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Laboratory experiments were performed to evaluate benzonitrile (CN-Bz) under electron impact in the
condensed phase by electron-stimulated ion desorption (ESID) and in the gas phase by ionization time
of flight mass spectrometry with high mass resolution (EI-TOF-MS). This report focuses on the
identification and quantification of the single and double charged ionic species from small to large
masses initiated by radiolysis in the electron impact range of 12 eV to 2000 eV and desorption at 2300
eV electrons. The fragmentation of isolated CN-Bz in the gas phase is compared with the ejection of
positive ions from the surface of condensed CN—-Bz. The results highlight the dissociation, isomerization
and formation of larger molecules and double charged metastable species. On the theoretical side, an
automated global minimum (GM) search for low energy isomers was performed for selected ionic and
dicationic species suggesting possible structures. Harmonic frequency calculations ensured that all
structures represented a minimum at the potential energy surface. Based on data collected by spacecraft
missions sent to the Saturn moon Titan, the presence of benzonitrile in the Titan atmosphere is dis-
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1. Introduction

Organic molecules containing a cyano group became important in
response to the detection of benzene and large nitriles in molecular
clouds and protostars.' The reaction between benzene and the CN
radical can form CN-Bz.”'® Benzene is the most well-known
aromatic hydrocarbon identified in astrophysical environments.
Species much larger than benzene have gained relevance since the
detection of high masses of up to 300 Daltons in the upper atmo-
sphere of Titan'' and recently in Mars."> Small nitriles, such as
HCN, CH;CN, HG;3N, C,N,, were detected in the stratosphere and
larger ones in the ionosphere, such as butyne-dinitrile (C,H,N,) and
propanenitrile (C,HsCN)."*"® Benzene and some derivatives that
possess  stable electronic states have shown measurable
intensities."®"” Some other dicationic species are listed in Table S1
(SI). N,>*, which has a very high life expectancy,'®'® and N,O*" have
been suggested to be present in the upper atmosphere of Titan.**>?

Recently, electron impact experiments were performed at
15-50 eV** and 70 eV.”> The former work shows that the
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dissociative ionization of benzonitrile produced high intensity
ions with m/z = 75, 76, 77 and 102, corresponding to C,H,/
H,CN, HCN/HNC, C,H,/CN and H-loss, respectively. The latter
study observed that metastable dissociative ionization becomes
important when ionization occurs with significant excess
energy transfer. For example, C,H," can be formed through
sequential dissociation via the excitation of C¢H," and
CeHsCN'. Previous electron impact experiments, photoioniza-
tion and multi-photon ionization investigations primarily
focused on direct HCN loss and ion species that contribute to
the formation of larger interstellar molecules.*®™"

Photochemical models were developed considering the
chemical pathways and mechanisms that can lead to the
formation and destruction of aromatic and cyano species.**™’
Theoretical works from a gas-grain kinetic chemical model
NAUTILUS*® and experimental data’”® established that the
formation of CN-Bz from the radical benzene and CN is
efficient under interstellar conditions.®*’

First, we present an experimental investigation on the
ionization and fragmentation of CN-Bz in the gas phase over
a wide energy range (12-2000 eV), allowing us to follow the
cross-section dependence of several ionic species (positive ions,
single and double charged) as a function of the impact energy
from near threshold energies to energetic 2000 eV electrons. An
absolute cross-section of single and double species is always
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needed for data simulation. The formation and destruction rate
constants of positive ions can be derived (see Table S2 and
Fig. S18 in the SI). The data were further applied to the
chemistry of the atmosphere of Saturn’s moon Titan. In the
condensed phase experiments, energetic electrons at 2300 eV
were impinged on thin icy films. The primary comparison was
done with data in the gaseous phase, but the main goal was to
identify differences in the ejection of ionic species from the
surface upon slightly heating the sample and sublimating a few
layers of films. The condition for the highest production of
molecules larger than that of protonated benzonitrile was
searched for.

On the theoretical side, for selected single and double
charged ionic species, low-energy isomers were calculated on
the basis of an automated global minimum (GM) search.
Harmonic frequency calculations show that all structures repre-
sent a minimum at the potential energy surface. Looking for
more accurate energy results, the optimized geometries were
subjected to a CASSCF calculation with total energy obtained
via the second-order perturbation theory.

This report is divided into the following sections: experi-
mental setup and protocols in gaseous and condensed phases,
computational details, results of ionic species in gas and
condensed phases, comparison between phases and global
minimum structures of aggregates, Astrophysical implications
- benzonitrile in the Titan atmosphere, and conclusion.

