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ARTICLE INFO ABSTRACT

Keywords: The formation and dissociation mechanisms of polycyclic aromatic hydrocarbons (PAHs) as well as their reac-

PAHs tivity with other interstellar molecules are elusive. In this work, we have investigated the electrical discharge

Sftroc}‘e‘}:‘mfy chemistry of the PAH naphthalene and acetonitrile, a molecule known to be present in interstellar environments,
?j'ﬁ; chemistry using a combination of mass-selective IR-UV ion dip spectroscopy with the free electron laser FELIX in the mid-IR

mid-. . _ . . . .

FELs frequency region (550 — 1800 cm 1) and quantum chemical calculations. In addition to the species known to be

produced in the electrical discharge of pure naphthalene, -CHz and —CN substituted unsaturated hydrocarbons
have been identified. Most of them, in particular those containing a nitrogen atom in the molecular framework,
such as 7H-benzo[7]annulenecarbonitrile, have a substantial dipole moment and, therefore, can be considered as
potential candidates for radio astronomical searches. Among the species observed, the two isomers 1- and 2-cya-
nonaphthalene, which have been recently detected in the TMC-1, have been identified in our experiment, thus
continuing to highlight the use of electrical discharge sources as a valuable tool to produce astronomically
relevant species.

Mass spectrometry
IR-UV spectroscopy

1. Introduction assignment of individual PAHs to the UIRs via infrared spectroscopy has
not yet been possible as only broad IR features have been recorded. The
differences in the vibrational frequencies of these C-H and C=C vibra-

tions between several PAHs are smaller than the width of the interstellar

The study of molecular infrared emission in the interstellar medium
(ISM), designated as the unidentified infrared bands (UIRs), is still under

way. Polycyclic aromatic hydrocarbons (PAHs), highly unsaturated
carbon molecules composed of two or more fused aromatic rings, have
been proposed as the potential carriers of the UIRs, so that they are also
referred to as AIBs (Aromatic Infrared Bands). These bands, which are
observed in the mid-IR spectral region (roughly from 3 to 20 pm)
throughout the interstellar medium (ISM), are characteristic of C-H and
C=C stretching and bending vibrational modes of aromatic compounds.
Because of the ubiquitous nature of the UIRs, PAHs are considered
prominent members of the family of organic molecules in the ISM ac-
counting for about 10 to 25% of the total interstellar carbon [1-3].
Despite the fact that the presence of PAHs has been established, the

* Corresponding author.
E-mail address: melanie.schnell@desy.de (M. Schnell).

band profile, thereby making the disentanglement of these bands diffi-
cult. Radio astronomy allows for the unambiguous detection of inter-
stellar molecules; however, in the case of PAHs, the low or even lacking
permanent dipole moments as well as their increasing partition func-
tions can make this task challenging or even impossible. Nevertheless,
very recently the presence of PAHs in the ISM has been confirmed by the
first radio astronomy detections of the PAH indene and of the two
carbonitrile-substituted PAHs 1- and 2-cyanonaphthalene in the mo-
lecular cloud TMC-1 [4-6]. The detection of the two isomers of cyano-
naphthalene is also considered as an indirect detection of the parent
hydrocarbon naphthalene.
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Although relevant progress has been made with these detections, the
role of PAHs in interstellar environments is still poorly understood.
There are open questions with respect to their size distribution, their
abundance, their formation, their reactivity, and their potential function
as seeds for the formation of larger particles. With regards to their
interstellar formation, two models have been proposed. On one side,
there is the top-down approach, which is based on the concept that
interstellar carbon particles, such as carbon clusters or carbon soot
particles, can be destroyed by interstellar UV light to form smaller PAHs
[7,8]. Another proposed top-down mechanism explains the formation of
PAHs in the ISM through graphene etching on the surface of SiC dust
grains [9]. Conversely, there is the bottom-up approach, which postu-
lates that PAHs can form from smaller precursors via chemical reactions.
This can occur through gas-phase reactions, such as the hydrogen
abstraction-acetylene addition (HACA) mechanism, or via grain-surface
reactions [10-13].

