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Complete VUV dissociative photoioniza-
tion profile of aniline fragmentation.
Comprehensive computational survey of
all the relevant decay channels.
Role of H migration in isomerization
and dissociation.
First ever identification of HNCH and
HCCN loss pathways from aniline.
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A complete dissociation progression of aniline under VUV irradiation over the entire relevant internal energy
range and inclusive of all decay channels is presented. The onset energy and breakdown curve was found
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VUV dissociative photoionization
H migration
Isomerization

to be instrumental in selecting relevant pathways out of multiple possibilities predicted by computation for
all significant decay channels. The relevance of the ring contraction in the formation of the intermediate
five-member ring structure and its consequences for the important channels such as HNC, H and HNCH losses
are highlighted. In addition, a potential route for the formation of previously unexplored and astronomically
important fragments HNCH and HCCN has been found. It could be deduced that aniline differs from its
bicyclic nitrogenated counterpart, naphthalamine, as ring contraction in aniline is found to be favourable
over ring expansion. Moreover, the role of H migration-assisted isomerization is highlighted in the context of
the formation of astronomically important species.
1. Introduction

Five and six-membered monocyclic aromatics dominate terrestrial
organic chemistry, widely serving as the building blocks of polymers
and many biomolecules. Recent observations in Taurus molecular cloud
(TMC-1) show the presence of nitrogenated monocyclic aromatics
such as cyano benzene, 1-cyano-1,3-cyclopentadiene, and cyclopen-
tadiene [1–3]. The observation of five-membered and six-membered
rings in TMC-1 accentuates the relevance of nitrogenated aromatic
chemistry in space [4,5]. Furthermore, numerous nitrogenated aro-
matics were found by the Cassini–Huygens mission on Titan, where
high-energy radiation is known to drive chemical reactions. The nitro-
genated smaller aromatics are expected to be crucial in the formation of
larger polycyclic aromatic hydrocarbons (PAHs) and their nitrogenated
counterparts (PANHs) in Titan and the interstellar medium (ISM) [6,7].
It is also possible that these nitrogenated aromatics are potential
sources for other small nitrogen-containing molecules, like HNC, HCN,
HCNH and HCmN (where m> 1) in the ISM. For instance, the afore-

entioned small molecules have been observed in the collision-induced
issociation of amino-substituted PAHs ranging from naphthalene to
yrene [8], as well as the dissociative ionization of pyridine, ben-
onitrile and cyanonaphthalene [9,10]. These molecules are of great
ignificance in understanding the astronomical environment; some are
xpected to lead to the formation of prebiotic molecules in those
nvironmental conditions. Although they have been spread throughout
arious astronomical environments, it is challenging to replicate the
ources of their densities using only conventional models, such as gas
hase reactions. Therefore, it is essential to understand how these small
olecules are produced either by a top-down or bottom-up approach.
ne of the important molecules; HNC has been discovered in signifi-
ant quantities in a diversity of astrophysical environments, including
iffuse interstellar clouds [11], prestellar discs [12,13], outflowing
ircumstellar envelopes [14,15], and planetary nebulae [16,17]. It
s particularly prevalent in cometary comae [18–21] and the cores of
old, dense interstellar clouds in the ISM [11,22–28]. The increase
n [HNC]/[HCN] ratio in comets with decreasing heliocentric dis-
ance corroborates the theory that the photodestruction of nitrogenated
olecules may be the source of HNC abundance [14,29–31]. It is

ssential to comprehend the existence and synthesis of this molecule
n such environments since HNC is closely linked to the formation
nd destruction of several other compounds, such as PANHs and
heir skeletons in ISM. Most of the nitrogenated mono and polycyclic
romatics have a common primary fragment due to mass 27 loss which
orresponds to either HNC or HCN. It is challenging to experimentally
dentify the specific isomeric fragment in the photodissociation process.