2. Experimental setup and protocols
2.1. Gaseous phase

The experiments were carried out in an ultrahigh vacuum
chamber with a base pressure of 10~ % mbar, while the pressure
on the reflectron time of flight mass spectrometer (TOF-MS)
was 5 x 10~ ® mbar. A detailed description of the experimental
setup can be found elsewhere;'” here we include specific
features applied for the CN-Bz measurements. The sample
pressure in the gas cell, measured by a capacitive sensor, was
kept almost constant at 10> mbar, ensuring a single collision
regime. Before the sample was introduced into the gas cell, a
background experiment was performed under the same beam
conditions. This allowed us to identify contaminant species,
predominantly water and molecular hydrogen.

The injection line was heated prior to the admission of the
sample for at least 2 hours and dried under argon to reduce
contamination by water vapor. The procedure was repeated twice
in shorter periods. During the experiments, the injection line
was kept at room temperature to maintain constant flow and
prevent degassing of the water from the stainless steel tubes.

The liquid CN-Bz sample was purchased from Sigma-
Aldrich with purity greater than 99.8%. The dissolved gas
trapped within the CN-Bz liquid was removed by repeated
freeze-pump-thaw cycles of the sample before admission to
the main chamber. Previously, the CN-Bz molecules were
dehydrated by adsorption using 4A molecular sieves. The liquid
sample was placed in a dry ice-ethanol slush bath at around
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—10 °C, which freezes only water but not CN-Bz (freezing point:
—12.9 °C). This procedure helped us maintain a constant
evaporation rate and gas pressure in the cell during the hours
of measurements.

High resolution reflectron time-of-flight mass spectrometry
permits a high degree of sensitivity to the identification of
single- and double-charged atomic and molecular species."”
The spectrometer mass calibration was done with noble gases
neon, argon, krypton and xenon, so that the isotopic compo-
nents could be discriminated. A pulsed electron gun delivered
electrons with energies from 12 to 2000 eV (with an energy
resolution of +2 eV) at a repetition rate of 50 kHz. The ions
were collected by a pulsed extraction field applied to the gas cell
electrodes. The ions were collected by a 1 ps long extraction
pulse of —350 V, applied to the gas cell electrode, transmitted
through a reflectron spectrometer, and detected by a dinode
detector. The ion count rate was maintained at 1-3 kHz. The
average electron beam current, in the nA order, collected by a
Faraday cup, and the sample pressure in the cell, were mon-
itored and recorded during the experiments. Several TOF
spectra were collected at different energies to define the ionic
formation over the electron-energy range of the fluxes mea-
sured by the Cassini spacecraft (electron fluxes are shown in
Fig. S1).

2.2. Condensed phase

The experimental setup consists of an ultrahigh vacuum cham-
ber maintained at 1.0 x 10~° mbar base pressure. The instru-
ments housed in the chamber are an XYZ sample manipulator
connected to an open cycle liquid nitrogen cooling system, a
commercial electron gun (Kimball Physics, ELG-2), a linear
time-of-flight mass spectrometer, a quadruple mass spectro-
meter (RGA), and a pressure gauge sensor. The liquid sample
CN-Bz was purchased from Sigma-Aldrich with purity greater
than 99.8%. The CN-Bz liquid sample was subjected to the
fractional distillation process*® to separate it from any trace of
water (at 100 °C and CN-Bz at 190 °C). After being distilled, it
was accommodated into a glass vial and degassed through
several freeze-pump-thaw cycles prior to transfer to the main
chamber. The controlled-time injection procedure was
improved using a LabVIEW monitoring software based on the
RGA and the temperature sensor.

The sample holder substrate was mounted on an XYZ
manipulator, cooled using an open-cycle liquid nitrogen sys-
tem. The injection line was heated and dried with nitrogen gas
and set at room temperature before injection. When the holder
temperature reached its minimum, at 120 K, the CN-Bz ice
analogue was grown in situ by admission of CN-Bz vapor in the
chamber with an ultrafine leak valve at 3.0 x 10”7 mbar for
20 minutes. The sample flux was monitored by software mea-
suring the gas pressures of CN-Bz and the contaminants
present in the chamber during the injection time. The thick-
ness of the film was estimated to be ~6 Langmuir, where 1
Langmuir =1 x 10~ ° Torr s.** An admission spectrum is shown
in Fig. S1 (in the SI). The substrate temperature and the sample
pressure were monitored using an Eurotherm instrument and
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an RGA spectrometer, respectively. The LabVIEW platform
integrates these two sources of data, enabling the use of the
temperature-programmed desorption technique (TPD).