To gain insight into the formation of PAHs as well as their reactivity
with cyano-containing interstellar molecules in the laboratory, we have
used electrical discharge coupled with mass-selective IR-UV ion dip
spectroscopy using an infrared free electron laser [14,15]. Under plasma
conditions, PAHs are expected to undergo fragmentation processes fol-
lowed by recombination chemistry. The formed species can be identified
via their mass in combination with their characteristic IR features in the
550 — 1800 cm ™ fingerprint region. Herein, we present our results ob-
tained from electrical discharge experiments on the PAH naphthalene
(C10Hg) in mixture with acetonitrile (CH3CN), a simple nitrogen-
containing interstellar molecule and a source of the CN radical, also
known to be abundant in several interstellar regions [16-18]. The
plasma chemistry of the pure PAH naphthalene has been already
investigated using the same experimental technique by Lemmens and
coworkers [15]. In that study, new potential reaction pathways for the
formation of PAHs were discussed. Carbon insertion resulting in the
formation of larger PAHs, namely phenanthrene and pyrene, was
observed. Furthermore, that experiment demonstrated that growth of
PAHs via the addition of diacetylene units should be taken into
consideration, as an alternative to the HACA mechanism.
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In the experiment presented here, several new species are observed
upon addition of acetonitrile. Among these are the two isomers of cya-
nonaphthalene, which, as mentioned, have been already detected in the
TMC-1. Their observation in our experiment highlights the capability of
electrical discharge sources as a powerful laboratory tool, not only to
shed light on potential reaction pathways but also to generate new
species. The latter could be used as a basis for chemical investigations in
TMC-1 and other interstellar clouds and could act as proxies to trace
non-polar species via radio astronomy.

2. Experimental and computational methods

The electrical discharge experiment of naphthalene and acetonitrile
was performed at the FELIX laboratory using mass-selective IR-UV ion
dip spectroscopy coupled with a molecular beam and an electrical
discharge source [14,15]. Naphthalene (C;oHg, 99% purity) and aceto-
nitrile (CH3CN, 99.9 % purity) were purchased from Sigma Aldrich and
used without further purification. At room temperature, naphthalene is
solid with a tabulated melting point of 80 °C. To increase its gas-phase
concentration, the sample was heated using a home-built heatable
reservoir (to ~ 95 °C), directly connected to a pulsed valve (Parker
Series 9 pulse valve) and positioned inside the vacuum chamber. The
naphthalene/acetonitrile mixture was created by streaming argon, used
as a carrier gas at a backing pressure of ca. 5 bar, first through the
reservoir containing acetonitrile external to the vacuum chamber and
then through the heatable reservoir containing naphthalene. After
exiting the pulsed valve but before supersonic expansion, the gas pulse
containing the mixture of the precursors was electrically discharged.
The design of the nozzle has been discussed in a previous publication
[15] therefore only a brief description is provided here. It consists of two
oxygen-free copper electrodes separated by a PEEK spacer and inserted
into a PEEK housing. To increase the reaction time between the reactive
species and, therefore, to favor the formation of new molecules, a 6 mm
spacer was added after the two electrodes forming a recombination
zone. To improve the rovibrational cooling after discharge, the final
spacer was designed in a way to ensure a compression of the beam before
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Fig. 1. Discharge current vs. mass-to-charge (m/z) ratio plot showing the range of currents at which the formation of fragments or recombination species is favored.
When a current of approximately 50 mA is produced, the intensity of the parent species (m/z = 128) decreases, whereas an increase in the intensity of most of the

discharge products, as highlighted in the diagram, is observed.



D. Loru et al.

supersonic expansion. For this experiment a voltage between 0.7 and
0.8 kV, which produced a current of about 50 mA, was found to be
optimal for the formation of species having a mass-to-charge (m/z) ratio
larger than the precursors (Fig. 1).