Aniline, in particular, is an essential molecule to investigate the
hotodissociation mechanism which drives the molecular dynamics of
itrogenated aromatics in an interstellar environment. More specifi-
ally, it is known that aniline loses HNC exclusively as a fragment
n the dissociative photoionization process. This is based on num-
er of studies, including the time-resolved appearance energy of the
NC loss from aniline cation using trapped-ion mass spectrometry

TIPMS) [32]. The appearance energy of the mass 27 loss evaluated
y Lifshitz et al. amply supports the thesis of HNC loss [32]. Density
unctional theory (DFT) has been used to study the structure and
ibrational spectra of the singly charged aniline cation C H NH + [33]
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and to study the energetics of its dissociation leading to the loss of
HNC and H fragments [34]. The isomerization preceding loss of HNC
and H loss channels was discovered using electron impact ionization
with isotopically labelled and deuterated aniline [35]. In addition, sev-
eral studies on resonance-enhanced multiphoton dissociation of aniline
have been conducted [36–40]. The fragmentation channels in the
collision-induced dissociation of the protonated aniline molecular ion
have also been studied and found to differ from those in the photoin-
duced dissociation method [41]. Intriguingly, HNC loss from aniline
photodissociation as a primary channel is only detected in its ionic state
and not in its neutral state [42]. The investigations based on the multi-
mass imaging method has demonstrated that a significant portion of the
neutral aniline’s ground electronic state isomerizes and re-aromatizes
to methylpyridine before dissociation [42]. This shows the fascinating
behaviour of the atoms in the amino group being rearranged into the
aromatic ring. Therefore, it is essential to comprehend how aniline
dissociates and loses HNC as a function of internal energy and how
this causes it to differ from its ground electronic state in both neutral
and ionic nature.

Although there have been multiple investigations on aniline disso-
ciations in the past, the subject still has a significant interest, as shown
by recent results [43,44]. Despite various investigations, an in-depth
study of the fragmentations over the relevant range of internal energy
was never carried out. Moreover, the comparison of the branching
ratios of all decay channels was not done. Most studies concentrated
on the HNC or H loss channel, with little or no attention paid to the
other channels. However, recent discoveries of protonated aniline [45]
and the concurrent existence of HNC and HNCH in Titan’s atmosphere
have led us to look into the potential origins of these molecules via
dissociative photoionization of aniline under vacuum ultraviolet (VUV)
irradiation. Here a comprehensive and quantitative analysis of the
dissociative photoionization of aniline under VUV irradiation was done
at 23 eV photon energy using synchrotron radiation. The breakdown
graph has been obtained to measure the onset energy of the different
fragmentation channels and to assess the entire fragmentation process
along with its branching ratios. All possible pathways were evaluated
computationally, and those pathways which were found to have com-
puted higher energy than the observed onset energy were disregarded.
The possible structure and potential route for the astronomically sig-
nificant fragment molecules corresponding to the masses 28 and 39
loss channel are proposed using the possible computed potential energy
surfaces. The common intermediate for the major channels and the
importance of the NH group rotation competing with the hydrogen
migration to attain the intermediate is discussed. The primary decay
channels and the possible permuted sequential decay channels have
been discussed.

2. Experimental section

The experiment was carried out at the low-energy branch line
of the GasPhase Photoemission beamline of the Elettra synchrotron
(Trieste, Italy), using the velocity map imaging (VMI) time-of-flight
(TOF) coincidence endstation. The performance of the beamline [46]
and the spectrometer [47] have been described previously, so only a
brief description of the experiment is provided here. As the beamline
optics was optimized to cover the soft X-ray range, significant contami-
nation of the radiation by higher-order light coming from the undulator
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Fig. 1. Aniline mass spectrum recorded at 23 eV photon energy.