Once the first film was deposited, the TPD technique was
applied to evaluate the selected deposition conditions. The
quality of the film was probed and the thermal desorption of
the film was measured as a function of time. In typical TPD
measurements, the sample holder was heated at a controlled
rate (0.1 K s), and the ionic CN-Bz fragments were recorded as a
function of temperature.

A 1900 V potential was applied to the holder, extracting the
ionic species ejected from the sample surface. This positive
potential applied to the sample also accelerates the primary
400 eV electrons emitted by the electron gun (energy resolution:
of £2 eV). Therefore, 2300 eV electrons impinge on the sample
surface. The gun exit was at a distance of 5 cm from the sample
holder, which was placed perpendicular to the spectrometer
axis, 1 cm from its entry. The electron beam was focused on a
spot size of 0.5 mm? and hit the sample at an incidence angle of
60 degrees normal to the surface. After extraction, the positive
ions were guided towards the time-of-flight spectrometer
through a metallic grid set at 1350 V and traveled through a
25 cm long field-free drift tube (grounded), hitting a set of
microchannel plate detectors in chevron configuration. The ion
species ejected from the surface of the holder (without the
sample) known from previous experiments allowed mass cali-
bration. For consistency, the spectrometer and holder settings
were not changed between samples. The preliminary linear
regression can then be improved by extending the mass cali-
bration to other peaks that arise in ionic series recognizable in
the TOF spectrum of the sample molecule up to and including
parent ion peak. From this procedure, the entire TOF spectrum
can be converted to the m/z ratio scale.

An external pulse generator (HP 8116A) was responsible for
the triggering and pulsing of the electron beam with a signal
width of 20 nanoseconds within a time repetition rate of 80
kHz. In the experiments, a beam current of 0.4 nA was used,
which delivers a low electron flux of 3 x 10 electrons and a low
fluence of 6 x 10°, avoiding sample damage. The pulse gen-
erator supplies the start signal of the time-to-digital converter
device (FastComTec-TDC P8778) that provides a 12.5 pus time
window for the arrival of ions. Each ion generates an output
MCP signal processed by a preamplifier (Ortec VT120A), with
noise discriminated by a Tennelec-CFD, and fed into a gate
generator, delivering a NIM signal with 800 ns width, used as
the stop signal of the TDC device. The ion count rate with the
sample was stabilized at 4-5 kHz.

3. Computational details

For the ionic species CgH;CN>", CgH;CN**, C4H;CNH,
C¢H;CHNH" and C¢H;CHNH,"', we performed an automated
global minimum (GM) search for low-energy isomers. The
candidates were identified using the ABCluster software
through the isomer module,**** which applies the artificial
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Fig. 1 (Upper) Diagram of the swarm optimization algorithm, which
progresses through initialization, exploration by employed bees, selection
by onlooker bees, and random search by scout bees, iterating until a
stopping condition is met. (Down) Theoretical method workflow, starting
with the xTB approach for structure screening, followed by DFT optimiza-
tion using the PBEO functional for a computationally efficient ab initio
method.

bee colony algorithm based on swarm optimization (Fig. 1). The
isomer module integrates the extended GFN2-xTB tight binding
parameterization*® into the ABCluster main algorithm.
For each search, among the 10,000 and 15,000 structures
generated, we selected 100 to 150 lowest-energy structures for
further computations. For selected cases, some structures were
added manually by chemical intuition (Fig. 1). This procedure
is recommended due to the large chemical space.*® All selected
structures were then optimized applying density functional
theory (DFT), using ORCA 5.4 software’®*’ at the PBEO/def2-
TZVP level of theory. This level of theory has been successfully
applied in previous works.,'”*1:8:49

In addition, harmonic frequency calculations were per-
formed to ensure that all structures represent a minimum
at the potential energy surface (wavenumbers are shown in
Tables S3 to S7 in the SI). For more accurate energy results, the
optimized geometries were subjected to a couple cluster calcu-
lation at the CCSD(T)/cc-pVTZ level to obtain the total energy.
The groups of isomers in which at least one of the candidates
presented a coupled cluster T1 diagnosis >0.03° were sub-
jected to a CASSCF calculation with total energy obtained via
the second-order perturbation theory at the NEVPT2/def2-TZVP
level of theory. We used the notation X.Y"”>*, where X=3, 5, 6, 7,
and 8, representing the number of hydrogen atoms in each
group of molecules, and Y = 1, 2, 3, and 4, indicating the
stabilization order of relative energies in each group of ionic
species.
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4. Results

4.1. Ionic species in the gas phase

Fig. 2 presents the mass spectrum of CN-Bz under the impact
of 125 eV electrons, around the maximum of absolute cross
sections. The spectrum shows that the mass/charge species
were discriminated well and structured into eight defined
groups labeled A-H.

