
Astronomy
&Astrophysics

A&A, 693, A304 (2025)
https://doi.org/10.1051/0004-6361/202449818
© The Authors 2025

Sequential dissociation of ionized benzonitrile: New pathways
to reactive interstellar ions and neutrals

D. Bou Debes1 , M. Mendes2 , R. Rodrigues2 , J. Ameixa2,3 , L. M. Cornetta4 ,
F. Ferreira da Silva2 , and S. Eden1,⋆

1 School of Physical Sciences, The Open University, Walton Hall, Milton Keynes, MK7 6AA, UK
2 CEFITEC, Departamento de Física, NOVA School of Science and Technology, Universidade NOVA de Lisboa, 2829-516 Caparica,

Portugal
3 Institute of Chemistry, Hybrid Nanostructures, University of Potsdam, Karl-Liebknecht-Str. 24-25, 14476, Potsdam, Germany
4 Instituto de Física, Universidade de São Paulo, Rua do Matão 1731, 05508-090, São Paulo, Brazil

Received 29 February 2024 / Accepted 6 December 2024

ABSTRACT

Since benzonitrile’s discovery in the interstellar medium (ISM) in 2018, several studies have explored the strongest unimolecular dis-
sociations of its radical cation (C6H5CN•+). However, sequential dissociation processes, which become important when ionization
occurs with significant excess energy transfer, have received almost no attention to date. The present metastable dissociative ionization
experiments reveal 14 different dissociations, of which 11 have never been observed before. Nine of these new reactions involve the
dissociation of a fragment ion. A notable result shows that C4H2

•+ production (the second most intense fragment ion in conventional
mass spectra without metastable dissociation analysis) derives from sequential dissociation via C6H4

•+, as well as from the previously
reported unimolecular dissociation of C6H5CN•+. Furthermore, our experiments demonstrate new pathways that produce astrochemi-
cally important neutrals including HCN/CNH and CN•, as well as revealing CH• and C3H• production from ionized benzonitrile for
the first time. In addition to the metastable dissociation experiments, we applied density functional theory to calculate two sequential
dissociation routes and report the results of our detailed analysis of the peak shapes in a conventional mass spectrum of benzonitrile.
The latter enabled the dominant ion to be identified in peaks with nearest-integer m/z values that match two conceivable ions. The
present identification of C6H2N+ production using this approach allows its presence in the ISM to be inferred for the first time. This
paper extends our understanding of how the dissociative ionization of benzonitrile can contribute to the abundances of radicals and
other reactive species in interstellar environments.
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1. Introduction
Benzonitrile’s detection in the Taurus molecular cloud by
McGuire et al. (2018) represented the first observation of
a nitrogen-containing aromatic molecule in the interstellar
medium (ISM). It has since been identified in several other
molecular clouds (Burkhardt et al. 2021) and has been pro-
posed as a possible precursor species for reactions that produce
interstellar nitrogen-containing polycyclic aromatic hydrocar-
bons (McGuire et al. 2018; Jacovella et al. 2022). Rap et al.
(2024) have demonstrated that reactions of o-benzyne•+, an
intense fragment from ionized benzonitrile, with the widely
observed interstellar molecule acetylene can produce polycyclic
aromatic hydrocarbons. Characterizing radiation-induced pro-
cesses in benzonitrile can therefore have applications for mod-
eling the production of reactive species in diverse astronomical
environments, as well as the possible formation pathways of
more complex stable molecules.

The current astrochemical interest in benzonitrile’s radiation
response has inspired recent gas-phase studies of the molecule’s
UV absorption and photoelectron spectroscopies (Rajasekhar
et al. 2022; Kamer et al. 2023), as well as investigations of
the fragmentation pathways of excited protonated benzonitrile
(Jacovella et al. 2022) and the electronic and vibrational spectra
⋆ Corresponding author; sam.eden@open.ac.uk

of benzonitrile•+ (Daly et al. 2024). Furthermore, two papers
in 2023 combined experiment and theory to explore the disso-
ciative ionization channels of benzonitrile (C6H5CN, 103 amu,
shown schematically in Fig. 1a). First, Rap et al. (2023) used
IR spectroscopy to identify the structures of the ions with m/z
102 and 77-75 that are produced by electron ionization (EI)
at 15 or 50 eV. They complemented their experiments with
calculated reaction pathways (B3LYP-GD3/N07D with zero-
point correction) that lead to unimolecular loss of H•, CN•,
CNH, HCN, and C2H4 from benzonitrile•+. In addition, they
ran molecular dynamics simulations of excited benzonitrile•+
(internal energy between 8 and 9 eV; time 500 ps to 1 ns)
that indicated ten different unimolecular dissociations, includ-
ing C2H2 loss and C3NH loss. Kamer et al. (2023) mea-
sured threshold photoelectron-photoion coincidence mass spec-
tra in the photon energy range 13.75–19.75 eV. They applied a
Rice–Ramsperger–Kassel–Marcus statistical model to their data
to determine the lowest energy barriers associated with seven
fragment ions (m/z 77-75, 52-50, and 39). They then assigned
specific fragment ion structures by comparing the experi-
mental barriers with calculated reaction pathways (B3LYP/6-
311++G(d,p) refined by CBS-QB3 with zero-point correc-
tion) for unimolecular dissociations of benzonitrile•+. These
recent papers added substantially to the prior EI (Schug 1964;
Baldwin 1979; Inoue et al. 1983; Martin & O’Malley 1984),
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photoionization (Rosenstock et al. 1980), and multi-photon ion-
ization (MPI; Martin & O’Malley 1984) studies of benzonitrile’s
dissociative ionization, most of which focused primarily on
direct HCN loss. However, whereas the strongest unimolecu-
lar dissociations of benzonitrile•+ have been analyzed in some
detail, the present work is the first to explore its sequential
fragmentation.

The most significant experiments in our study employed a
reflectron time-of-flight (TOF) mass spectrometer to identify
dissociations that took place several microseconds after ioniza-
tion. This approach simultaneously reveals the m/z value of the
dissociation’s precursor ion (the metastable ion) and its prod-
uct ion. Hence, it reveals dissociations that belong to sequential
fragmentation pathways and demonstrates unimolecular dissoci-
ations of the excited parent ion. This extra information compared
with conventional mass spectrometry comes at a cost, however.
The resolving power of a given reflectron TOF instrument is
much lower for the precursor and product ions of metastable
dissociations than it is for ions that do not dissociate between
leaving the mass spectrometer’s ion source and reaching the
detector. Therefore, to maximize resolution, we chose to multi-
photon-ionize benzonitrile in focused laser pulses. This method
yields the best resolution achievable with our apparatus because
(i) ionization occurs in a small and precisely defined volume and
(ii) the ion cloud produced by a laser pulse crossing the target gas
is not allowed to expand before extraction from the ion source.

In addition to the metastable dissociation experiments, the
high resolution of the present MPI-TOF system enabled us to
demonstrate the atomic composition of various fragment ions
from benzonitrile for the first time. The present work also
includes a comparison between conventional EI and MPI mass
spectra. The comparison did not yield any evidence suggesting
that a dissociation visible in our MPI data depends uniquely on
that energy deposition process, and hence it supports the gen-
erality of our conclusions about the fragmentation of excited
benzonitrile•+. Finally, we performed density functional theory
(DFT) calculations to describe the reaction pathways of two
notable sequential dissociation routes that were visible in our
experiments.