constitutes a problem at low energy. Therefore the branch line is
equipped with a triply differentially pumped gas filter and a set of
solid filters to cover different photon energy ranges. In the experiment
described here, a 200 nm Sn foil filter [m/s Lebow Company] was
used. A commercial liquid aniline sample was used without further
purification. The vapour pressure of aniline is sufficiently high, so no
heating was required for evaporation and the sample was used at room
temperature. The target molecules were injected through a nozzle, and
the effusive beam intersected with the photon beam in the source
region of the spectrometer. The spectrometer can be operated in two
separate modes. To measure the kinetic energy and angular distribution
of the photoelectrons, the electrodes are biased to project the electrons
onto the VMI side, equipped with a position sensitive crossed delay line
detector, while the ions are sent towards the TOF (eVMI). By reversing
the voltages applied to the electrodes, the instrument can also be used
to measure the ions’ kinetic energy distributions on the VMI side,
collecting the (total) electrons on the TOF detector (iVMI). The mea-
surement was performed in pulse-counting mode. The amplified and
discriminated TOF signal was directed to an advanced 8-channel time-
to-digital converter (TDC)[THR08-TDC], which is designed explicitly
for coincidence measurements with delay line detectors. Meanwhile,
the preamplified signals collected at the four ends of the detector itself
were fed directly into the instrument’s constant fraction discriminators.
They were then used to compute the photoelectron impact coordinates
(X, Y,t) directly on Intel’s Cyclone 10 field-programmable-gate-array
(FPGA) inside. The instrument’s dual Gigabit Ethernet connections
facilitated the real-time display of pre-processed coordinates while all
raw timestamps were simultaneously saved for custom post-processing.
The temporal precision of the instrument is adjustable down to 40
ps FWHM, although this can be traded off to increase the pulse-pair
resolution. In this experiment, the configuration was set to a pulse-pair
resolution of 12 ns and a temporal precision of 75 ps FWHM to capture
data from as many ions as possible. The MEVELER algorithm [48]
was used to extract the photoelectrons’ angular and kinetic energy
distribution from the corresponding image taken in the eVMI mode.
The VMI spectrometer was calibrated in eVMI mode, recording Xe
photoionization spectra at selected photon energies.

3. Computational details

Density functional theory calculations were performed using the
GAUSSIAN 09 software [49]. Potential energy surface (PES) 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
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 associate transition state indeed connects
3

the local minima on either side.
Fig. 2. Breakdown graph of the major dissociative channels of aniline. m/z 46.5
corresponds to the aniline dication.

4. Results and discussion

4.1. Time of flight mass spectra

The TOF mass spectrum of the aniline measured in iVMI mode at a
photon energy of 23 eV is shown in Fig. 1. The intact parent molecular
ion (m/z 93) C6H7N+ showed the highest yield in the mass spectra. The
m/z 66 is the most prominent aniline fragment, which has been shown
in previous investigations to be HNC rather than HCN [32,38,50]. The
next significant channels are m/z 92 and 65, corresponding to H and
HNCH loss (or sequential loss of HNC and H), respectively. The m/z
54 peak corresponds to the possible loss of HCCN/HNCC/C3H3, which

as not explored previously. The double ionization energy of aniline
s 21.9 eV [51]; hence the dication peak has a reasonably modest
ntensity at the measured photon energy. Although the Sn filter was
sed in the beamline, it could only significantly reduce the higher-
rder harmonic photons rather than completely suppress them. As a
esult, the appearance of the dication in the mass spectrum may also
e due to higher harmonics. Though the TOF resolution is reasonably
ood, other minor peaks are clustered around m/z 40–43 and m/z
0–53. Considering aniline being a small molecule with few fragment
ombinations, all ionic and neutral pairing possibilities have been
xplored for the observed peaks. For instance, the mass of the neutral
oiety should be 42 if the charged detected fragment has a mass of m/z
1. It is possible to undergo HNC loss and then C2H2. Table 1 shows

the observed ionic fragments and their neutral counterpart based on all
possible permutations.

4.2. Breakdown curve and fragmentation progression

In Figs. 2 and 3, the yield of the coincidences between ions of se-
lected m/z and photoelectrons with defined kinetic energy are reported
versus the binding energy of aniline, i.e. the difference between the
photon energy, 23 eV, and the kinetic energy of the photoelectrons. In
the experiment, the set-up has been operated in the eVMI configuration.
The relative intensity for each channel has been normalized to the
sum of all channels observed in the mass spectrum to produce the
breakdown curve. In Figs. 2 and 3, the sum of all ions does not add
up to unity because the contribution of the aniline isotope (m/z 94)
has not been included.