Each group includes fragments with a specific number of
carbon atoms and/or nitrogen atoms attached to hydrogen. A
total of 51 ionic species were measured and all major and
minor fragment ions were assigned to a molecular ionic radical
in Fig. 2. All detected ion species are in agreement with the
prompt ions detected from multiphoton ionized benzonitrile.>®
The dominant peak in the spectrum corresponds to the parent
ion, and other major fragment ions in descending order are
m/z = 76, 50, 39 and 63.

There are no experimental data on the total ionization cross
section (TICS) for CN-Bz over a wide energy range; the only data
available in the literature are at 70 electron impact.>*> As for
computed TICS, there are calculations from the ionization
threshold to 5000 eV based on the BEB model with various
combinations of orbital parameters and the CSP-ic method.>

View Article Online
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showed that BEBo B97-X results gave the best comparison with
BEB and the CSP-ic method. We opted to normalize the present
relative yields in absolute cross sections with the BEB
calculation.

Fig. 3 shows the absolute total ionization cross section
(TICS), nondissociative single ionization cross section (ICS),
dissociative cross section (DCS), and fragment cross section of
the relevant ionic species of the ionic groups A-H (see Fig. 2). At
low electron impact energies of 12-16 eV, the parent ion and
CgH," (m/z = 76) are mainly formed, the latter with a very low
yield. The ionic fragments in this range are produced in minor
abundances, in agreement with Fig. S1 of ref. 24. For compar-
ison, the destruction cross-section of CN-Bz is 0.1 Mb at 16 eV
(twenty-five times less than TICS), reaches a maximum of 10 Mb
at 100 eV, and decays to 1.7 Mb at 2000 eV as shown in Fig. 3
and listed in Table S2 (in the SI).

The metastable doubly charged positive ions C¢H,,>* (n = 4~
6) with m/z = 36.5, 37.5, and 38.5 were already reported in a
previous work'” and recently mentioned in ref. 25. We present
the ratio of C¢HsCN?" and C¢H;CN?' relative to the ionized
C¢H;CN" (see Fig. 4). The peak at m/z = 51.5 is attributed to
benzonitrile dication, C¢HsCN>*, and shows that a small
amount is formed under electron impact, with the ratio reach-

The correlation of the calculated TICS and polarizability ing 4%. The less intense peak of CoH,CN>* at m/z = 50.5 is
45001 CHCN' 4 45F E ct A +
6 s CH
—~ 100 Group A Group B 1200 - +° CN ¢
2 CHON'| || N CH N ! f\ ;
2300075 C.ON' CH, ON' 1‘ | z5k CﬁN " CHN] ;
) o ‘ Iz CH : C7H5+ il § CEpE / \ |
2z 30y \ O, 'z ! CH.s ) ; | |
& 1500 m = 2 st “ - | |
=0 ) R ' M et | RUSE
ol Mn MMM Ly \ ) IW WW WM M W WMW : Vu \J \\ / ‘\m
g 100 7101102 A 2 0 WAMM%MJ bt ST il a 1l N A A
96 98 100 102 104 87 88 89 200 72 73 74 75 76 77
T B T T C H T T R T T T T T T T T - T T T T T ;. T T T N
C5 5 n=0-5 CSH5 ool € + C4Hn:0»5 CH, | c' - C3Hn:04 CH,
2 1204 ¢ CN- -C,HN K R 3 CN'- - CHN'
§ ! C4Hn:(>5N [ CzN+‘—’ C3H3N ‘ ’ 4 ’ Z.
£ ‘ . J400f . CHLCN’ - T : % |
= 80 Group D | L Group E Group F
f | | &) | .
g ; ; - L J
= sl ' ‘ {2001 Z T 1“ \ " | e ] s |
; SERESEIN N =
1 uﬂy A‘ ! ‘\M “W Ml& i I¢ L\“M\ } \ J l\ i 5" { \ Ec i
! YA H 0°) | I\ ' ' \ | '
§ W ANATRY AW, ol A S N NV A A (L S e, e
400 60 61 62 63 64 65 66 48 49 50 51 52 53 36 37 38 39 40
T T T C H T T ! ! ! Mass/z
Cz‘ 2 Tn-0-4 | 45 1
;g 3001 L
k| CI\F . . connd L Group H ‘ |
<
. 200 | i CH
g i ‘ L ‘ c'- n-0-3 N CH;
o
= - Group G : - + +
= 100l p ;\ \ - 15 ) N NH
H i :
. JIN
0 A: b J.\‘m e ul1 1L¢». M 0 U‘JV“ —
24 25 26, 27 28 29 12 13 Mass/z 14

Fig. 2 Mass spectrum collected at 125 eV electron energy divided into 8 g

roups labelled A—H, with the indication of the species assigned to the mass/

charge. Isotopes and doubly charged ions are indicated in blue and red, respectively.

