The dissociation route involves steps analogous to the singlet
state evolution, with hydrogen migration within a ring (TS11 in
Fig. 5), which results in the same isomeric structure of the
dissociation products. Thus, when the computed energetics of

.
. ,
| ‘/J TS17 . “ ‘(J.

% & 24.87 N6 3 o °
24.57

Fig. 5 The calculated PES for the open ring structure resulting from hydrogen migration within the benzene ring. Energy values expressed in eV.
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the possible pathway are compared to the experimental obser-
vations, dissociation through the singlet state should contri-
bute significantly to the dissociation process, whilst the triplet
state contributes comparatively less. This contrasts with the
picoline structure, where the triplet states are shown to have
substantial and, in some isomers, dominant contributions.
This difference in behaviour between aniline and its isomers,
picolines, can be explained based on the fact that the singlet
structure of picolines was nonplanar compared to their respec-
tive triplet structure. Meanwhile, for aniline, both structures
are planar.

4.7. Interpretation of viable dissociation routes

A comprehensive investigation of viable dissociation pathways
has shown that the initial hydrogen migration step determines
whether the ring structure will be retained or opened, and also
activates the desired dissociation channels. It is suggested that
the first hydrogen migration typically happens from the func-
tional group to the ring structure.”” However, it has been found
in the present study that hydrogen migration within a ring in
aniline is energetically less expensive than hydrogen migration
from nitrogen to the ring. Given that the energy needed for both
hydrogen migration steps is significantly lower than the esti-
mated internal energy (Section 4.2) for these channels, favouring
one pathway unequivocally becomes challenging. Moreover, the
difference between the two hydrogen transfer steps, hydrogen
transfer from the amino group to the ring or within a ring, is
merely 0.58 eV, further complicating the selectivity.

Therefore, the complexities of selecting potential routes can
be minimized by comparing experimental results with the
computed dissociation pathways. Fig. 4 shows a possible path-
way that occurs when hydrogen migrates to the ring, resulting
in the formation of both closed-ring and open-ring structures.
It is crucial to determine whether the aniline dication undergoes
isomerization to the picoline (in Fig. 4a-c) via the intermediate
stable structure methylpyridinium before dissociation. The mass
spectrum of the dication of the picoline isomers reveals that the
loss of neutral H2 is comparable in magnitude to the other main
channels.”” However, in the current study, neutral H2 loss is
negligible. Furthermore, it has been observed that the dications of
3-methylpyridinium and 4-methylpyridinium show m/z 65 is the
significant dissociation channel. Conversely, the aniline dication
shows m/z 66 as a significant dissociation channel, while m/z 65 is
a less prominent channel.”” This comparison indicates the less
likely isomerization to the 3- and 4-methylpyridinium forms.
Furthermore, reaching the methylpyridinium isomers and subse-
quently undergoing dissociation from that structure involves
more steps than the dissociation from the open ring structure
INT2. While it is possible to maintain the closed ring structure
energetically, it is not feasible from an entropic perspective.
Therefore, preferring the open ring structure over the closed ring
structure is more rational when comparing the possibility of
dissociation through INT2 and INT10.