The appearance energy of the major channels and their relative
yields are shown in Fig. 2. HNC and H loss channels were the first to
be detected at 12 eV. HNC loss continues to dominate in the higher



Table 1
The various ionic fragments and their potential neutral counterparts.
No. m/z Ionic fragment Neutral fragments No. m/z Ionic fragment Neutral fragments

1. 93 C6H7N⋅+ 11. 51 C4H3
⋅+ NH2 + C2H2

2. 92 C6H6N⋅+ H 12. 50 C4H2
⋅+ NH3 + C2H2

3. 78 C6H6
⋅+ NH C4H2

⋅+ HNC + CH4
4. 77 C6H5

⋅+ NH2 13. 46.5 C6H7N2+

5. 76 C6H4
⋅+ NH3 14. 43 C2H5N⋅+ C4H2

6. 66 C5H6
⋅+ HCN/HNC 15. 42 C3H6

⋅+ HC3N
7. 65 C5H5

⋅+ HNCH/HNC+H 16. 41 C2H3N⋅+ C2H2 + C2H2
8. 54 C4H6

⋅+ HCCN/HNCC 17. 40 C3H4
⋅+ C2H2 + HNC

C3H4N⋅+ C3H3 C3H4
⋅+ HNC + C2H2

9. 53 C4H5
⋅+ H + HC2N 18. 39 HC2N⋅+ C2H2 + C2H4

10. 52 C4H4
⋅+ NH + C2H2 19. 28 CH2N⋅+ C3H3 + C2H2
Fig. 3. Breakdown diagram of some of the minor channels of aniline. The slight jump
in the yield indicated with the star is due to the contribution of the tail of m/z 66 to
m/z 76–78.

energy region while the H loss channel decreases before HNC loss.
The fragment corresponding to the mass 39 loss starts at around 14
eV and could be attributed to C3H3/HNCC/HCCN loss. The branching
ratio of this channel is similar to the H loss channel. The yield of
other minor channels has been plotted and shown in Fig. 3. Because
it was difficult to distinguish the masses in the groupings around m/z
40 and 50 (except m/z 54), they were considered as a group and shown
in a breakdown graph accordingly (indicated as G40 and G50). Since
the m/z 66 channel undergoes metastable decay, the peak tail extends
to m/z 78. Therefore, the minor structure between the 12 and 14 eV
energy range is due to contamination from the m/z 66 channel, which
adds to the m/z 76 to 78 decay channels.

4.2.1. HNC loss
Although m/z 66 could correspond to HCN loss, previous studies

have conclusively assigned this mass 27 loss to HNC elimination [32,
50]. In addition, multiphoton ionization and electron impact ionization
results agree with this assignment [35,36,38,40]. Therefore, we assume
that the present observation of m/z 66 also exclusively corresponds to
HNC loss.

Though the origin of HNC fragmentation has been explored com-
putationally in several earlier studies, we revisit the calculations to
present a complete picture and highlight a few interesting attributes.
The HNC loss pathway described by Choe et al. [34] is implemented
here to get the isomeric structure of an aniline cation with a five-
membered ring (hereafter called INT), as shown in Fig. 4, which is
a very important intermediate structure. The steps leading to this
intermediate are shown in the figure. 4 with two possible mechanisms.
In the previously reported pathway (blue line in Fig. 4), one hydro-
4

gen shifts from the amino group to the neighbouring carbon, causing
Fig. 4. Potential energy surface diagram for the five-membered ring intermediate
structure (energy values in eV). The two pathways connected by the red and blue
lines are described in the text.