25572 | Phys. Chem. Chem. Phys., 2025, 27, 25569-25580

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d5cp03437j

Published on 27 urriak 2025. Downloaded on 2026/03/16 16:48:49.

PCCP
T
.l n -
10F o ® o " E
“— C -e * K* % N .. .. ]
= [ » * o W ]
2 | e m i
° s * .O.I'TICS
Z 70 ° 1
e *x °ICS
S o1k A A o 4
B r “ ’ AA *DCS:
] r . A 1
o [ 04 ‘e ]
o *

5 [ % I’ m=761
8 i * ’Q 1

= > .
20,1F w<a 7 % S
< f > m=501
[ > < < » ]
L * | >> 39-
i m=39
| > ‘< '»»} |
< 4‘ m=63
0,01F “ o
i 02T

10 100 1000

Electron energy (eV)

Fig. 3 Calculated total ionization cross sections (TICS)®® and present
measured cross sections: non-dissociative single ionization (ICS) and
destruction DCS, which corresponds to the sum of all fragment cross
sections and dissociative ionization cross sections of fragments with
masses m (indicated to the 2000 eV electron energy), representative of
the ionic groups A-G (see Fig. 2).

approximately 1/3 that of m/z = 51.5. The species CGHCN** are
very weak (see Fig. 2e) and were not quantified in the
present work.

The low-energy isomers of CeH;CN** and CgH;CN>* are
presented in Fig. 5, first and second rows, respectively. The

4.0 y

3.5

3.0

2.5

2.0

Ratio (double/single) %

T T
10 T 100 1000
electron energy (eV)

Fig. 4 Ratio of dications CgHsCN?* and CgHsCN?* relative to the parent
ionized ion indicated in percentage.
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C¢H5CN*" GM can be formed by migration of hydrogen atoms
from the aromatic ring to the CN group, forming C¢H,CNH>*
(para position, 5.1** in Fig. 5). The third structure (5.3* ) in
Fig. 5 is very similar, but the CNH group is present in the meta
position. In the case of the second (5.2°*) and fourth (5.4>")
structures in Fig. 5, a linear chain connects the cyclopropeny-
lium to the CNH group.

All isomers of CgH;CN>" present a cumulenic linear carbon
chain, very similar to the cases of CsH3;N", CeH;N>* and
C,H;N>".17185 The global minimum candidate has the struc-
ture CH,CsCNH>" (3.1*" in Fig. 5), which is a protonated
isonitrile (which has the CNH group), similar to the structure
CsH;N".*® The second structure (3.2>" in Fig. 5) is related to the
GM but with the migration of a hydrogen atom to the second
carbon atom (CHC,CHCNH?*). Migration was also observed
for the CsH3N' system. The third structure (3.3*" in Fig. 5)
describes the NH,C,H>" molecule, and the fourth (3.4>" in
Fig. 5) presents a cyclopropenylium group, C;H,C;CNH>",
which is again similar to a low-energy isomer of C;H;N'.
Geometric parameters (bond lengths, angles, and charge dis-
tributions) of the GM candidates for doubly charged species are
shown in Fig. S2-S11 in the SI.

4.2. Ionic species in the condensed phase

The ion emission is conducted by nonthermal processes, such
as induced desorption by electronic transitions (DIET). The
interatomic Auger decay prompts the creation of valence holes
in the electronic band structure of the solid. The hole pairs
remain localized for a short time (10 to 100 fs) but rapidly
dissociate as a result of Coulomb repulsion, ejecting ions from
the surface. Strong valence hole localization is expected in
weakly physisorbed adsorbates; otherwise, rapid hole diffusion
would quench Coulombic repulsion.”

Diverse intermolecular interactions occur at temperatures
lower than 200 K°® and induce the production of an extended
mass range of hydrocarbons and nitrogen- and oxygen-containing
species.’”® Large-mass charged ions have been suggested to be
the signature of aerosol formation in Titan.*'~**

The ion production depends on the phase and crystalline
structure of the condensate. Time-of-flight mass spectra were
recorded at two sample temperatures, one at 120 K, named
“full multilayer”’, and another at 160 K, called “few-layer”, to
investigate the differences caused in the sample deposition and
film formation. As the temperature increased, the diffusion
process was triggered.