2. Experimental methods

The measurements were carried out using crossed beam experi-
ments at the Open University (OU) and at Universidade NOVA
de Lisboa. They have been presented in previous publications
(Bockova et al. 2019; Pereira-da Silva et al. 2021) and are only
described briefly here.

The OU apparatus featured one change compared with previ-
ous publications by the group: the molecular target was produced
at room temperature using a simple effusive nozzle. The nozzle
was mounted in the grounded backplate of the mass spectrom-
eter (originally built by Kore Technology Ltd.), as indicated in
Fig. 1b. Benzonitrile molecules in the ion source region between
the backplate and the extraction grid were multi-photon ionized
in focused 225 nm pulses (average fluence 107 W cm−2) from a
Nd-YAG-pumped dye laser with a frequency doubling unit (Con-
tinuum Powerlite II 8000 - Sirah Cobra-Stretch). The ion signals
were timed using a Fast Comtec P7887 time-to-digital conver-
sion card. The data acquisition system was based on a LabView
application interfacing with the time-to-digital conversion card
and a laser pulse energy meter (Spectrum Detector SPJ-D-8).
Background ion signals due to residual gas in the chamber were
negligible.

Fig. 1. Molecular structure (a) of benzonitrile (C6H5CN) and sketch of
the TOF experiment (b) that was used to identify microsecond-timescale
(metastable) dissociations following the MPI of benzonitrile from an
effusive nozzle.

The reflection voltage in the OU mass spectrometer (which
can be applied to either the F grid or the G grid; see Fig. 1b)
can be adjusted to investigate metastable fragmentation. This
approach exploits the fact that an ion produced by a dissociation
in the field-free region (FFR; 0.9−13.8 µs after the laser pulse in
the present experiments) reaches the end of the FFR with lower
kinetic energy than an equivalent ion produced by a dissociation
in the ion source region, and hence can be reflected in a weaker
field. A simulation was developed in Python 3 (Van Rossum
& Drake 2009) to identify metastable dissociations visible in
experimental maps of ion counts against flight time and reflec-
tion voltage. The initial inputs are the distances within the mass
spectrometer, the electrode voltages (except for the reflection
voltage), and the crossing position of the laser beam with the
effusive beam of benzonitrile molecules. The crossing position
was determined by measuring the reflection voltage at which
the intact parent ion signal (benzonitrile•+) was extinguished,
following the method described by Ryszka et al. (2016). The
next step is to input one or more candidate dissociations (spe-
cific combinations of precursor and product ion m/z values) that
might take place in the FFR. The program then generates a
map of flight-time against reflection voltage that can be overlaid
onto the experimental map. Different candidate dissociations
are tested iteratively until the best possible match is achieved
between the simulated and experimental maps (e.g., Fig. 4).

Photon absorption at 225 nm (5.51 eV) coincides with
the low-energy extreme of the π–π∗ band in Rajasekhar et al.
(2022)’s UV absorption spectrum, accessing benzonitrile’s
second-lowest-lying singlet excited state (S2). While the dynam-
ics of this state have not been fully elucidated to date, internal
conversion to S1 (4.54 eV above S0; Rajasekhar et al. 2022) is
plausible prior to subsequent photon absorption at the present
laser fluence. A previous study of phenylacetylene (identical to
benzonitrile except benzonitrile’s N is replaced with CH) sug-
gests that the S1 state of benzonitrile will have a much longer
lifetime than the present laser pulse width (Hofstein et al. 2008).
Therefore, we expect that MPI of benzonitrile involves ioniza-
tion from either S2 or S1 in the present experiments. Both of
these states have similar calculated geometries to the neutral
electronic ground state in terms of the C-N bond length, the C-
CN bond length, and the C-C-N bond angle (Rajasekhar et al.
2022). Previous experiments using the OU apparatus to probe
uracil, a similarly sized aromatic molecule with a similar ioniza-
tion energy (9.15 eV in Jochims et al. 2005 compared with (9.72
± 0.02) eV for benzonitrile in Kamer et al. 2023), indicated that
two- and three-photon absorption (11.0 and 16.5 eV at 225 nm)
dominated ion production (Barc et al. 2013) but higher-order
photon absorption was not negligible.

The NOVA experiment was used here for 70 eV EI measure-
ments of benzonitrile in an effusive beam. The setup consists of a
thermionic electron source and a home-built trochoidal electron
monochromator, coupled with an Orthogonal Reflectron TOF
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Mass Spectrometer (OReToFMS) manufactured by KORE Tech-
nology Ltd. The experiment was heated to 368 K to prevent pos-
sible benzonitrile condensation on the electron monochromator
electrodes.

The benzonitrile samples in both experiments were pur-
chased from Sigma-Aldrich with a stated purity ≥99%. The
vapor above a liquid sample at room temperature was introduced
into the interaction region via an effusive nozzle connected to a
leak valve after at least three freeze-pump-thaw cycles. The base
pressure in the experiments was in the range 1−9 × 10−8 mbar,
and the pressure during the benzonitrile measurements was in
the range 9 × 10−8−7 × 10−7 mbar.

3. Theoretical methods

To explore the reaction pathways of some of the dissociation
channels observed in the present experiments, DFT calcula-
tions were conducted using Gaussian software (Frisch et al.
2016). Reactants, products, and transition states (TSs) were opti-
mized at the B3LYP level of theory (Becke 1993) with the
6-311++G(2df,2p) basis set. The large basis set was chosen to
ensure convergence to energy limits and is supported by good
agreements with experimental ionization energies (Díaz-Tinoco
et al. 2016). Frequency calculations were performed on all the
obtained structures to confirm that the reactants and products
correspond to minima on the potential energy surface and that
each TS is a saddle point on the potential energy surface. Further-
more, each TS was verified by examining the vibrational mode
associated with the imaginary frequency and subsequently per-
forming an intrinsic reaction coordinate calculation (Fukui 1981)
to ensure that the reaction path descends from the TS to the cor-
rect reactant and product. The computed energies displayed in
the reaction pathways have been zero-point-corrected to aid com-
parisons with recent calculations of unimolecular dissociations
of benzonitrile•+ (Rap et al. 2023; Kamer et al. 2023).

4. Results and discussion

4.1. Electron ionization (EI) and multi-photon ionization (MPI)
mass spectra

Figure 2 shows EI (panel a) and MPI (panel b) mass spectra of
benzonitrile. The reflection voltage in the MPI measurement was
set to allow the detection of prompt ions (defined here as any
ions that do not dissociate later than 100 ns after MPI). In both
of the mass spectra, the ratio of the m/z 104 signal over the m/z
103 signal matches the expected population of benzonitrile iso-
topes (8%). This supports the absence of saturation effects and
of protonated benzonitrile (a prominent fragment from benzoni-
trile cluster ions (Bou-Debes et al., in prep.). Indeed, no peaks
that could suggest the presence of clusters were observed in the
mass spectra.