the sp3 hybridization of that carbon. This is followed by cis-to-trans
isomerization through the NH group reorientation, ring opening and
closure to form INT structure. While this pathway is very plausible
and has been reported before, a slightly different alternative is also
considered here. It is proposed that a subsequent migration of the same
H atom to the next carbon is possible before the reorientation of the NH
group (red line in Fig. 4). This step may have a certain subtle impact
on our understanding of how HNC and H loss occurs from aniline
cation in general. This pathway does not involve the ring opening and
closing while highlighting the importance of the dynamic transfer of
the H atom from one carbon to the neighbouring carbon in competition
with the NH reorientation. To elucidate the subtle implication of this
competition, we use the experimental breakdown curve, which shows
that the HNC and H loss channels appear together at 12 eV, indicating
that these channels could come from similar stationary states or even
the same intermediates. The calculated PES additionally showed a com-
mon INT structure between HNC and H loss channels. Even though the
single H migration pathway occurs with lower energy than sequential H
migration for the INT, sequential H migration brings the energy barrier
between the HNC and the H loss routes closer as can be seen from
Figs. 4 and 5. In any case, both pathways lead to INT, the most typical
structure to lose HNC, where the final step is a loose transition with no
reverse barrier.

To complete the discussion on the HNC loss channel, one can refer
to the work by Baer and Carney [38], wherein it was found that m/z 66
is the cyclopentadiene cation (CP+), which is the same product found
here computationally after the elimination of HNC (Fig. 5). Moreover,
TIPMS experimental results [32] also confirms that the structure of the
resultant molecular ion is CP+.

4.2.2. H loss
The H loss channel opens at 12 eV with the HNC loss channel and

disappears at 18 eV, well before any other channel closes. The peak
intensity of the H loss channel is approximately 12%, showing that the
H loss is less favoured than the HNC loss in the fragmentation process.
Computationally, the H loss pathway follows the same route as the HNC
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Fig. 5. Potential energy surface diagram (energy values in eV) for the loss of HNC and
H (on the left side), HNCH and HNCC (on the right side) from the common intermediate
five-membered structure.

loss till the INT structure. There are two potential routes for H loss
from the intermediate INT. According to the theoretical study of Choe
et al. [34], the sp3 carbon not carrying the C–N–H group may lose its
hydrogen. Here we have proposed that the hydrogen loss occurs from
the carbon-bearing C–N–H group, in agreement with Rap., et al. [43].
The proposed route (11.20 eV) here is less energetic than the alternate
route (11.92 eV) [34]. Moreover, as mentioned in the previous section,
this route is more likely because the energy barrier is close to the
HNC loss route. In addition, the kinetic shift of the H loss channel
is unknown, and the onset energy is approximately 12 eV; therefore,
the lowest possible energy pathway could be assigned. This pathway
leads to the formation of the 1H-cyanocyclopentadiene (cyano-CP+)
product ion. The infrared spectroscopy results of trapped aniline ion
suggest that the final product could be cyano-CP+ [43]. Alternatively,

can be removed directly from the amino group, but this pathway is
nergetically more expensive than the other two fragmentation routes.

.2.3. HNCH loss
The peak due to the mass 28 loss appears at about 13.7 eV in

he breakdown curve. Interestingly, this channel has a higher overall
ield than the H loss channel, at about 28%. The m/z 65 peak, which
orresponds to a loss of mass 28, can be ascribed to sequential loss
f HNC and H, or HNCH or C2H4. Among these three processes, the
2H4 elimination from the parent aniline ion was computationally
ttempted without success. An unusual rearrangement of hydrogens for
his fragmentation channel is expected to be energetically or entrop-
cally expensive. On the other hand, HNCH can conceivably be lost
rom the parent ion by following steps similar to those for the other
ragments discussed. Though the HNCH radical is often observed in
pace, the available formation mechanism cannot completely explain
he presence of this molecule. As discussed here, let us suppose that
niline is producing this fragment in the dissociative photoionization
rocess then aniline and aniline-like molecules could be the sources of
hese molecules, which would explain the origin of the HNCH that was
ound.