Fig. 6 illustrates the temperature-programmed desorption
profile of ionized CN-Bz, showing three features, one starting
at 130 to 160 K, the second from 160 to 190 K, and the last in
the interval 190 to 220 K. This suggests that more than one
crystalline structure can be formed through phase separation.
They are present in the alpha and beta transition layers
of CN-Bz condensates. Based on previous studies at low
temperatures,®>®® we suggest that physisorption took action
in CN-Bz film formation, which aligns with evidence that
chemisorption can only be observed at higher temperatures,
above 280 K. CN-Bz exhibits two condensed phase transitions

Phys. Chem. Chem. Phys., 2025, 27, 25569-25580 | 25573
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Fig. 5 Low-energy isomers of CgHsCN2" (m/z = 51.5) (top) and CgHsCN2* (m/z = 50.5) (bottom) obtained with the ABCluster software combined with
DFT computations. Carbon atoms are gray, hydrogen atoms are white and nitrogen atoms are blue. The numbers in parentheses are the relative energies
in kcal mol ™! obtained at the CCSD(T)/cc-pVTZ level of theory. Energy parameters and T1 diagnostics are shown in Tables S8 and S9 (SI).
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Fig. 6 Spectrum of temperature programmed desorption, with relative
pressure as a function of temperature (in Kelvin).

around 188 K and 209 K,%® changing the structure of the
condensate. The findings corroborate the observations in the
TPD spectrum. The features centered below 160 K and around
185 K formed the multilayer and few-layer structures, respec-
tively, while the feature around 220 K is probably due to
physisorption to the stainless steel substrate. Physisorption of
CN-Bz on metal surfaces begins above 220 K.*>°°

In addition, assuming that the desorption of the CN-Bz layer
directly bonded to the metal substrate follows first-order
kinetics and that the frequency factor is typically in the
range®” of 10 s™' to 10" s™!, we can apply Readhead’s
equation Eq ~ RT, {ln (V'T;p)} 8869 e estimate that the

desorption energy of the TPD peak centered around 220 K is

25574 | Phys. Chem. Chem. Phys., 2025, 27, 25569-25580

in the range of 62 to 82 k] mol ' under the present experi-
mental conditions (heating rate: 0.1 K s~ *). This led us to infer
that CN-Bz physically adsorbs to the metal substrate, since
chemisorption is expected to exhibit higher desorption ener-
gies, generally above 90 kJ mol *.%°

Increasing the temperature of the substrate through resis-
tive heating from 120 K to 170 K and then cooling it back to
120 K improves mobility in the crystalline CN-Bz structure,
reorienting (tilting) or disordering the molecules. The warming
process induces more contributions of weaker forces in com-
parison with chemical bonds, such as van der Waals interac-
tions between the chains. The enhanced mobility leads to the
formation of more molecular aggregates in the crystal struc-
ture, called a “few-layer”.

Fig. 7 shows the ions desorbed from the (a) multilayer and
(b) few-layer CN-Bz films and (c) the changes induced by the
increase in temperature from 120 to 170 K. The few-layer (FL)
structure showed a higher yield of hydrogenated molecules. For
example, cyanide ion (HCN', m/z = 27) has a much higher yield
than methanimine cation (CHsN", m/z = 29), under multilayer
(ML) conditions. However, for the FL structure, we observe
the opposite: there is a higher yield of m/z = 29 compared to
m/z = 27. These differences are more evident in Fig. 7(c), where
“positive” yields indicate a higher production of mass/charge
in the FL structure compared to the ML structure. Negative
yields indicate a higher production of mass/charge in the ML
structure. Although a negative yield is observed in the mass
regions m/z = 39-43, there is an inversion in the production of
C,HN" or C;H;" (cyclopropenium ion) in the FL and ML films.
The higher number of hydrogenated ionic species in the FL
range occurs because the increase in temperature promotes a
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Fig. 7 Condensed benzonitrile — (a) multilayer film, (b) few-layer sample, and (c) comparison of multilayer and few-layer structures: subtraction of the

few-layer yield from the multilayer one.

phase change.®>°® For the parent molecule (m/z = 103), only its
hydrogenated forms were observed. The species of m/z = 106,
which corresponds to the fragment after triple hydrogenation,
was detected mainly in the FL range.