Figure 2 shows that the most intense peaks (notably at m/z
103, 76 and 50) and the main ion groups produced by EI and
MPI are consistent with each other. The differences in relative
peak intensities can be linked to the ion acceptance functions
of the two mass spectrometers and/or to the energy deposition
in the two ionization processes. Seven EI peaks were not visi-
ble in the MPI measurements (e.g., at m/z 84 and 85 in Fig. 2),
and we attributed them to high energy deposition processes such
as double ionization, which occur preferentially in 70 eV elec-
tron collisions compared with the MPI conditions studied here.
These seven EI peaks are discussed in Appendix A. Considering
the signal-to-noise ratios in the MPI data and the EI data, we did

Fig. 2. EI (a) and MPI (b) mass spectra of benzonitrile. To show the
m/z 82–91 range with better statistics, the relevant insert in panel b
comes from a separate MPI measurement with a higher benzonitrile
target pressure.

not see evidence for any fragment ion channels that are accessed
by MPI only. This suggests that the conclusions from our MPI
experiments (ion identifications based on Gaussian peak fitting
in this section as well as specific fragmentations revealed by
the metastable dissociation results in Sect. 4.2) also apply to
EI. Moreover, the general similarity of the MPI and EI mass
spectra in Fig. 2 is consistent with our expectation that MPI
in the present laser pulse conditions involves ionization from
neutral electronic excited states that have similar geometries to
benzonitrile’s neutral ground state (discussed briefly in Sect. 2).

Many of the peaks in the benzonitrile mass spectra have
m/z values that, when obtained to the nearest integer, could be
assigned to ions with different combinations of atoms. The mass
resolution of the present MPI experiments (e.g., full width half
maximum ∆m/z = 0.089 for the benzonitrile•+ peak) was not
sufficient to completely separate peaks according to their atomic
compositions. However, by applying Gaussian fits to MPI peaks
that had good signal-to-noise ratios in the context of the narrow
bin width and that showed no signs of asymmetry (e.g., tail fea-
tures), we were able to obtain precise m/z values for the peaks’
centers. This enabled us to identify the atomic composition of the
ion that was mainly responsible for the peak. For example, Fig. 3
shows Gaussian fits of three peaks that are highlighted in the dis-
cussion below. The uncertainty of ±m/z 0.005 on the center m/z
values of the fitted peaks is mainly linked to the calibration func-
tion relating TOF to (m/z)

1
2 . The calibration relied on obtaining

center m/z values for peaks with unique possible atomic com-
positions such as benzonitrile•+ (m/z 103.042) and CH+ (m/z
13.008). Tables C.1 and C.2 list all the prompt ion peaks in our
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Fig. 3. Details of the MPI peaks from benzonitrile with nearest-integer
m/z values of 26, 77, and 88. The experimental data points are shown
in blue and the Gaussian fits in green. (a) The fitted center (m/z
26.012 ± 0.005) indicates that C2H2

•+ (26.016) dominates over any
CN••+ (26.003). (b) The fitted center (m/z 77.040 ± 0.005) indicates that
C6H5

+ (77.039) dominates over any C5H3N•+ (77.027). (c) The fitted
center (m/z 88.015 ± 0.005) indicates that C6H2N+ (88.019) dominates
over any C7H4

•+ (88.031).

MPI mass spectra and, where possible, provide center m/z val-
ues to aid assignments. The tables also note any relevant ions
that have been observed in the ISM to date (to our knowledge).

The seven fragment ion assignments by Martin & O’Malley
(1984) that are quoted in Tables C.1 and C.2 were mainly
based on the authors recognizing analogous peak patterns in
nonresonant MPI mass spectra of benzonitrile, benzene, pheny-
lacetylene, toluene, t-butyl benzene, and diphenylmethane. Four
of their deductions (C6H4

•+, C4H4
•+, C4H3

+, and C4H2
•+)

have already been supported by subsequent experiments, most
recently by Kamer et al. (2023). The present Gaussian peak fit-
ting enables us to demonstrate that Martin & O’Malley (1984)’s
remaining deductions (C4H2N+, C3H3

+, and C2H2
•+ as shown

in Fig. 3a) are also correct. Additionally, the present measure-
ments confirm the C6H5

+ assignment (Kamer et al. 2023; Rap
et al. 2023; Molenaar-Langeveld et al. 1986) (Fig. 3b), and this
dissociation channel is discussed further in Sect. 4.2. In addition
to the assignments mentioned above, the Gaussian peak fitting
allowed us to identify the dominant ions responsible for nine
peaks that are visible in previous mass spectra but (i) have never
been assigned before and (ii) could be attributed to different
atomic combinations based on their nearest-integer m/z values.
C4H3N•+, C4H5

+, C3H4
•+, C3H2

•+ and C2H3
+ have one fewer

or one extra hydrogen atom compared with previously assigned
ions, so these assignments are not surprising. None of the neigh-
boring peaks of CH2

•+, CH3
+, C6HN•+, and C6H2N+ have been

assigned before. C6H2N+ is of particular interest because in
Sect. 4.2 and Table C.3 we demonstrate that nearest-integer m/z
88 ions are interim species in sequential dissociative ionization
pathways that yield neutral HCN and/or CNH products.

Further to its role in sequential dissociation pathways, the
present identification of C6H2N+ (Fig. 3c) from benzonitrile
is interesting with respect to the diversity of species in the
ISM. Any dissociative ionization product of a known interstel-
lar molecule must also be present in the ISM, even if its low
abundance and/or the lack of spectroscopic reference data cur-
rently prevent its direct observation. Whereas C6HN•+ is visible
in Couturier-Tamburelli et al. (2014)’s 70 eV EI mass spectrum
of HC7N, the only reported interstellar molecules aside from
benzonitrile that could fragment to form C6H2N+ are C10H7CN
(1-cyanonaphthalene and 2-cyanonaphthalene) and C11H12N2O2
(tryptophan, based on a tentative spectral attribution) (McGuire
et al. 2021; Iglesias-Groth 2023). The mass spectra of these
three molecules contain weak peaks at nearest-integer m/z 88
(Wallace 2024; Tamuliene et al. 2015) but, to our knowledge,

no work has been carried out to distinguish possible C6H2N+

from alternative ions such as C7H4
•+, C5N2

•+, or C6O•+. Hence,
the present analysis of benzonitrile’s MPI mass spectrum pro-
vides the first evidence supporting the presence of C6H2N+

in the ISM.
In addition to considering the fragment ions produced from

benzonitrile, it is useful to note two ions that are absent from
Table C.2. Our experiments show that the dissociative ionization
of benzonitrile is not a significant source of two nitrogen-
containing ions that have been observed in the ISM: CN••+ (m/z
26.003; our Fig. 3a; Dopita & Sutherland 2013) and C3H2N+

(m/z 52.019; Kawaguchi et al. 1993). A general trend is apparent
from the table: small fragment ions from benzonitrile tend not
to contain N. From the 23 peaks observed with m/z ≤61, we can
identify 22 different ions conclusively and none of these con-
tain N. Although some exceptions might have been anticipated,
this trend is not surprising in view of nitrogen’s electronegativity
compared with carbon and hydrogen. It should also be noted that
it is generally energetically favorable for the charge to reside on
the larger fragment following the dissociation of an ion (larger
molecules generally have lower ionization energies), and this
effect is likely to dominate charge localization for fragments with
masses greater than 61 amu.