Since the HNC and H loss channels open at lower energy than this
hannel, it may imply that mass 28 may be a loss of HNC followed
y H in a sequence. Attempts were made to look for breakdown
urve correlations on a similar line as it had been demonstrated for
uinoline photo dissociation recently to identify the sequence of such
pathway [52]. However, no correlation was found between H or HNC

loss channels with mass 28 loss. Additionally, the computed energy of
the product ion formation for the sequential loss of HNC and H is about
14.5 eV, which is higher than the observed onset energy. Hence the m/z
65 channel is assigned to the loss of HNCH and PES calculations were
used to evaluate the possible fragmentation route to lose HNCH from
the parent ion. As mentioned previously, the stationary points in the
PES with a considerably higher energy barrier than the onset energy of
5

this channel have been excluded. We obtained the low-energy HNCH
loss pathway through the same five-membered ring intermediate INT
shown in Fig. 5. Starting from the INT structure, hydrogen migration
can occur from the ring carbon to the carbon holding the NH group.
As shown in Fig. 5, the structural rearrangement through H migration
before eliminating the HNCH decreases the energy required for this
route. This highlights how hydrogen migration can reduce the energy
cost for the specific pathway.

4.2.4. HCCN loss
The intensity of the m/z 54 channel is comparable to the H loss

channel. The possible neutral counterpart to this channel, i.e. mass 39,
needs some consideration. This fragmentation channel follows the HNC
and H loss channels as the fourth major channel opening at 12.75 eV.
It may correspond to loss of C3H3, HNCC, or HCCN. In the past, it
was hypothesized without computational support that mass 39 could
be C3H3 [36,41]. If the C3H3 is lost, the amino group is left outside
the benzene ring, implying a drastic structural rearrangement for this
channel. We explored the possible fragmentation route for losing C3H3
without success. Other possibilities are the loss of HNCC (iminovinyli-
dene) or HCCN (cyanomethylene), radicals which play an important
role in astrophysics. Before assigning the formation pathways of these
species, it is useful to understand their significance in an astronomical
context since these fragments were not considered in previous studies of
aniline dissociation. The radical–radical chemical process is a possible
route for the formation of adenine in interstellar space using HCCN as
a precursor with NH2CH [53,54]. Moreover, HCCN is the primary reac-
tion product in the molecular beam experiment of excited nitrogen and
acetylene [55], which represents the most probable initial stage in the
production of nitriles in Titan’s upper atmosphere. HCCN has also been
observed in TMC-1 dark clouds and circumstellar envelopes [56,57].

As shown in Fig. 5, similar to the steps on the potential energy
surface of the HNC and H loss channel, HNCC could be lost via INT.
Throughout the stationary points for the final product, the final loose
transition state is the step with the highest energy, about 7.8 eV above
the ionization potential. Since the observed onset energy of this channel
is less than the computed energy required for this fragment route,
HNCC loss can be discarded as the source of m/z 54. Instead of C3H3
or HNCC, HCCN loss may be the most feasible fragment, considering
the structural stability of the fragment, energy barrier and minimal
rearrangement required. Unlike other channels such as HNC, H and
HNCH loss, the loss of HCCN follows a different route that does not
involve the ring contraction to form INT structure. As depicted in Fig. 6,
HCCN can detach from the parent ion in two ways. One in which the
NH rotation competes with the H transfer, leading to the ring expansion
and formation of the less stable intermediate seven-membered ring. In
the other one the NH rotation is absent and only H migration occurs
before the loss of the HCCN fragment. The H migration is intriguingly
essential for fragmentation in both routes. Moreover, these suggested
pathways lead to the final common intermediate, whereas the HCCN is
lost by direct bond cleavage without a reverse activation barrier. Since
there have been various attempts, but no success, to identify another
low energy route for mass 39 loss. As a result, HCCN loss may be a
reasonable choice for the m/z 54 channel in comparison to the other
two possible fragments.