At the exit of the discharge nozzle the molecular beam, containing a
mixture of the carrier gas, the precursors and the newly formed species,
was expanded into the vacuum chamber, skimmed and delivered
internally cold to the interaction region. Here it was probed using a
combination of IR-UV ion dip spectroscopy and mass spectrometry. The
formed fragments and products present in the molecular beam were
ionized using [1 + 1] resonant enhanced multiphoton ionization
(REMPI) with excitation by a dye laser at 275 nm and ionized with an
ArF laser (193 nm). The selection of an excitation wavelength at 275 nm
was based on a scan of the laser wavelength for the REMPI process of
diacetylenebenzene (m/z = 126), which resulted in a broad peak around
275 nm. Excitation wavelengths in the range between 260 and 280 nm
are known to enable a selective ionization of (poly)cyclic aromatic
species [19], and a fixed excitation wavelength within this range has
been previously used in similar experiments [15,20]. At this specific
wavelength combination (275 + 193 nm) and laser power, we did not
observe any fragmentation of the ions without the electrical discharge.
This was verified by recording the mass spectrum of the naphthalene and
acetonitrile mixture with and without application of electrical
discharge.

The ionized species were then mass-separated and detected using a
reflectron time-of-flight mass spectrometer equipped with a multi-
channel plate ion detector. For each mass channel, an IR spectrum was
recorded in the 550 — 1800 cm ™! fingerprint region using the IR-UV ion
dip experimental scheme with the free electron laser FEL-2 at the FELIX
laboratory [21]. To improve the S/N ratio of the experimental data,
several IR spectra (four scans between 550 and 1000 cm ! and three
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scans between 1000 and 1800 cm ™! range) were recorded and averaged
together for each mass channel. To better visualize the vibrational fea-
tures, a 5-point adjacent-average smooth function was applied to the
average of the experimental spectra. A comparison between the aver-
aged spectra before and after applying the smooth function is reported in
Fig. S1 of the supplementary information.

The assignment of the IR spectra to a specific molecule was achieved
by comparing the experimental IR spectra with computed IR spectra of
potential candidates. For all indicated mass channels (see Fig. 2), we
have optimized the structures of possible isomers with that specific mass
and computed their IR spectra. Since the number of possible isomers
increases tremendously with increasing mass, the selection of isomers
cannot be considered to be comprehensive, but we focused on a broad
variety of species selected based on chemical intuition and on results
from related experiments. The theoretical spectra were calculated using
density functional theory (B3LYP) coupled with the 6-31+G* basis set
[22,23] implemented in the Gaussian 16 program [24]. This rather low
basis set has been shown to be sufficient for an assignment of the
experimental spectra [15]. As the spectra become more complicated for
larger masses, NEARIR calculations were performed in order to simulate
overtones and combination bands for the molecular species of m/z = 140
and 151. For this, calculations using the option NEARIR, which is
implemented in the ORCA 5.0 software [25,26], were performed in
combination with the B3LYP/def2-TZVP level of theory. The NEARIR
calculations provided fundamental bands, combination bands, and
overtones. The fundamental bands were individually normalized and
the sum of the combination bands with overtones was also individually
normalized. Subsequently, these two sets of bands were summed
together. The intensity of the theoretical spectra reported here is
arbitrary.

A scaling factor of 0.976 and 0.9671 [27] was applied to the
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Fig. 2. Comparison of the mass spectra of the products of the electrical discharge of naphthalene and acetonitrile (upper trace in black) and of the electrical discharge
of pure naphthalene (lower trace in red) highlighting the similarities and differences in produced species between the two experiments. Both mass spectra were

obtained via two-color REMPI (275 nm + 193 nm). The signal at m/z = 128,

corresponding to the parent species, is truncated in both spectra to improve the

visualization of the lower intensity signals. Only the m/z values that are assigned to a specific molecular structure are indicated. The values reported in green, blue,

and violet indicate the m/z of species identified in both discharge experiments,

only in the discharge experiment of naphthalene and acetonitrile, and only in the

discharge experiment of pure naphthalene, respectively. The molecular structure of a representative of the new identified families is also showcased. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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frequency scale of the calculated harmonic and NEARIR spectra, which
were also convoluted to a Gaussian lineshape function with a full width
at half maximum (FWHM) of 1% of the frequency to match the FELIX
bandwidth.