4.2. Metastable dissociation experiments

To our knowledge, the only metastable dissociation channel of
ionized benzonitrile that has been reported in the literature is
m/z 103→ 76 (Schug 1964; Baldwin 1979) attributed to compet-
ing HCN/CNH loss from benzonitrile•+ (Rap et al. 2023). The
curved bands in Fig. 4 reveal many more metastable dissocia-
tions following MPI of benzonitrile. The two maps in the figure
correspond to different focusing conditions in the reflectron part
of the mass spectrometer. In the Fig. 4b measurements, ions were
allowed to penetrate farther into the reflectron before changing
direction and traveling toward the detector. This arrangement
yielded higher signals for metastable dissociation products with
high m/z values, and lower signals for those with low m/z val-
ues. Any given metastable dissociation channel produces a band
at longer flight times in Fig. 4b than in Fig. 4a.

Table C.3 lists the 17 different metastable dissociations
observed in our MPI experiments, including three dissociations
of isotopes. Four of these dissociations are visible in both of
the panels in Fig. 4 (e.g., bands E and M correspond to the
same dissociation). Comparing the experimental data with the
simulated flight times provides the nearest-integer m/z values of
the precursor ions and of the product ions. To help assign spe-
cific atomic compositions in the table, we assumed that the ions
involved in the observed metastable dissociations are the same as
the ions with the same nearest-integer m/z values that have been
identified in prompt dissociative ionization experiments (present
results and earlier work summarized in Tables C.1 and C.2).

As well as listing m/z values of the precursor and the product
ions for each of the observed metastable dissociations, Table C.3
provides the mass of the neutral product. This assignment applies
the standard assumption that the metastable dissociation of an
ion involves the loss of a single neutral (Lindon et al. 2000).
Metastable dissociation only occurs when the internal energy of
the precursor ion is very close to the barrier for a given dissocia-
tion, and this generally means that insufficient energy is available
for a subsequent dissociation of the product ion or of its neutral
counterpart.

The cyano radical (CN•) is believed to play an important
role in diverse chemical reactions in the ISM, so its production
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Fig. 4. MPI signals from benzonitrile mapped against flight-time and
reflection voltage. The signals (ion counts per 16 ns time bin) are indi-
cated by red and white features, and the curved bands correspond to
metastable dissociations in the FFR of the mass spectrometer. The simu-
lated flight times for the metastable dissociations that agree best with the
experimental bands are indicated by black dots and listed in Table C.3.
Map (a) was recorded with the reflection voltage applied to Grid F in the
mass spectrometer (see Fig. 1b), whereas map (b) was recorded with the
reflection voltage applied to Grid G.

mechanisms are of special interest. For example, due to its reac-
tivity with molecules possessing double or triple bonds between
carbon atoms, CN• is understood to be involved in the forma-
tion of cyanopolyynes. These molecules are present in high-mass
star-forming regions and hot cores and have been proposed as
chemical clocks to determine the ages of those objects (Paron
et al. 2021). 70 eV electron-impact luminescence has been used
previously to identify CN• from benzonitrile (Inoue et al. 1983),
but those experiments did not distinguish its production mecha-
nism. Band T in Fig. 4 and Table C.3 contains a combination
of m/z 104 → 77 and 103 → 77 dissociations. Combining
this observation with the fact that C6H5

+ production dominates
over any possible C5H3N•+ contribution (Fig. 3c) enables us
to identify the C6H5CN•+ → C6H5

+ + CN• dissociation chan-
nel (as opposed to any conceivable sequential loss of C and N
from benzonitrile•+). Our result supports Kamer et al. (2023)’s
assignment based on comparing the experimental photoioniza-
tion threshold for m/z 77 ion production with the DFT-calculated
barrier for unimolecular CN• loss from benzonitrile•+.

The present experiments provide evidence for a second
mechanism for CN• production by dissociative ionization of ben-
zonitrile. Band L is due to m/z 75→ 49 dissociation, Rap et al.
(2023)’s IR spectroscopy of benzonitrile’s ionization products
revealed a linear HC5N•+ structure; there is no evidence here or
in the literature suggesting C6H3

+ production from benzonitrile,
and the m/z 49 product can only be C4H+. Therefore, the band
can be assigned to C5HN•+ → C4H+ + CN• with confidence. In
addition to this new CN• production mechanism, we see the loss
of a 26 amu neutral (CN• or C2H2) from C7H2N+ (bands J and
R). Further experiments or calculations are required to determine
if this is an additional source of CN• from ionized benzonitrile.

Fragmentation to form C6H4
•+ (m/z 76) and HCN/CNH

has received more attention in the literature than any other
dissociative ionization channel of benzonitrile. As with CN•
(Ziurys 2006), both HCN (Ziurys 2006) and CNH (Schilke
et al. 2001) have been observed in the ISM and can partic-
ipate in diverse reactions, so there is significant interest in
their interstellar production mechanisms. As well as confirming
the well-known unimolecular dissociation (bands K and S), we
report HCN/CNH production via a sequential dissociation path-
way of benzonitrile•+ for the first time. The precursor ion in the
m/z 88 → 61 dissociation (bands F and P) can be assigned to
C6H2N+ on the basis of the Gaussian fitting described in Sect. 4.1
and the product ion can only be C5H+, so the neutral counterpart
can be identified as HCN or CNH. These reactions are explored
using DFT in Sect. 4.3 (Fig. 6).

In addition to the new pathway described above, our results
reveal two further dissociations that might produce HCN/CNH.
Comparing the relatively weak experimental band O with the
simulated flight times indicated two possible assignments for the
precursor ion: m/z 87 or 86. Hence, the neutral product could
be HCN, CNH, CN•, or C2H2. The m/z 64 → 37 dissociation
(band C) yields a 27 amu neutral, but we have no evidence to
assign it to HCN/CNH as opposed to C2H3

•. These possible dis-
sociations would be interesting subjects for future experiments
or calculations.

Kamer et al. (2023)’s comparisons of photoionization thresh-
olds with calculated dissociation energies indicated seven uni-
molecular dissociations of benzonitrile•+. The present experi-
ments confirm three of these channels: C6H5CN•+ → C6H5

+ +
CN•, C6H5CN•+ → C6H4

•+ + HCN/CNH, and C6H5CN•+ →
C4H2

•+ + C3H3N. The lack of evidence in the present results
for Kamer et al. (2023)’s reported unimolecular dissociations
producing HC5N•+ + (m/z 75), C4H4

•+ (m/z 52), C4H3
+ (m/z

51), and C3H3
+ (m/z 39) is most likely linked to the fact that

a given dissociation only occurs on a microsecond timescale if
the precursor ion’s internal energy is very close to the relevant
dissociation barrier. Hence, we speculate that the present MPI
scheme produces negligible populations of benzonitrile•+ with
internal energies close to the barriers for these four unimolecular
dissociations.

Table C.3 reveals two unimolecular dissociations of
benzonitrile•+ for the first time: m/z 103� 62 (C5H2

•+ or C4N+)
and m/z 103 � 37 or 38 (C3H+, C3H2

•+, C2N•+). In the latter
dissociation (band G), it seems initially surprising that the pos-
itive charge has remained on the smaller fragment but Kamer
et al. (2023)’s attribution of C3H3

+ to unimolecular dissocia-
tion of the parent ion provides a precedent for this. The most
intriguing aspects of the m/z 103 � 37 or 38 dissociation are
the possible neutral byproducts: C4H4N•, C4H3N, or C5H5

•.
Hendrix et al. (2020)’s recent theoretical study of the isomers of
C4H4N•, C4H4N– , and C4H4N+ was motivated by their possi-
ble presence in dark molecular clouds and in the atmospheres of
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planetary bodies (noting the m/z 66 signal in mass spectrometry
measurements of Titan’s atmosphere from the Cassini–Huygens
mission). However, none of these reactive species have been
observed conclusively in extraterrestrial atmospheres or in the
ISM. Similarly, no observations of interstellar C4H3N or C5H5

•

have been reported to date. Future investigations into which of
these neutrals are produced through the dissociative ionization
of benzonitrile would be valuable.