5. Comparison of ionic species in the
gas and condensed phase
The ionic fragments in the gaseous phase were mostly similar

to those in the condensed phase according to the spectral
results. The single- and multiple-hydrogen losses present in

the gas phase are almost absent in the condensed phase. In
contrast, cluster-ion formation is absent in gas-phase experi-
ments in the single-collision regime, but is expected in high-
density environments, such as in condensed samples and in
supersonic jet expansion under vacuum. Ionic fragments and
clusters attached to radicals are formed at the surface, gain
enough energy to surmount the surface potential, and can leave
the surface. In gas phase measurements, the metastable dica-
tionic species were detected, while on surfaces, efficient neu-
tralization processes make their detection mostly inaccessible.

The fragmentation mechanisms change the intensities of
the cations, as shown in Fig. 8, which illustrates a comparison
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Fig. 8 Yields of cations with mass/charge from m/z = 20-110 produced in the gas phase and desorbed in the condensed phase (multilayer film)
indicated in blue and magenta, respectively. At the top, to better highlight the differences, yields of cations formed in the gas phase by 70 eV electrons are

included.
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between the yields obtained with 2300 eV electrons in con-
densed CN-Bz in relation to those with 2000 eV electrons from
the gas phase measurements. The yields up to protonated CN-
Bz and ionized CN-Bz are structured in groups. The lighter ions
show an enhanced multiple attachment of hydrogen atoms in
comparison with the heavier ones. Single hydrogenation is the
rule in these cases. The role of intermolecular interactions for
condensed hydrogen-bonded molecules has been previously
studied and suggests that strong bond energies favor proton-
transfer reactions or dimer formation, rather than simple
molecular dissociation.”®”*

5.1. Global minimum structures of aggregates (m/z = 104-106)

The candidates for the global minimum structure for m/z = 104
are shown in Fig. 9. The lowest energy isomer is protonated
benzonitrile forming CsHsCNH' (6.1" in Fig. 9). The second
(6.2%) and third (6.3") structures in Fig. 9 have an NH group in
the six-membered ring, similar to some low-energy isomers of
aniline polycations” but with C,H as the lateral group. The
fourth structure (6.4") is a fused bicyclic heterocycle with two
five-membered rings, respectively. In the case of m/z = 105,
CeH;CHNH" (Fig. 9), the four lowest energy isomers are very
close in energy, exhibiting a five-membered ring, which are also
fused bicyclic heterocycles. For m/z = 106, CsH;CHNH, " (Fig. 9),
the GM candidate is the a-aminobenzyl (8.1"), in agreement
with the previous result.”*’* The second structure (8.2° in
Fig. 9) was not proposed in previous work and is composed
of a cyclic CsH,; NH bonded to a CHCH, group that forms

ng ?
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CsH,NHCHCH,". The third (8.3") and fourth (8.4") structures
are four- and six-membered rings.

6. Astrophysical implications —
benzonitrile in the Titan atmosphere

Magnetosphere electrons are considered the main radiation
source of the night-side ionosphere of Titan (at least for
altitudes above 1000 km),"*'* while photoelectrons predomi-
nate the day-side ionosphere.

The experimental data collected by Cassini/Huygens
flybys®"”>”77 and the previous Voyager mission have revealed
charged ions in the upper atmosphere of Titan.’®®%6378783
Cassini ion and neutral mass spectrometer (INMS) has detected
organic species in the mass range of 1 to 100 Daltons at Titan
altitudes of around 1000 km.**#%%* Similarly, the data collected
by the Cassini ion beam and electron spectrometer (IBS and
ELS) have indicated the presence of charged ions of higher
mass than those detected by the ion and neutral mass spectro-
meter (INMS)*

The mean half-life of CN-Bz under electron impact was
estimated within the present electron energy range combined
with the electron fluxes collected by the plasma-electron spec-
trometers CAPS of the Cassini spacecraft on the night side of
Titan during flybys T5 and T57, at the lowest (990 km) and
highest (2700 km) altitudes, respectively,®> during the T40 flyby
on the day side (~1100 km),*® and by Voyager from 630 to
1250 km®” (see Fig. $17, SI).

6.3(11.75)
-
&

6.4*(19.53)

L,
¢
7.3'(3.0) 7.4*(8.6)
L

C J
8.3*(12.18) 8.4"(16.83)

Fig. 9 Low-energy isomers of C¢HsCNH* (m/z = 104) (top), CgHsCHNH™ (m/z = 105) (middle) and CgHsCHNH,™ (m/z = 106) (bottom), obtained with
the ABCluster software combined with DFT computations. Carbon atoms are gray, hydrogen atoms are white and nitrogen atoms are blue. The numbers
in parentheses are the relative energies in kcal mol~* obtained at the CCSD(T)/cc-pVTZ level of theory. Energy parameters and T1 diagnostics for CCSD(T)
are shown in Tables S10-S12 (SI). For details about CASSCF/NEVPT2/def2-TZVP energies and active space orbitals, see Table S11 and Fig. S12-S15 in

the SI.
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circles: half-life considering fluxes of secondary electrons from solar wind
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triangles: half-life calculation with fluxes of electrons collected by Voyager
flybys.