The experimental cut-off of 26 eV total energy can be directly
compared with the calculated barriers. This is valid under the
assumption that the second electron carried no kinetic energy
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and zero kinetic shift. In reality, these two mechanisms will
take some energy; therefore, the threshold for the reaction,
which is valid in this energy domain, must have a total energy
barrier well below 26 eV. Therefore, when the dissociation
channel associated with island A1 is taken into account, the
dissociation of C,H;" and C,H,N" vig INT2 and INT11 requires
24.75 eV and 24.17 eV, respectively. In contrast, the dissociation
energies for CsHs' and HNC' are 25.24 eV and 24.96 eV,
respectively, via INT2 and INT11. Hence, it is likely that the
dissociation of C,H;" and C4H4N" can mainly correspond to the
island A1 due to its comparatively low energy demand in
comparison to other possible dissociations. It is reasonable to
assign the dissociation of C;H;" and C;H,N' as a major
contributed channel to island B1, as the energy required
(24.87 eV) for the dissociation of C3H;" and C3H,N' through
INT11 falls within the anticipated total energy window 26 eV
compared to other fragment channels HNCC' and C,Hg"
through INT2. It is evident that island C1 is associated with
the dissociation channel of CH;" and CsH,N" through INT2 or
INT11. This conclusion is drawn based on the fact that the NH"
and C¢Hg' channel requires an energy of 29 eV, which exceeds
the estimated internal energy. Therefore, the aforementioned
analysis suggests that C,H;"/C,H,N", C;H;"/C;H,N", and CH;"/
CsH,N" are the primary contributing channels to islands A1,
B1, and C1, respectively, with possible minor contributions
from other channels. Moreover, the validity of this assertion is
reinforced in accordance with the even electron rule because of
the observation that all of the suggested fragment ions are even
electron species.>® Additionally, the investigation of electron
impact ionization of deuterated aniline reveals the same
chemical composition of the fragments.>® As a result, although
the difference between the two hydrogen migration steps (TS1
and TS11) is relatively small, considering that all three major
dissociation channels can occur with low energy requirements,
it is reasonable to suggest that the aniline dication likely
undergoes dissociation through the open ring intermediate
INT11 structure with a higher likelihood and minor possibility
with the other routes.

4.8. Sequential loss channels

As indicated in the preceding section, below islands A1 and C1,
four islands signify the occurrence of neutral losses in con-
junction with the ion-ion separation channels. Considering
their respective intensities, this discussion will focus exclu-
sively on the islands a and c. The potential fragmentation
sequence of these two islands has been determined through
DFT calculations, and the corresponding energetics are pro-
vided comprehensively (Fig. 6).

The island a exhibits a correlation with the neutral loss of
mass 27 and the dissociation of ions with m/z values of 27 and
39. The occurrence of m/z 27 loss is evidently observed solely in
the interaction section, indicating that the neutral loss occurs
during the flight from the ion corresponding to m/z 66. The
neutral HNC can be eliminated during the flight from the
C4H,N" ion and leads to HNC neutral with the product ion
C;H;". The first transition state energy needed for the H
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migration was 24.17 eV, the highest energy needed for this
sequential loss path. Therefore, if the channel encounters the
dissociation of C,H;" and C,H,N", the resulting product ion does
not necessitate additional energy to undergo neutral loss. Further-
more, the ion C;H,N" can lose its neutral C,H; and thus produce
the product ion of HNCC'. However, this requires additional H
migration, and the final product energy is 30.5 eV. However, if the
ion dissociation channel is assigned to the dissociation of HNC"
and CsHg', the CsHg' ion tends to lose C,H; as a neutral and
C;H;" ion, necessitating an energy requirement of 27.5 eV. Among
the three proposed sequential loss channels, it is observed that
the neutral loss resulting from the dissociation of the C,H;" and
C4H,N" event exhibits a lower energy compared to the other two
channels. Furthermore, this neutral loss channel is occurring
within the estimated internal energy range, as outlined in Section
4.2. Therefore, this island a can be attributed to the dissociation of
C,H;" and C;H;' along with further neutral HNC loss. Further-
more, these computational results also indicate that neutral loss
of C,H; in aniline dication is unfavourable. This likely sequential
loss channel further suggests that the C,H;" and C,H,N" ion
dissociation channels are responsible for island A1l.

The existence of island ¢ can be ascribed to the neutral loss
rooting from the ion CsH,N", which is the product ion resulting
from the dissociation of the ions CH;" and CsH,N" at island C1.
Additionally, the prompt dissociation of m/z 15 indicates that
the neutral 27 loss originates from the CsH4N" ion during the
flight. The computed energy requirement of losing HNC from
the CsH,N" ion is 24.98 eV, which is well within the allocated
internal energy for this channel to occur. Conversely, an
unsuccessful attempt was made to find a C,H; loss from the
ion CsH,N" in place of HNC. Hence, the suggested sequential
loss channel can be categorically assigned to island c since it is
significantly lower than the predicted internal energy.