Combining our results with Kamer et al. (2023)’s brings
the number of experimentally verified unimolecular dissocia-
tions of benzonitrile•+ to nine. No dissociations of fragment ions
of benzonitrile have been identified previously, and Table C.3
reveals nine such dissociations (not including dissociations of
isotopes). Therefore, sequential fragmentation processes play a
major role in determining the diversity of ions and neutrals that
stem from the dissociative ionization of benzonitrile. Further-
more, it is interesting that we see a sequential dissociation step
(bands E and M: C6H4

•+ → C4H2
•+ + C2H2) that competes with

unimolecular dissociation of benzonitrile (band H) to produce
C4H2

•+ (m/z 50, the third most intense peak in typical prompt
mass spectra of benzonitrile such as Fig. 2).

In addition to its role in producing one of benzonitrile’s main
fragment ions, the present observation of C6H4

•+ → C4H2
•+ +

C2H2 is the first experimental demonstration of neutral C2H2
production from ionized benzonitrile. Similarly, band D (C6H+

→ C3
•+ + C3H•) provides the first evidence for neutral C3H•

production from benzonitrile. Therefore, sequential dissocia-
tive ionization of benzonitrile must contribute to the interstellar
budget of acetylene (the only stable form of C2H2), as well
as propynylidyne and/or cyclopropynylidyne, all of which have
been observed in the ISM (Ridgway et al. 1976; Ziurys 2006;
Mangum & Wootten 1990).

4.3. Calculated sequential fragmentation pathways

We carried out DFT calculations to identify reaction pathways
that can lead to several interesting dissociations reported in
Sect. 4.2. Our first step was to consider the dissociation of
benzonitrile•+ into C6H4

•+ (specifically the o-benzyne•+ isomer)
and HCN or CNH. Reassuringly, we obtained the same reaction
pathways that have been calculated recently by both Rap et al.
(2023) and Kamer et al. (2023) using alternative levels of theory
and basis sets (see Sects. 1 and 3). Our calculated dissociation
energies with respect to ground-state benzonitrile•+ lie between
the previously calculated energies (e.g., 3.77 eV for o-benzyne•+
production with HCN, compared with 3.71 eV, Kamer et al.
2023; and 4.0 eV, Rap et al. 2023).

Three notable dissociations in Table C.3 can occur in a
sequence: benzonitrile•+ → (HCN/CNH +) C6H4

•+ → (C2H2 +)
C4H2

•+ → (CH• +) C3H+. This sequence includes the two
strongest fragment ions in conventional mass spectra of benzoni-
trile: C6H4

•+ and C4H2
•+ (Fig. 2). Rap et al. (2023) identified

two isomers of C6H4
•+ from benzonitrile•+: o-benzyne•+ (main-

taining the parent ion’s 6-carbon ring) and bicyclic m-benzyne•+
(featuring a 5-carbon ring), but the peaks associated with
o-benzyne•+ were strongest in their IR spectrum. Therefore, we
chose to focus our DFT calculations on the loss of C2H2 from
o-benzyne•+ to form C4H2

•+, and then the subsequent loss of
CH• (Fig. 5).

No previous publications have explored the reactions of
C6H4

•+ fragments from benzonitrile•+, but one dissociation of
C6H4

•+ from a different source has been reported. Liu et al.
(2002) observed C6H4

•+ production through photolysis of Mg+-
difluorobenzene complexes. They also detected C4H2

•+ products

Fig. 5. Calculated reaction pathway for o-benzyne•+ (the C6H4
•+ isomer

shown) dissociating into (C4H2
•+ + C2H2) and then C4H2

•+ dissociating
into (C3H+ + CH•). The energies of product pairs (P), transitions states
(TS), and intermediate minima (I) are given with respect to ground-
state benzonitrile•+. In addition to the main sequence shown in red, the
energies of (o-benzyne•+ + CNH, P2) and (C4H2

•+ + C3H3N, P4) are
marked. They represent alternative starting points for the subsequent
reactions of o-benzyne•+ and C4H2

•+. The pathways leading to P1, P2,
and P4 from benzonitrile•+ have been reported recently (Rap et al. 2023;
Kamer et al. 2023), so they are not repeated in this figure.

and argued that these probably resulted from metastable dissoci-
ation of o-benzyne•+. Hence, the presently observed C6H4

•+ →

C4H2
•+ + C2H2 dissociation and our proposed assignment of the

precursor to o-benzyne•+ are consistent with Liu et al. (2002)’s
results and interpretations.

Figure 5 shows a reaction of o-benzyne•+ that starts with
a ring-opening TS (TS1) and progresses through further open-
ing of the structure (I1) prior to dissociation into two symmetric
linear products: 1,3 – butadiyne•+ and acetylene (P3, the lowest-
energy isomers of C4H2

•+ and C2H2). This simple reaction
involves no CH bond breaking. Kamer et al. (2023)’s cal-
culation of C4H2

•+ production via unimolecular dissociation
of benzonitrile•+ also yielded 1,3 – butadiyne•+. The calculated
activation energy for that product pair (P4, 1,3 – butadiyne•+
and acrylonitrile, C3H3N) is 1.73 eV lower than the sequential
pathway for 1,3 – butadiyne•+ production, but this does not nec-
essarily mean that the lower-energy route will dominate when
energy deposition is significantly higher than both thresholds.
For example, unimolecular CNH loss from benzonitrile•+ occurs
more frequently than HCN loss in Rap et al. (2023)’s molecu-
lar dynamics simulations, despite the latter dissociation having a
lower activation energy.

Whereas there is little information in the literature about
the dissociation of o-benzyne•+, the EI mass spectrum of
1,3 – butadiyne (C4H2) is available in the NIST database
(Wallace 2024). This demonstrates stronger production of C3H+

(m/z 37) than C3H2
•+ (m/z 38), which is consistent with band

B in Table C.3 (C4H2
•+ → CH• + C3H+). Hence, we report the

first evidence supporting benzonitrile being a source of methyli-
dyne radicals, and these highly reactive neutrals can participate
in diverse interstellar reactions. Figure 5 illustrates the lowest-
energy pathway that we identified for this dissociation: a simple
cleavage of one of the C=C double bonds.

The second reaction series that we explored theoretically is
centered on the C6H2N+ → C5H+ + HCN/CNH dissociation
(corresponding to the intense bands F and P in Fig. 4). As
discussed above, this dissociation is interesting because it rep-
resents a new source of interstellar HCN/CNH and because the
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Fig. 6. Calculated reaction pathways starting with H• loss from ground-
state benzonitrile•+, followed by CH2 loss and then by CNH loss or HCN
loss. Two alternative routes for producing the C7H4N+ structure at I′2 and
P′2 are shown.

present work infers the presence of C6H2N+ in the ISM for the
first time (Sect. 4.1). Figure 6 shows a reaction pathway that can
lead to this dissociation.