4.2.5. NH, NH2 and NH3 loss
Though the intensities of the NHm(m=1,2,3) loss channels are low,

the investigation of these channels is essential. For the loss of the NH
fragment, the hydrogen must be transferred from the amino group to
either a neighbouring carbon atom in the benzene ring or the carbon
that holds the amino group, followed by stretching the C–N bond until
it breaks. It is understood that the migration of the H atom from the
NH2 group leads to weakening of C–N bond and hence direct cleavage
of the C–N bond leading to NH2 loss is expected to be unfavourable
compared to NH loss. Observations supporting this understanding have

already been made with multiphoton-induced dissociative ionization of
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Fig. 6. Possible Potential energy diagram for HCCN loss channel (energy values in eV).

niline [58]. On the contrary, the present measurements show loss of
H2 neutral fragment with slightly lower but comparable propensity as
H loss. Therefore we consider that NH2 is directly lost from the parent

structure due to bond cleavage, which may be the plausible pathway
for NH2 loss as the structure is unaltered. Similarly, we observe the loss
of NH3, which is absent in the multiphoton experiment. To lose NH3,
hydrogen from the ring carbons must be transferred to the amino group,
and 𝑁 will undergo sp3 hybridization. This process can occur via H

igration through the carbon atom or direct transfer to the nitrogen
tom. Then the direct dissociation of the C–N bond will cause NH3 to
issociate from the molecular ion.

It may be noted that the multiphoton experiment being referred to
ere was performed at 177.3 nm (7.0 eV), and only NH loss channel
as observed. The difference in the observations by these two tech-
iques can be understood in terms of the energetic. The total energy
upplied to the target by the two-photon process was 14 eV, and only
he NH loss channel was observed in the multiphoton work referred to
ere. On the other hand the present data shows no detectable intensity
f NHm(m=1,2,3) loss channels at 14 eV photon energy. All three
hannels appear at 15 eV photon energy, with the intensity of NH
oss being substantially more than NH2 or NH3 loss channels. This
symmetry in the intensity NHm (m=1,2,3) loss channels was observed
o reduce as the photon energy was increased. Thus the difference in
he observations made in the two experiments can be attributed to the
igher internal energy, which makes the loss of NH2 and NH3 compete
ith the loss of NH.

.2.6. C2H2 loss
While the loss of C2H2 is one of the prominent decay channels in

ll PAHs and, to a lesser extent, in PANHs, we observe a negligible
mount of this decay in all the previously reported studies as well as
resent data. Attempts were made to compute such a pathway via all
he possible intermediates without success. Hence it is concluded that
2H2 loss from the parent cation is not a viable channel over the entire
nergy range investigated here.

.3. Sequential loss channels

As the peaks corresponding to the loss of mass 41, 42 and 43
annot be separated in the recorded data, the branching ratios for these
eaks are reported together, with their observed onset energy at 14
V. Mass 41, 42 and 43 loss could result from the sequential loss of
Hm(m=1,2,3), followed by C2H2. The loss of mass 52 may result from

he consecutive loss of two C2H2 and the formation of the H3C2N+.
Similarly, mass 53 loss could result from the consecutive loss of HNC
and C2H2 to produce the propyne or allene ion H4C3

+. It is difficult
o determine which fragment molecule may be responsible for the first
oss in the sequential loss of the product fragments. The improbable
ature of C2H2 loss being the first decay cahnnel implies that these
equential losses correspond to a first loss of the HNC or NH group
ollowed by C2H2 loss. Fig. 7 shows the hierarchy of the sequential
oss channel, combining the results from previous studies [36] and the
nes of this work.
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. Implications of combining experimental and computational
indings

Identifying specific dissociation pathways and the isomeric structure
f the fragments is often a very complicated task requiring very de-
ailed complex experimental and computational analysis. One of such
ethods consists in trapping the ion and identifying the fragment ions’

tructure by vibrational spectroscopy compared with the computed
esults [43,44]. By this technique, the structure of the fragment can be
dentified only after storing the fragment ion for a considerable amount
f time. Since the fragment ion always has considerable internal energy
nd may undergo isomerization, the result may not represent the
riginal fragment ion structure.