4.9. Kinetic energy release and its implications

The kinetic energy of the fragment ions is crucial in terms of
photochemical escape or dissociative recombination reaction
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in the atmosphere of Titan. Cassini INMS measurements on
Titan exobase reveal an abundance of ionic components such
as CHs", HCNH", and C,H;", as well as the ions C,H;" (n =1, 2,
and 3)."” The atmospheric escape analysis of Titan suggests
that these ions must be produced in Titan’s ionosphere.'®
Given that the observed ions had velocities between 0.5 and
1.8 km s~ ', either the ionospheric plasma outflow or the energy
acquired by the Coulomb explosion may be responsible for
transporting these ions to the exobase from the ionosphere. In
another study, it has been suggested that the escaping velocity
for the Titan atmosphere from ground to 500 km altitude is
2.5 km s~ " on average.'® Therefore, it is possible to underscore the
possibility that the detected ions originate from nitrogenated
aromatic compounds while discussing the escape from Titan’s
atmosphere using the kinetic energy obtained from the Coulomb
explosion. On the other hand, if the molecular fragments have
enough kinetic energy to be involved in the ion-neutral reaction
and overcome the energy barriers, it leads to intermediate steps of
the formation of larger molecules. In light of these two aspects, the
distribution of kinetic energy release for the main dissociation
fragments and the implications of these fragment ions have been
measured and detailed in this section.

The determination of the kinetic energy release of ions
resulting from Coulombic repulsion has been accomplished
through the analysis of data obtained from the iVMI mode at a
photon energy of 32 eV. Since dication fragments exhibit
kinetic energy in the range of a few eV, it facilitates efficient
measurement. Because of the long flight time, the ion-ion
coincidence spots for each dissociation channel are well sepa-
rated in the iVMI mode. The data specifically pertaining to the
channels C,H;"/C,H,N", C;H;"/C;H,N", and CH;*/CsH,N" have
been meticulously selected and independently plotted with
respect to their respective positions and the kinetic energy
was calculated using the MEVELER algorithm. For the analysis,
the mean of the measured kinetic energy release distribution
was derived after fitting it using a statistical Gaussian fit. The
measured KER for the fragment ions C,H;" and CH;" is 2 eV,

)‘J 2+
J*/‘ o’
) ‘) >
S S 2126 9 & @
S & S b
1+ 1+ 1+ 1+ 1+ 1+ 1 1+
3 P 3.3 ‘o !
%0, | s0d % | 0 d 102 9%97 299 > f P N
J/‘ @ 9 J. @ 9 o 9 4 9
>3
P
a 2 8 ®
s 8 N <
1+ 0 1+ 0 1+ 0 1+ 0
2 2 JJ
f 90 290 2909 ‘J S 9 , f&&d—f Y- B
e 9 .A‘

Fig. 6 The possible sequential loss channels with the computed energy values in eV.
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while the KER for their accompanied fragment ions C,H,N"
and CsH,N" is 0.8 eV. Whereas the C;H;" ion has a KER of 2 eV,
its accompanying fragment ion C;H,N" has a KER of 0.45 eV.
Based on these observed kinetic energy measurements, it is
evident that the molecular structure is more likely to have an open
ring structure rather than a closed ring structure. Moreover, the
observed kinetic energy measurements of these fragments show
that the velocity of fragments C,H;" (n =1, 2, and 3) is significantly
higher than the proposed escaping velocity. While it may not be
appropriate to attribute the atmospheric loss of small ions entirely
to aniline dication dissociation, it may be interesting to explore if
such pathways are common to other nitrogenated aromatics. If
aniline is present in Titan’s ionosphere, the fragment ions of the
aniline dication may participate in the atmospheric outflow.