We were unable to find a pathway for C6H2N+ produc-
tion via a unimolecular dissociation of benzonitrile•+. Figure 2
shows that C6H4CN+ (m/z 102) is substantially the most
intense fragment ion with m/z ≥ 88, so we consider this
to be the most likely precursor for C6H2N+ production. Rap
et al. (2023) used IR spectroscopy to identify two struc-
tures of C6H4CN+ (one with an ortho hydrogen removed
from benzonitrile•+, the other with a meta hydrogen removed).
Figure 6 shows ortho – dehydro – benzonitrile+ production (P′1)
instead of meta – dehydro – benzonitrile+ because the former
allows a simpler isomerization (via TS′2) to produce the
C6H4CN+ structure at I′2. Rap et al. (2023) did not mention any
attempts to detect this symmetric C6H4CN+ structure (whereas
they explicitly reported seeing no evidence for para hydrogen
loss). Alternatively, the same structure can be produced at lower
energy cost if isomerization to I′1 via TS′1 occurs in benzonitrile
prior to P′2 formation. This isomerization has been reported pre-
viously (Rap et al. 2023; Kamer et al. 2023), and occurs at the
beginning of four reaction pathways that lead to unimolecular
HCN or CNH loss from benzonitrile•+.

To our knowledge, no previous publications have addressed
the fragmentation of C6H4CN+. The present calculations
revealed a pathway leading to CH2 loss via two TSs. TS′3 involves
H transfer to form a CH2 group at the para position on the ring,
and then the ring opens at TS′4. The ion subsequently relaxes
into the 3-arm structure shown at I′4. CH2 loss can then pro-
ceed directly leaving a 3-arm C6H2N+ structure. The production
of C6H2N+ with CH2 (P′3) requires significant energy (around
12.92 eV above the benzonitrile•+ ground state), whereas subse-
quent CNH loss (P′5) can proceed directly at an additional energy
cost of 1.41 eV. Figure 6 also illustrates how hydrogen transfer
from N on C6H2N+ to its neighboring C (TS′5) is accompanied
by C6H2N+ + HCN formation (P′4). Both of these dissociations
result in linear C5H+. This ion has not been observed in the ISM
to date, but the reaction pathways shown in Fig. 6 followed by
collisional neutralization may contribute to the budget of the
known interstellar radical l-C5H• (Cabezas et al. 2022).

5. Astrochemical implications

Comparing fragment ion production in the present MPI experi-
ments with EI experiments (see Appendix B as well as Sect. 4.1)

and with DFT calculations (Sect. 4.3) indicates that the reported
reaction pathways do not depend critically on the ionization
mechanism. Furthermore, all the precursor and product ions
identified here in metastable dissociation experiments are also
visible in conventional mass spectra showing prompt ion produc-
tion. This is consistent with the understanding that metastable
dissociation experiments reveal dissociations that more typically
occur on prompt timescales (when the internal energy of the
precursor ion does not happen to be very close to the rele-
vant threshold energy). Hence, the dissociations reported in this
paper should be anticipated in any astrophysical environment
where gas-phase benzonitrile is exposed to sufficiently energetic
photons, electrons, or indeed other types of ionizing radiation
(notably fast ions). Cosmic rays and UV photons from nearby
stars are important at the edges of molecular clouds (Gredel et al.
1989; Allain et al. 1996; Hollenbach & Tielens 1999). Further-
more, electromagnetic winds generate high energy electrons in
the upper atmospheres of planets and moons, including Titan’s
where benzonitrile’s possible presence has attracted particular
interest (Khare et al. 1981; Loison et al. 2019).

Efforts to date to model the production and destruction of
benzonitrile in cold molecular clouds have predicted abundances
that are substantially lower than the observed column densities
in the Taurus and Serpens molecular clouds (Burkhardt et al.
2021). Rap et al. (2024) have argued that these underestimations
are likely to be due to insufficient physicochemical knowledge
of the key molecules involved, notably unknown formation and
destruction processes and their accompanying branching ratios
and rate coefficients. Each dissociation revealed in this paper
is also, when read in reverse, a reaction that can contribute to
the synthesis of benzonitrile•+ (and thence benzonitrile) wher-
ever the relevant ions and neutrals are present. For example,
the present work reveals how the widely observed interstellar
molecule acetylene can participate in a reaction pathway leading
to benzonitrile•+ (see Fig. 5). McGuire and coworkers’ models
(McGuire et al. 2018; Burkhardt et al. 2021) were based on ben-
zonitrile being dominantly formed via benzene reactions with
CN•; integrating further reactions into the models may help
achieve convergence with the observations.

Two laboratory studies aimed at recreating photolysis- and
discharge-driven chemistry in conditions approximating Titan’s
upper atmosphere have reported benzonitrile production (Khare
et al. 1981; Mouzay et al. 2021). Photochemical modeling led
Loison et al. (2019) to predict low abundance of benzonitrile
in Titan’s atmosphere, but the authors noted that the results
have large uncertainties due to limited experimental and theoret-
ical data on the diverse pathways leading to the production and
destruction of aromatics. The authors also noted that ionic chem-
istry is expected to play a critical role in the accumulation of
benzene in Titan’s upper atmosphere. By analogy, this indicates
that a thorough characterization of the formation and destruction
pathways of benzonitrile•+, including the various new reactions
identified in the present work, is necessary in order to reliably
predict the abundance of benzonitrile in Titan’s upper atmo-
sphere as well as its possible roles in the production of other
complex molecules.

6. Conclusions

This study provides the first extensive experimental investiga-
tion of metastable dissociation following the ionization of ben-
zonitrile. The results confirm three previously reported intense
unimolecular dissociations of benzonitrile•+ and reveal two new
unimolecular dissociations of this astrochemically significant
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radical cation. Moreover, we report sequential dissociation path-
ways from ionized benzonitrile for the first time. The observed
dissociations of fragment ions demonstrate new mechanisms
by which the irradiation of interstellar benzonitrile produces
important reactive species, including CNH, HCN, CN•, CH•,
and C3H•. Furthermore, several of the precursor ions in our
observed dissociations have low stabilities, and hence little or
no prior information about their fragmentation is available. In
particular, we reveal dissociations of C6H2N+ and C6H4

•+ that
may feature in the sequential dissociative ionization pathways of
other interstellar molecules. DFT calculations were carried out
to identify reactive pathways that can explain the observed dis-
sociations of these ions. The assignments of specific ions were
aided by detailed analyses of peak shapes in a conventional mass
spectrum of benzonitrile.
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Appendix A: Evidence for double ionization
products

Three peaks with integer m/z values were visible in the present
EI data and in the NIST mass spectrum (Wallace 2024) but
were not visible in the present MPI measurements: m/z 43
(C2H5N+, C6N2+, or C7H2

2+), 84 (C7
•+), and 85 (C7H+; see

Fig. 2). This was not due to sensitivity: we were able to achieve
higher signal-to-noise ratios in our MPI mass spectra than in
our EI mass spectra. Instead, the absence of these peaks in the
MPI data can be attributed to high activation energies (notably
doubly charged fragment ions, or singly charged fragment ions
from doubly charged precursors) that can be accessed in 70 eV
collisions but have very low probabilities in the present MPI
conditions.

Fig. A.1. Details of the 70 eV EI mass spectrum of benzonitrile. Red
stars show doubly charged ions with m/z 37.5 and 38.5 (panel a) and
49.5, 50.5, and 51.5 (benzonitrile•2+; panel b).