3. Results

The products arising from the electrical discharge of pure naphtha-
lene (m/z = 128) have been previously investigated using IR-UV mass-
selective ion dip spectroscopy [15]. To ease the identification of the new
discharge species that form when acetonitrile is added as an additional
precursor, we compared the time-of-flight mass spectrum of the
discharge of naphthalene and acetonitrile with that of the discharge of
pure naphthalene in Fig. 2. Both spectra exhibit peaks at m/z < 128 and
m/z > 128, corresponding to species arising from fragmentation and
recombination chemistry, respectively. As expected, there are several
peaks in common between the two mass spectra, namely m/z = 126,

m/z =153

— Sum (2-a+b)
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e~ M N~
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Fig. 3. Comparison of the experimental IR spec-
trum (black trace) recorded in the 550 — 1800
cm™! region for m/z = 142 with the theoretical
harmonic vibrational spectra calculated at the
B3LYP/6-31+G* level of theory for the two iso-
mers 1-methylnaphthalene (blue trace) and 2-
methylnaphthalene (red trace). The trace in
light gray represents the average of the experi-
mental IR spectra. The black trace shows the
averaged experimental IR spectrum after
applying a 5-point adjacent-average smooth
function. The green trace provides the sum of the
| H = calculated spectra of the two isomers. A scale
factor of 0.976 was applied to the theoretical
spectra. (For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article.)

v/ v/

7/ v/

— 2-methylnaphthalene (b)

141, 150, 152, 176, and 178, which were already assigned to specific
molecular structures in the discharge of pure naphthalene [15]. The
experimental IR spectra of the species in common between the two ex-
periments and their assignments are reported in the supplementary in-
formation (Figs. S4-59). Several new peaks corresponding to m/z = 140,
142, 151, 153, and 167 are observed in the mass spectrum with aceto-
nitrile added as a precursor. The two time-of-flight mass spectra also
differ in the most prominent discharge product, being m/z = 153 and m/
z = 141 in the electrical discharges of naphthalene and acetonitrile and
of pure naphthalene, respectively.

The knowledge of the m/z values is often not sufficient to assign the
respective molecular structure, especially those of larger molecules with
an increased diversity of possible species, which are more difficult to
differentiate. In order to obtain structural information for the different
mass channels, spectroscopic information is therefore needed. We have
used a combination of mass-selective IR-UV ion-dip spectroscopy in the
550 — 1800 cm ™! region and quantum-chemical calculations. The

Fig. 4. Comparison of the experimental IR spec-
? trum (black trace) recorded in the 550 — 1800
em~! frequency region for m/z = 153 with the
4 ﬁ theoretical harmonic vibrational spectra calcu-
lated at the B3LYP/6-31+G* level of theory for
the two isomers 1-cyanonaphthalene (blue trace)
and 2-cyanonaphthalene (red trace). The trace in
light gray represents the average of the experi-
mental IR spectra. The black trace shows the
averaged experimental IR spectrum after
applying a 5-point adjacent-average smooth
function. The green trace provides the sum of the
calculated spectra of the two isomers. A scale
factor of 0.976 was applied to the theoretical
spectra. To better match the intensities of the
experimental spectrum, the theoretical spectra of
1- and 2-cyanonaphthalene have been combined
with a 2:1 ratio, respectively. (For interpretation
of the references to color in this figure legend, the
reader is referred to the web version of this
article.)