The molecules C,H; (n = 1, 2 and 3) are significant in the
intermediate stages of the ion-neutral interaction throughout
the association process in the astrochemical realm. The CH;"
ion plays a pivotal role as an intermediate hydrocarbon ion
species in various chemical reactions, including synthesizing
astrophysically significant (cyano)polyynes. These reactions
involve complex associations with other neutral molecules
and also participate in the dissociative recombination mecha-
nism, leading to the formation of acetylene.”®*® The molecular
ion C,H;" is believed to be an essential molecular ion that is
commonly found in circumstellar environments.*® It is also
known to have a role in the production of other astrophysically
essential molecules, such as propynal, through an associative
process.>’ Furthermore, it has been observed that the C,H;"
and acyclic-C;H;" ions exhibit a significant part in ion-atom
reactions, leading to the formation of important compounds.>?
Interestingly, it has been observed that C,H; and C;H; are
noteworthy precursors in the synthesis of the cyclopentadienyl
radical,® which has the potential to engage in interactions with
methyl radicals, leading to the expansion of benzene and ulti-
mately culminating in the synthesis of polycyclic aromatic hydro-
carbons (PAHs) inside circumstellar environments.*?* The present
study has shown that aniline dication fragments are C,H;"
(n=1, 2, and 3) and that they can participate in the ion-molecule
process in the synthesis of larger molecules due to their significant
range of kinetic energies if aniline is present in the ISM.

5. Conclusions

The incorporation or elimination of nitrogen into the aromatic
ring is a critical step in the synthesis of biomolecules in an
astrochemical context. Investigating dissociative photoionization
of nitrogen-containing compounds is of vital importance in this
regard. Specifically, the skeleton of essential biomolecules, ani-
line, which has three more cyclic isomeric structures, needs to be
probed to understand their structural response to VUV radiation.
It was shown that a fraction of neutral aniline could be isomerized
to methylpyridine via isomerization of nitrogen into the ring when
in its neutral state, whereas this is improbable when aniline is in
its cationic state. Therefore, the isomerization in the dicationic
state has been studied to gain insights into the impact of the
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charge state on the preservation of the cyclic structure during
isomerization. Previous theoretical investigations have shown the
possibility of aniline dication isomerizing to methylpyridinium
based only on the energy considerations of the molecular struc-
ture. Furthermore, nitrogenated aromatics play a critical role in
the generation of highly reactive fragment ions, which are essen-
tial intermediates in the chemical synthesis of larger molecules.
From these perspectives, the aniline dication and its fragmenta-
tion ions have been investigated by combining the experimental
data and the dissociation channel energetics that have been
computationally estimated. This study discusses the potential
mechanisms involved in the isomerization of aniline to methyl-
pyridine before dissociation. The primary dissociation channels
have been identified as C,H;"/C,H,N*, C3H; +/C;H,N", and CH;"/
CsH,N", accompanied by comprehensive structural calculation
results. Two key steps have been observed in the dissociation
pathways: (a) hydrogen migration from nitrogen to the ring and
(b) hydrogen migration within the ring. By combining the com-
putational findings with the experimental evidence, it becomes
apparent that the hydrogen migration within the ring is energe-
tically favoured, which also leads to the open ring structure.
Furthermore, the measured kinetic energy of these fragment
ions suggests that aniline must undergo ring opening before
dissociation. This also implies the possibility that aniline may
not undergo isomerization to methylpyridine in a doubly charged
state. Furthermore, the computed energetics of the various dis-
sociation routes for aniline dication in the triplet state, which has
a higher energy demand than the singlet state, indicate that the
singlet state plays a dominant role in the dissociation dynamics.
This investigation further assigns the pathways to the observed
single-step and sequential dissociation while identifying the
composition of kinetically hot fragments ions. One of the implica-
tions of this identification is the fact that the aniline dication can
serve as the molecular precursor for C,H;" (n = 1, 2 and 3)
molecular ions that have significant astronomical relevance. The
result is particularly intriguing as it reveals that, despite the
presence of nitrogen adjacent to the benzene ring, aniline exhibits
a preference for the dissociation of small linear hydrocarbon
molecular ions rather than smaller nitrogen-containing fragments
such as HNC, HCCN, and NH, as is apparent in the case of
monocation dissociation. The ion-ion correlation diagram has
been used to investigate the sequential dissociation of aniline
dication. It was also determined that the neutral loss must occur
after the ion-ion dissociation and not directly from the aniline
dication.
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