Doubly charged benzonitrile has been produced by Griffiths
et al. (1981) and our EI experiments confirm that this ion (m/z
51.5; Fig. A.1(b)) is sufficiently stable to survive the journey
through the mass spectrometer. To our knowledge, the present
EI data provide the first evidence for doubly charged fragment
ions from benzonitrile. These have m/z 50.5 (C7H3N2+), 49.5
(C7HN2+), 38.5 (C6H5

2+ or C5H3N2+), and 37.5 (C5HN2+ or
C6H3

2+), and are shown in Fig. A.1. We suggest C6H5
2+ and

C5HN2+ as the most likely assignments for the m/z 38.5 and 37.5
peaks, based on the assumption that the observed doubly charged
ions have the same atomic compositions as the singly charged
ions that have been identified with the same masses in the present
work and/or previous studies (see our Table C.1; Kamer et al.
2023; Rap et al. 2023). Possible doubly charged ions with even
mass numbers (to the nearest integer) cannot be distinguished
readily in the present experiment.

Griffiths et al. (1981) reported the following fragment ion
pairs from excited doubly charged benzonitrile: (i) C6H4

•+ and
HCN•+, (ii) C6H3

+ and H2CN+. The first pair mirrors the
strongest fragmentation channel of singly charged benzonitrile
except that the smaller product is also charged. Indeed, dou-
ble ionization is the only route that has been reported to date
for HCN•+ or CNH•+ production from benzonitrile. Our Gaus-
sian fitting of the m/z 27 peak in the present MPI experiments
demonstrated C2H3

+ production, and we saw no evidence for
HCN•+/CNH•+ (see Table C.2). The m/z 27 peak is not clearly
enhanced in the EI spectrum compared with the MPI spectrum,

so we do not see evidence supporting significant HCN•+/CNH•+
production through double ionization.

The m/z values of the second ion pair reported by Griffiths
et al. (1981) (m/z 75 and 28) correspond to relatively weak peaks
in the present mass spectra and it was not possible to apply Gaus-
sian fitting to confirm the dominant ions in these MPI peaks.
Griffiths et al. (1981) assigned the relevant ion pair to C6H3

+

and H2CN+, whereas Kamer et al. (2023) and Rap et al. (2023)
reported HC5N•+ and C2H4 production from singly ionized ben-
zonitrile. We consider that the most likely assignment for m/z 28
ions from doubly charged ions is C2H4

•+ based on the assump-
tion of analogous dissociation of singly charged benzonitrile.
The m/z 75 and 28 signals are stronger compared with their
neighboring peaks in the present EI mass spectrum than they
are in the present MPI spectrum. This is consistent with these EI
peaks containing contributions from the dissociation of doubly
charged ions.

Appendix B: Electron ionization metastable
dissociation experiments

EI metastable dissociation experiments were carried out at the
OU for comparison with the MPI metastable dissociation results
(Fig. 4 and Table C.2). A room-temperature effusive beam of
benzonitrile vapor was crossed with a pulsed 70 eV electron
beam (see Bocková 2020 for details), and the resultant ions were
analyzed using a reflectron TOF mass spectrometer with the
same geometry as the system shown in Fig. 1. The mapping
approach described in Sect. 2 with flight time calculations was
applied to identify metastable dissociations in the EI data. Low
signal-to-noise ratios compared with the MPI experiments meant
that much longer data acquisition times were required, and hence
only four reflection voltages were tested. By choosing reflection
voltages close to ground, prompt ion signals were also detected
and these enabled us to verify the precision of the flight time
calculations.

The strongest metastable bands in the EI data are shown in
Fig. B.1: m/z 103� 76 (panel a), m/z 88� 61 (panel b), and m/z
76� 50 (panel c). These dissociations also yielded the strongest
signals in the MPI metastable dissociation experiments (bands
K and S, bands F and P, and bands E and M in Fig. 4). This
consistency between the two datasets indicates that these disso-
ciations do not depend on the energy deposition process; only
the total energy deposited in benzonitrile•+ prior to (unimolecu-
lar or sequential) dissociation is important. This is reassuring as
we have attached special interest to the m/z 88� 61 and m/z 76
� 50 dissociations, and they feature in the calculated reaction
pathways in Fig. 5 and Fig. 6. The lack of definitive EI evidence
for the other dissociations listed in Table C.2 can be attributed to
superior signal-to-noise ratios in the MPI data.

Appendix C: Tables
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Table C.1. Prompt ions detected from multi-photon ionized benzonitrile (C6H5CN): m/z range 61 to 105. Gaussian fits were applied to determine
the center m/z values of the peaks that could be assigned to different combinations of atoms.

MPI m/z (nearest
integer or center
value)

Present assignments@

(with m/z to compare
with center value)

Alternative ion
(m/z) that was not
identified&

Previous assignments Relevant ion obser-
vations in the ISM

105 13C2C5H5N•+ - # -
104 13CC6H5N•+ - # -
103 C6H5CN•+ - # -
102 C7H4N+ - C7H4N+ (2 structures) (1) -
101 C7H3N•+ - # -
100 C7H2N+ - # HC7NH+ (2)
99 C7HN•+ - # -
98 C7N+ - # -
89* C6H3N•+ or C7H5

+ - - -
88.015† C6H2N+ (88.019) C7H4

•+ (88.031) - -
87.010† C6HN•+ (87.011) C7H3

+ (87.024) - -
86* C6N+ or C7H2

•+ - - -
78 13CC5H5

•+ or
13CC4H3N•+

- - -

77.040† C6H5
+ (77.039) and 25%

13CC5H4
•+ (77.035)

C5H3N•+ (77.027) C6H5
+ (1, 3, 4) -

76* C6H4
•+ or C5H2N+ - C6H4

•+ (3, 5, 6, 7, 8); 2
structures (1)

-

75* C6H3
+ or C5HN•+ - HC5N•+ (1, 3) -

74* C6H2
•+ or C5N+ - - C5N+ (9)

73 C6H+ - # -
72 C6

•+ - # -
66% C4H4N•+ - First observed here$,# -
65.026† C4H3N•+ (65.027) C5H5

+ (65.039) - -
64.017† C4H2N+ (64.019) C5H4

•+ (64.031) C4H2N+ (8) -
63* C5H3

+ or C4HN•+ - - -
62* C5H2

•+ or C4N+ - - -
61 C5H+ - # -

Notes. (@)The assignments in bold were identified using Gaussian fits, or they represent the only possible assignment considering the atomic
composition of benzonitrile. (&)However, a possible weak contribution cannot be ruled out. (#)Only one possible assignment. (*)Not possible to
obtain a good Gaussian fit due to low signal-to-noise ratios or an asymmetric peak shape. (†)center value ±0.005. (%)The m/z 66 signal is too weak
to be discernible in Fig. 2, but we could detect it in an MPI measurement with higher benzonitrile pressure. ($)These peaks were not visible in the
NIST mass spectrum (Wallace 2024) or in Martin & O’Malley (1984)’s mass spectra. References. (1) Rap et al. (2023); (2) Cabezas et al. (2022);
(3) Kamer et al. (2023); (4) Molenaar-Langeveld et al. (1986); (5) Schug (1964); (6) Baldwin (1979); (7) Rosenstock et al. (1980); (8) Martin &
O’Malley (1984); (9) Cernicharo et al. (2022).
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Table C.2. Prompt ions detected from multi-photon ionized benzonitrile: m/z range 1 to 60. Gaussian fits were applied to determine the center m/z
values of the peaks that could be assigned to different combinations of atoms.