v/ v
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assignment was achieved by computing vibrational spectra corre-
sponding to several possible isomers of a certain mass and comparing
them with the experimental IR spectrum as shown in Fig. 3 for m/z =
142 and Fig. 4 for m/z = 153. Following our chemical intuition and
considering that under electrical discharge conditions acetonitrile is a
source of the radicals CN and CH3 [28], the assignment of m/z = 142 and
m/z = 153 to 1- and 2-methylnaphthalene and 1- and 2-cyanonaphtha-
lene, respectively, was straightforward (Fig. 3 and Fig. 4). Note that the
relative abundance of the isomers is not reflected in the observed in-
tensity. The latter depends on the excitation and ionization cross section,
which can vary depending on the probed molecular species. Further-
more, a quantitative assignment of the observed species cannot be
provided since the excitation wavelength was fixed throughout the
experiment and not optimized for each mass channel. Both experimental
IR spectra corresponding to the mass channels 142 and 153 exhibit
vibrational bands in the spectral region between 730 cm™! and 860
cm ™}, which are generated by the hydrogen out-of-plane bending mo-
tion of substituted aromatic rings. The frequencies of these vibrational
bands depend on the position of the substituted aromatic carbon, and
this explains the similarities in vibrational frequencies between the
vibrational spectra of 1-methylnaphthalene and 1-cyanonaphthalene as

Journal of Molecular Spectroscopy 386 (2022) 111629

well as between the vibrational spectra of 2-methylnaphthalene and 2-
cyanonaphthalene. The assignment of 1- and 2-methylnaphthalene
and 1-cyanonaphthalene could be further confirmed through compari-
son of the recorded IR spectra of the present work with that available on
the NIST Chemistry WebBook website (see Figs. S2 and S3) [29].

The IR spectrum corresponding to m/z = 140 exhibits a variety of
vibrational features along the frequency range investigated (Fig. 5). The
presence of an intense vibrational band at ~ 1210 cm ™! immediately
suggested that at least one of the molecules contributing to the experi-
mental IR spectrum should contain a terminal —C=C—H group. This
band is known to be the result of an overtone generated by the =C—H
bending motion, and it is considered as a diagnostic band for the iden-
tification of —C=C—H containing structures [30,31]. We have consid-
ered a series of isomers containing a —C=C—H terminal group with a m/
z = 140, which are given at the right-hand side of Fig. 5, namely 1-(buta-
1,3-diyn-1-yl)-2-methylbenzene (a), 1-(buta-1,3-diyn-1-yl)-3-methyl-
benzene (b), 1-(buta-1,3-diyn-1-yl)-4-methylbenzene (c), 1,2-diethynyl-
3-methylbenzene (d), 1,2-diethynyl-4-methylbenzene (e), 1,3-dieth-
ynyl-2-methylbenzene (f), 1,3-diethynyl-5-methylbenzene (g), and 1,3-
diethynyl-4-methylbenzene (h). Their vibrational spectra have been
calculated and compared with the experimental IR spectrum, as shown

m/z = 140 —

Exp.

— Theo. (a)

—— Theo. (b)

Theo. (c)

Theo. (e)

__ 1-(buta-1,3-diyn-1-yl)-  __ 1-(buta-1,3-diyn-1-yl)-
2-methylbenzene (a) 3-methylbenzene (b)

)
ﬁ(
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Fig. 5. Comparison of the experimental IR spectrum (black trace) recorded in the 550 — 1800 cm™! frequency region for m/z = 140 with the theoretical NEARIR
vibrational spectra calculated at the B3LYP/def2-TZVP level of theory for several isomers (left). The trace in light gray shows the average of the experimental IR
spectra. The black trace represents the averaged experimental IR spectrum after applying a 5-point adjacent-average smooth function. The colored traces provide the
theoretical vibrational spectra calculated for the molecular structures given on the right-hand side of the figure (a-h). A scale factor of 0.9671 was applied to the

theoretical spectra.
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in Fig. 5. All of them exhibit a similar vibrational spectrum with the most
intense bands falling in the 600 — 800 cm ™! region. The combination of
their theoretical vibrational spectra with equal weighting, represented
by the green trace in Fig. 5, reproduces well the frequency region 600 —
800 cm L. The bands observed around 600 cm ™! arise from the out-of-
plane deformation of the —C=C—H terminal group. These bands are also
present in the experimental IR spectra recorded for mass channels 126,
150, and 152, which were assigned to a series of compounds featuring a
terminal —C=C—H group in their molecular structure (Figs. S4, S6, S7,
and S8) in the electrical discharge of pure naphthalene. The bands
around 750 — 800 cm ™! are characteristic of aromatic rings and are
generated by the CH out-of-plane bending motion. Those around 1400
cm™! are diagnostic of methyl substituted aromatic rings. However,
since most of the isomers show similar vibrational features due to their
structural similarities, we cannot ensure that all of them are produced in
our discharge experiment and have no detailed information on their
relative intensity ratios, so that we used equal weights for the summed
theoretical spectrum.