It has been observed that in the unimolecular dissociation of sev-
ral cyclic aromatics, a straightforward bond cleavage is typically
nfavourable. For example, even though hydrogen can be lost from the
mino group through direct bond cleavage in aniline, it requires more
nergy than H loss after structural rearrangement. The result of deuter-
ted aniline under electron impact ionization [35] also suggested that
ragmentation channels, including the H loss channel, occur through
tructural rearrangements. The direct identification of the fragmenta-
ion route with or without isomerization is practically impossible in
OF mass spectra. Consequently, the onset energy obtained from the
reakdown diagram and the energy of the computed pathways can be
ompared, allowing for the interpretation of possible stationary points
n the PES. In the present work, stationary points with energies lower
han the observed onset energy of the corresponding channels have
een proposed as a viable alternative to stationary points with greater
nergies. Therefore, the combination of the experimental breakdown
urves and computational results allows identifying specific isomers of
ragments as well as specific pathways for the same isomer.

. Conclusion

The statistical decay spectrum of nitrogenated aromatics is more
iverse than pure carbon-hydrogen-based aromatics due to numer-
us additional neutral loss channels like HCN/HNC, HCNH/H2CN,
CCN/HNCC etc. These product fragments are significant due to their
bundant presence in several astronomical environments. The recent
iscoveries of large quantities and a large variety of nitrogenated
romatics in the members of our solar system, as well as interstellar
edium, suggest that dissociative photoionization of the observed ni-

rogenated species of aromatics may inject or govern the abundance
f the neutral fragments mentioned above. Hence, understanding these
issociative processes has become very important in recent years. Un-
ike pure PAHs, the nitrogen-containing fragments have more diversity
f isomeric structures. The ratios of such isomers can become proxies to
tudy the specific astronomical and astrochemical surroundings. One of
he best examples in astronomical research is represented by the HNC
nd HCN ratio.

The present work finds that even the smallest nitrogenated aromat-
cs, aniline, opens possibilities to produce at least three astronomically
rucial fragments (such as HNC, HNCH and HCCN) and their isomers.
his work not only elucidates their origin and energy dependence from
he parent aniline cation but also presents an elaborate process of
tructural alterations before the dissociation. An attempt is made to
nderstand these changes since their fundamental quantum chemistry
ould be common to the whole family of nitrogenated aromatics,
specially during VUV-induced dissociative photoionization.

In summary, a complete VUV PEPICO measurement was performed
n the aniline molecule, and the overall dissociation products were
nvestigated. HNC and H loss are two channels that open earlier than
thers at 12 eV. The loss of HNC transforms into a cyclopentadiene
ragment ion. Similarly, 1-cyano-CP ion is the end-product of H loss.
hese two product structures have already been found experimentally,
nd the present PEPICO findings and calculations corroborate the same



Fig. 7. Estimated hierarchy of the decay pathways for each mass. The major decay channels are represented by solid arrows, while possible permuted sequential loss channels are
indicated by dotted arrows. Since the peaks due to C2H2 and HNC loss are overlapping in the mass spectrum, the C2H2 loss channel is represented by dotted arrow.
conclusion. The mass 39 loss fragment might be a neutral HNCC, HCCN,
or C3H3 loss. Using the computed PES, we identified that the most plau-
sible product amongst these fragments is the loss of HCCN, one of the
astronomically significant species. The magnitude of NHm(m=1,2,3)
loss channels may be small, but they show how crucial hydrogen
migration is in producing these decay channels. Though isomerizing
to a seven-member ring is energetically equivalent to the pathway
for losing HNC and H, aniline molecular ion prefers to proceed in
the path of ring contraction, as evidenced by the prevalence of HNC
and H loss. In addition, the HNC and H loss channels share common
onset energy, which strongly indicates that both channels originate
from the same isomeric structure. The aniline isomer, methyl pyridine,
undergoes a seven-membered ring isomerization, dissociates, and re-
aromatizes, much like toluene. Similarly, most PAH and their nitrogen
equivalents (PANHs) prefer to form a seven-member ring before disso-
ciating. However, aniline prefers to shrink the ring to a five-membered
structure, which differs from its aromatic family. At the same time, the
two approaches in isomerization produce an identical set of neutral
fragments. The complete implications of this trend in aniline will be
further explored by comparing it with a few more example molecules
in future.
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