MPI m/z (nearest
integer or center
value)

Present assignments@

(with m/z to compare
with center value)

Alternative ion
(m/z) that was not
identified&

Previous assignments Relevant ion observa-
tions in the ISM

60 C5
•+ - # -

53.042† C4H5
+ (53.039) C3H3N•+ (53.027) - -

52.035† C4H4
•+ (52.031) C3H2N+ (52.019) C4H4

•+ (1, 2) C3NH2
+ (3)

51.022† C4H3
+ (51.024) and 5%

13CC3H2
•+ (51.019)

C3HN•+ (51.011) C4H3
+ (1, 2) -

50.017† C4H2
•+ (50.016) C3N+ (50.003) C4H2

•+ (1, 2) -
49 C4H+ - # -
48 C4

•+ - # -
40.031† C3H4

•+ (40.031) C2H2N+ (40.019) - -
39.026† C3H3

+ (39.024) C2HN•+ (39.011) C3H3
+ (2) -

38.012† C3H2
•+ (38.016) C2N+ (38.003) - -

37 C3H+ - # C3H+ (4)
36 C3

•+ - # -
28* C2H4

•+ or CH2N+ - First observed here$ H2CN+ (5), HCNH+ (6)
27.020† C2H3

+ (27.024) HCN•+ (27.011) - -
26.013† C2H2

•+ (26.016) CN••+ (26.003) C2H2
•+ (2) CN••+ (7)

25 C2H+ - # -
24 C2

•+ - # -
15.024† CH3

+ (15.024) HN•+ (15.011) - CH3
+ (8), /-CH3

+ (9)
14.016† CH2

•+ (14.016) N+ (14.003) - N+ (10)
13 CH+ - # CH+ (5)
12 C•+ - # C•+ (11)
1 H+ - First observed here$,# H+ (12)

Notes. (@)The assignments in bold were identified using Gaussian fits, or they represent the only possible assignment considering the atomic
composition of benzonitrile. (&)However, a possible weak contribution cannot be ruled out. (#)Only one possible assignment. (†)center value ±0.005.
(*)Not possible to obtain a good Gaussian fit due to low signal-to-noise ratios or an asymmetric peak shape. ($)These peaks were not visible in the
NIST mass spectrum (Wallace 2024) or in Martin & O’Malley (1984)’s mass spectra. References. (1) Kamer et al. (2023); (2) Martin & O’Malley
(1984); (3) Agúndez et al. (2022); (4) Cernicharo et al. (2022); (5) Smith (1988); (6) Kawaguchi et al. (1993); (7) Dopita & Sutherland (2013); (8)
Berné et al. (2023); (9) Pety et al. (2012); (10) Langer et al. (2017); (11) Schneider et al. (2023); (12) Mouschovias et al. (1974).
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Table C.3. Metastable dissociations observed in our MPI experiments on benzonitrile.

Precursor ion
and product
ion (m/z)

Neutral
product
(amu)

Assigned dissociation Fig. 4
bands

Comments and any previous
evidence

49 −−−→ 37 12 C4H+ −−−→ C3H+ + C A First evidence for C from ben-
zonitrile.

50 −−−→ 37 13 C4H2
•+ −−−→ C3H+ + CH• B -First evidence for CH• from

benzonitrile.
-See the calculated sequence in
Fig. 5.

64 −−−→ 37 27 C5H4
•+ −−−→ C3H+ + C2H3

• C
or C4H2N+ −−−→ C3H+ + HCN/CNH

73 −−−→ 36 37 C6H+ −−−→ C3
•+ + C3H• D First evidence for C3H• from

benzonitrile.
75 −−−→ 49 26 C5HN•+ −−−→ C4H+ + CN• L New route for CN• production.
76 −−−→ 50 26 C6H4

•+ −−−→ C4H2
•+ + C2H2 E & M -First evidence for C2H2 from

benzonitrile.
-See the calculated sequence in
Fig. 5.

77 −−−→ 51 26 13CC5H4
+ −−−→ 13CC3H2

+ + C2H2 N #

87 * −−−→ 60 27 C6HN•+ −−−→ C5
•+ + HCN/CNH O

or 86 −−−→ 60 or 26 or C6N+ −−−→ C5
•+ + CN•

or C7H2
•+ −−−→ C5

•+ + C2H2
88 −−−→ 61 27 C6H2N+ −−−→ C5H+ + HCN/CNH F & P -New route for HCN/CNH pro-

duction.
-See the calculated sequence in
Fig. 6.

89 −−−→ 62 27 13CC5H2N+ −−−→ 13CC4H+ +
HCN/CNH

Q #

100 −−−→ 74 26 C7H2N+ −−−→ C6H2
•+ + CN• J & R

or C7H2N+ −−−→ C5N+ + C2H2

103 −−−→ 37 * 66 C6H5CN•+ −−−→ C3H+ + C4H4N• G The possible neutral products
(C4H4N•,C4H3N,C5H5

•) have
not been observed before from
benzonitrile or in the ISM.

or 103 −−−→ 38 or 65 or C6H5CN•+ −−−→ C3H2
•+ + C4H3N

or C6H5CN · + −−−→ C2N+ + C5H5
•

103 −−−→ 50 53 C6H5CN•+ −−−→ C4H2
•+ + C3H3N H Photoionization (1)

103 −−−→ 62 41 C6H5CN•+ −−−→ C5H2
•+ + C2H3N I The possible neutral products

(C2H3N,C3H5
•) have not been

observed before from benzoni-
trile.

or C6H5CN•+ −−−→ C4N+ + C3H5
•

103 −−−→ 76 27 C6H5CN•+ −−−→ C6H4
•+ +HCN/CNH K & S -Metastable dissociation (2, 3),

photoionization (1).
-See the calculated sequence in
Fig. 5.

103 −−−→ 77£ 26 C6H5CN•+ −−−→ C6H5
+ + CN• T Photoionization (1)

104 −−−→ 77 27 13CC6H5N•+ −−−→ 13CC5H4
•+ +

HCN/CNH

Notes. (*)Figure 4 includes the simulated flight times for the m/z 87→ 60 and m/z 103→ 37 dissociations, but the m/z 86→ 60 and m/z 103→
38 dissociations show similarly good agreement with the experimental bands O and G. (#)Bands N and Q are assigned to isotopes based on their
intensities compared with bands M and P, respectively. (£)The ratio of band T over band S (17%) is much bigger than the predicted ratio based on
the isotope distribution (8%). Therefore, there must be a contribution to this band from another type of metastable dissociation. The only candidate
whose simulated flight times overlap with this band is m/z 103→ 77. References. (1) Kamer et al. (2023); (2) Schug (1964); (3) Baldwin (1979).
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Fig. B.1. 70 eV EI signals from benzonitrile mapped against flight time
and the reflection voltage applied to Grid G in the mass spectrometer
(see Fig. 1(b)). The signals (ion counts per 16 ns time bin) are indicated
by red and white features. The simulated flight times for metastable dis-
sociations that agree best with selected experimental bands (m/z 103→
76, m/z 88→ 61, and m/z 76→ 50) are indicated by black dots. Unlike
Fig. 4, signals due to prompt dissociations are visible in these maps, as
are signals due to metastable dissociations.
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