Note that, despite the presence of the —C=C—H terminal group in all
the considered structures, the band at ~ 1210 cm ™! does not appear in
their theoretical vibrational spectra based on the harmonic approxi-
mation (Figs. S12-513). The use of anharmonic theory is required for its
correct prediction [32]. However, anharmonic calculations are not as

m/z =151

— Exp.

— Theo. (a)

—— Theo. (b)

Theo. (c)

Theo. (d)
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straightforward to interpret and use for assignment purposes. Although
they predict the anharmonic band at ~ 1210 em ! well, a significant
shift in the fundamental bands is often observed, thereby making the
interpretation of the IR spectra difficult [15]. To overcome this problem,
overtones and combination bands were calculated for all the isomers by
performing NEARIR calculations, as shown in Fig. 5. Other bands,
mainly in the region of 800 — 1000 cm ™, were not predicted in any of
the calculated spectra. These missing bands could be generated by
vibrational modes of other molecular species having a m/z = 140, which
have not been considered in this work. Other isomers of m/z = 140, such
as 2-ethynyl-1H-indene and cyclopropanaphthalene, were also consid-
ered but were discarded as possible contributors due to the absence of
their most intense bands in the experimental IR spectrum (Fig. S10).
The spectrum corresponding to m/z = 151 was assigned to a com-
bination of the eight isomers 2-(buta-1,3-diyn-1-yl)benzonitrile, 3-
(buta-1,3-diyn-1-yl)benzonitrile, 4-(buta-1,3-diyn-1-yl)benzonitrile,
2,3-diethynylbenzonitrile, 3,4-diethynylbenzonitrile, 2,4-diethynylben-
zonitrile, 2,6-diethynylbenzonitrile, and 3,5-diethynylbenzonitrile.
This assignment was further confirmed by the presence of the over-
tone at ~ 1210 cm ™! in the experimental IR spectrum (Fig. 6). Similarly
to the case of m/z = 140, this band was predicted using the NEARIR
option for most of the isomers of m/z = 151, as shown in Fig. 6. Other
species of m/z = 151, which could have formed upon the ring opening of
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naphthalene, such as 5-phenylpenta-2,4-diynenitrile, were also consid-
ered as possible reaction products but they were excluded due to a clear
mismatch of their theoretical spectra with the experimental data
(Fig. S11).

The experimental IR spectrum corresponding to m/z = 167 was
assigned to the equatorial and axial conformers of six isomers of 7H-
benzo[7]annulenecarbonitrile. The combination of their theoretical IR
spectra was found to be in good agreement with the experimental data
and matched the region of the experimental IR spectrum between 700
em™! and 900 cm™! (Fig. 7). The experimental IR spectrum exhibits
three main vibrational bands, two fall in the range ~ 710 — 740 cm ™!
and arise from the CH out-of-plane wagging motion also involving an
out-of-plane deformation of the ring, and one at ~ 800 cm ™, generated
by the CH out-of-plane bending motion. Due to the similarities between
the calculated vibrational spectra of the six isomers of 7H-benzo[7]
annulenecarbonitrile, we could not discriminate between them.

4. Discussion

In general, the outcome of a rich chemistry is observed when a
mixture of naphthalene and acetonitrile undergoes electrical discharge.
In the experiment of pure naphthalene [15], the formation of two types
of PAHs was observed. These included larger PAHs and polyyne-
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substituted PAHs. With acetonitrile as an additional precursor, we can
distinguish between two new classes of molecules, namely carbonitrile
(—CN) and methyl (-CH3) substituted aromatic rings.