Magnetosphere electrons determine a half-life of CN-Bz on
the same order of magnitude compared to secondary electrons
(see Fig. 10). The destruction rate as a function of the electron
impact energy is shown in Fig. S18 (SI) for the electron fluxes
measured by the flyby T40 on the night side face of Titan at an
altitude of 1020 km. In the altitude range (1000-1150 km) with
the highest molar fraction of CN-Bz, Fig. 10 shows a half-life of
~40 and 90 Earth years on the day and night side of Titan,
respectively. It should be noted that the nominal models
estimate the chemical and dynamical lifetimes to be 0.73 years
for benzene, 13.2 years for HCN, and 27.7 years for CH;CN for
altitudes from 200 to 1200 km (see Discussion in the SI).

Antagonist conditions apply to molecular formation and
stability at low altitudes. The molecular density at high alti-
tudes acts as a shield from radiation, reducing the particle
fluxes and protecting the molecular surroundings at low alti-
tudes. However, the Saturn magnetosphere can act on the
incident impact electron energy, accelerating them towards
the surface.

The Huygens gas chromatograph mass spectrograph mea-
sured the composition of the atmosphere below 146 km alti-
tude to the surface ~7 km, including up to 140 Daltons.”®*
The measurements did not show the presence of many heavy
molecules, but there is an indication of the mass of CN-Bz. Heavy
hydrocarbons and nitriles avoid condensation at low temperatures
in the lower stratosphere (below 200 km) and troposphere,***® but
there is a probability of detecting some of them, which can have
precipitated from the upper atmosphere.”’®®!

Experiments simulating the production of Titan’s haze
using an aerosol mass spectrometer examined the chemical
structure of haze particles under different conditions.®® Voya-
ger spacecraft observed tholins®® at ~500 km, while Cassini
only observed them at lower altitudes, ~380 km. In another
haze experiment, atmospheric chemistry was simulated similar
to that found in regions where aerosols are present (~ 150 K).**

This journal is © the Owner Societies 2025
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Electrons and ions were detected above 900 km and are
probably the seeds of haze aerosols observed at altitudes ~ 500
km**°* to 100 km.*?

The predicted CN-Bz production on the night and day-side
face is weak, as CN is significantly consumed by reaction with
CH,.°* The mole fraction of CN-Bz was between 1 x 10 ° at
1000 km and 1 x 10~ at 350 km.** Through direct bimole-
cular reactions between CN radicals and benzene, CN-Bz
formation was estimated with a reaction rate coefficient of
(4.0) x 107" ecm® molecule ' s™*.°* This estimate is in agree-
ment with the experimental one of (3.9) x 107" cm?
molecule " s™" at the relevant Titan temperature of 105 K.”
Although the reaction channel “CN + benzene” is barrierless
and the radical C¢Hg CN can be produced, only 2% dissociate to
form cyanobenzene.” The conditions indicate that the presence
of CN-Bz' may be too small to be detected in the Titan atmo-
sphere despite its strong dipole moment (4.71 D),”® which had
allowed detection in the Taurus molecular cloud (TMC-1).

CN-Bz has been detected in tholin pyrolyzates obtained as a
minor component in spark discharge synthesis experiments.’**®
The temperature allows for the nucleation of ice aerosols or the
condensation of ice layers on the surfaces. The species are
predicted to survive for months to years in the lower Titan
atmosphere. Long descents can allow chemistry to unfold on
the surface and within the bulk of haze aerosols.

7. Conclusion

We studied the impact of radiation sources, such as electrons,
on the CN-Bz molecule. In the condensed phase, the experi-
ments show that molecular fragments react with others in
association reactions, whereas in the gas phase, pure ionization
dominates. Even then, in the gas phase, the sum of all ion
fragments contributes on average with ~1/3 of the total ioniza-
tion cross section. The present setup is not able to distinguish
between isomers with the same chemical formula, but the
calculation may infer the species. The study suggests that
benzonitrile species should have a rather low lifetime in the
Titan atmosphere because of the order of absolute ionization
cross-section values and high electron fluxes. The molecules to
be explored are the species that result from condensation and
sedimentation to the surface. The results suggest that labora-
tory experiments can be used in addition to observational data
to predict both the presence and the possible detection of
molecules, such as gaseous and condensed CN-Bz, that have
not yet been detected.
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