The mass information provided by the technique gave important
guidance to identify the different classes of molecules. Several IR spectra of
a certain mass have been assigned to a combination of isomers. Although
some isomers could be excluded based on a poor agreement between the
calculated and experimental spectra, a unique assignment to just one
particular structure proved to be particularly challenging. This is mostly
due to the relatively low signal-to-noise ratio, as well as to overlapping
spectral signatures of the possible isomers. From a theoretical point of
view, a more detailed assignment of the spectra can be assisted by per-
forming NEARIR calculations so that overtones and combination bands
could be identified, as shown for some of the species identified in this
work. From an experimental point of view, an optimization of the exci-
tation wavelength for each identified mass channel would improve the
signal-to-noise ratio of the IR spectra. Furthermore, experiments in the far-
IR region would allow for the measurement of higher-resolution spectra
but also IR-IR double resonance spectroscopy or microwave spectroscopy
experiments would allow for an unequivocal isomeric discrimination. A
quantitative analysis of the relative amounts of the observed species is
complicated due to the spectral dependence on the excitation and ioni-
zation cross section of the molecular species and to the use of a single
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Fig. 7. Comparison of the experimental IR spectrum (black trace) recorded in the 550 — 1800 cm ™ frequency region for m/z = 167 with the theoretical vibrational
spectra calculated at the BBLYP/6-31-+G* level of theory for the equatorial and axial conformers of the six isomers of 7H-benzo[7]annulenecarbonitrile (colored
traces). The black trace shows the experimental IR spectrum after applying a 5-point adjacent-average smooth function. The trace in light gray represents the average
of the experimental IR spectra. The green trace provides the sum of the calculated spectra of the two conformers. A scale factor of 0.976 was applied to the theoretical
spectra. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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excitation wavelength (275 nm) for all the mass channels; therefore, in the
following, we discuss some qualitative observations.

Under the given experimental conditions, the peak at m/z = 153 is
the most intense in the mass spectrum, and it was assigned to the two
isomers 1-cyanonaphthalene and 2-cyanonaphthalene. The formation of
these molecules can take place via a neutral-radical reaction between
naphthalene and the radical CN [33-36]. A schematic of the potential
reaction mechanism within the discharge experiments leading to the
formation of cyanonaphthalene is illustrated in Fig. 8. The two isomers
1- and 2-methylnaphthalene are likely to be formed via a similar neutral-
radical reaction pathway as for cyanonaphthalene (Fig. 8). However, we
expect that an attempt to detect these species via radio astronomy would
be challenging due to their relatively low electric dipole moments of 0.3
and 0.5 Debye for 1-methylnaphthalene and 2-methylnaphthalene,
respectively, compared to dipole moments of 4.7 and 5.3 Debye calcu-
lated for 1-cyanonaphthalene and 2-cyanonaphthalene, respectively.

The peak in the mass spectrum at m/z = 140 was partially assigned to
a series of methyl substituted diacetylenebenzene and dieth-
ynylbenzene, which could form upon the ring opening in the precursors
naphthalene or methylnaphthalene. We can indeed propose two for-
mation routes to explain the observation of some of these species, since
both naphthalene (m/z = 128) and methylnaphthalene (m/z = 142) are
known to be present in our experiment. If we consider 1-(buta-1,3-diyn-
1-yD)-2-methylbenzene, this species could form via a two-step reaction
mechanism involving first a C-C cleavage to form diacetylenebenzene,
also identified as m/z = 126 in our experiment (Fig. S4 of the SI), and
then a reaction of diacetylenebenzene with the CHj3 radical when
starting with naphthalene as the precursor (Fig. 8). Alternatively,
methylnaphthalene could form first, via a neutral-radical reaction be-
tween naphthalene and the CHj radical, to then undergo C-C rupture to
produce 1-(buta-1,3-diyn-1-yl)-2-methylbenzene (Fig. 9). Since both
diacetylenebenzene (m/z = 126) and methylnaphthalene (m/z = 142)
have been assigned in our experiment, both proposed mechanisms
should be taken into consideration.

As mentioned before, a discrimination between the species assigned
to m/z = 140 is not possible due to their similar vibrational spectra.
However, most of them have a sufficient dipole moment, thus suggesting
that their unambiguous assignments could be possible by microwave
spectroscopy, a spectroscopic technique which is extremely sensitive to
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small structural differences. A parallel study via microwave spectros-
copy is underway in the Hamburg group.

A similar reaction pathway to the one for m/z = 140, this time
involving the CN radical instead of the CHs radical (Fig. 8), can also
explain the observation of the species having a mass-to-charge ratio of
151, which was assigned to a series of carbonitrile-substituted dieth-
ynylbenzene and diacetylenebenzene.

The six isomers of 7H-benzo[7]annulenecarbonitrile (m/z = 167) are
thought to be the result of a radical-radical reaction occurring between
the radical CN and the resonance-stabilized radical 7H-benzo[7]annu-
lene (m/z = 141) (Fig. 9), which is known to form when naphthalene
is subjected to electrical discharge (Fig. S5) [15].

5. Conclusions

Our experiment elucidates the chemistry that the naphthalene/
acetonitrile mixture undergoes when subjected to the harsh energetic
conditions generated by an electrical discharge source. In this work,
among the carbon-chain-substituted aromatic molecules observed, new
—CN and —CHjg substituted species have been identified. Most of these
species, especially those containing a nitrogen atom in their molecular
structure, such as the benzo[7]annulenecarbonitrile, have substantial
dipole moments and, therefore, represent good candidates for
astronomical observation in interstellar regions, such as the molecular
cloud TMC-1, where CN-functionalized rings, including benzonitrile,
[37] 1- and 2-cyano-1,3-cyclopentadiene [38], and 1- and 2-cyanonaph-
thalene [6], have been already discovered.

The use of electrical discharge sources as a way of making new
species has been previously shown to create astronomically relevant
species [39-41]. With the observation of the two isomers of
cyanonaphthalene in our experiment, we further highlight that this also
holds true for PAH-like molecules, which, nowadays, represent one of
the main targets of astronomical searches.

To unambiguously confirm the assignment of the observed species,
we have recently investigated the electrical discharge chemistry of the
naphthalene/acetonitrile mixture using microwave spectroscopy as a
complementary approach. These experiments will be particularly useful
to disentangle the different isomers with m/z = 140, 151 and 167, which
will be nicely distinguishable with rotational spectroscopy because of

__CH __CH __CH
~ +-CN +:CH, HC =
--H g --H
\\CH Neu \\cn
m/z =151 (a) |~| m/z =140 (a)
-H
N ‘ ’ 4
OO +.CN +-CH,
-“H .
/ Ha -h\‘
. m/z = 153 \ -H, miz=142 ~Hz
Il = Z" oHy Z
Z = FZ
+-CN +:ChHy
-“H -*H
miz = 151 (b) miz = 126 miz = 140 (b)

Fig. 8. Schematic of the proposed reaction mechanisms for the formation of m/z = 140, 142, 151 and 152. The green arrows indicate the neutral-radical reaction
occurring between the precursor naphthalene and the CH3 and CN radicals, which are generated upon discharge of acetonitrile, to form methylnaphthalene (m/z =
142) and cyanonaphthalene (m/z = 153), respectively. The red arrows indicate the mechanism starting with the C-C cleavage of the precursor naphthalene and
leading to the formation of 1,2-diethynylbenzene, which in turn can react with the CHz and CN radicals to form m/z = 140 (a) and 151 (a), respectively. The blue
arrows indicate the mechanism starting with the C-C cleavage of naphthalene and leading to the formation of diacetylenebenzene, which successively can react with
the CH3 and CN radicals to form m/z = 140 (b) and m/z = 151 (b), respectively. M/z = 151 can also form upon C-C cleavage of cyanonaphthalene. Similarly, m/z =
140 can form upon C-C cleavage of methylnaphthalene. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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"CN
W CN

HH

/CH
N/

Fig. 9. Proposed radical-radical reaction mechanism between the benzo[7]
annulene radical and the cyano radical leading to the formation of 7H-benzo[7]
annulenecarbonitrile.

their sufficient electric dipole moments.
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