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ABSTRACT

Context. Polycyclic aromatic hydrocarbons (PAHs) are believed to be the carriers of the aromatic infrared bands and have been pro-
posed as candidates to explain other astronomical phenomena such as diffuse interstellar bands (DIBs). The first aromatic structures
possessing more than one ring, 1- and 2-cyanonaphthalene (CNN), were recently detected by rotational spectroscopy in the dense
molecular cloud TMC-1. Laboratory investigations have indicated that due to fast and efficient relaxation through recurrent fluores-
cence (RF), CNN+ may be photostable in the harsh conditions of the lower density, more diffuse regions of the interstellar medium
(ISM) exposed to ultraviolet (UV) radiation. As a result, it has been suggested that the widely held belief that small PAHs present in
these regions are dissociated may need to be revisited. If 1-CNN+ is able to survive in the diffuse ISM it may contribute to the popu-
lation of 1-CNN observed in TMC-1. To investigate the abundance of 1-CNN+ in diffuse clouds, laboratory spectroscopy is required.
The present work concerns the electronic spectroscopy of 1-CNN+ in absorption and the search for its spectroscopic fingerprints in
diffuse clouds.
Aims. The aim is to obtain laboratory data on the electronic transitions of gas-phase 1-CNN+ under conditions appropriate for com-
parison with DIBs and assess abundance in diffuse clouds.
Methods. Spectroscopic experiments are carried out using a cryogenic ion trapping apparatus in which gas-phase 1-CNN+ is cooled
to temperatures below 10 K through buffer gas cooling. Calculations are carried out using time-dependent density-functional theory.
Results. Experimental and theoretical data on the D2 ← D0 and D3 ← D0 electronic transitions of 1-CNN+ are reported. The former
transition has a calculated oscillator strength of f = 0.075 and possesses a pattern dominated by its origin band. The origin band is
located at 7343 Å and has a full width at half maximum of 28 Å. In observational data, this falls in a region polluted by telluric water
lines, hindering assessment of its abundance.
Conclusions. Space-based observations are required to search for the spectroscopic signatures of 1-CNN+ and evaluate the hypothesis
that this small aromatic system, stabilised by RF, may be able to survive in regions of the ISM exposed to UV photons.

Key words. ISM: molecules – techniques: spectroscopic

1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) have long been
hypothesised to be present in the interstellar medium (ISM; see,
for example, Tielens (2008) and references therein). They are
proposed as carriers of the aromatic infrared bands (AIB), a set
of mid-infrared (IR) emission features detected at wavelengths
that correspond to the normal modes of CH-bending and CC-,
CH-stretching of aromatic molecules (Duley & Williams 1981;
Léger & Puget 1984). AIBs originate from the IR radiative cool-
ing of molecules following ultraviolet (UV) photon absorption
(Sellgren 1984).

The observed mid-IR emission bands are a collective signal
produced by a large set of molecules. A consequence of this is
that differences between emission from similar PAH structures
are unresolved in this wavelength region (Tielens 2008). The
majority of molecules detected in the ISM are identified based
on their rotational spectra (McGuire 2018). Recently, individual
members of this aromatic molecular family have been observed
using this method. Two nitril-group functionalised PAHs, 1- and
⋆ These authors contributed equally to this work.

2-cyanonaphthalene (C10H7CN, here written CNN), are detected
in the molecular cloud TMC-1 using spectral matched filtering
(McGuire et al. 2021) based on their laboratory rotational spectra
(McNaughton et al. 2018).

The abundance of CNN isomers reported in TMC-1 is higher
than predicted by astrochemical models (McGuire et al. 2021).
Formation mechanisms of PAHs in the ISM are under debate,
and contemporary laboratory studies are investigating both top-
down and bottom-up routes (Tielens 2008; Zhao et al. 2018;
Reizer et al. 2022). Due to their ability to survive destructive
processes in regions of the ISM exposed to UV photons, the
astrophysically relevant size for PAHs has been reported to be
in the order of 40–50 C atoms (Sellgren 1984; Allamandola
et al. 1989). Smaller PAHs are thought to be destroyed due
to their inability to radiatively stabilise via emission of IR
photons (Chabot et al. 2019). Experiments on cations such as
naphthalene have shown that the molecular framework is com-
pletely destroyed upon irradiation with a Xe arc lamp resembling
a 6200 K blackbody (Ekern et al. 1998). However, a recent
laboratory study reports that CNN+ can be stabilised rapidly
through recurrent fluorescence (RF; Stockett et al. 2023). In this
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process, radiative cooling occurs through emission of optical
photons from electronically excited states that are populated
spontaneously via inverse internal conversion (Léger et al. 1988;
Nitzan & Jortner 1979). Consequently, RF is a fast process that
can rapidly release a large amount of energy, preventing CNN+
dissociation and thus allowing CNN+ to survive UV photon
absorption in the ISM (Stockett et al. 2023).

The optical and near IR spectra of stars viewed through
diffuse regions of the ISM contain absorption features collec-
tively known as the diffuse interstellar bands (DIBs). Many
possible carrier molecules have been proposed to be respon-
sible for some of the more than 600 DIBs observed to-date
(see, for example, Campbell & Maier 2017a and references
therein). However, only C+60 has been identified as a DIB carrier
(Campbell et al. 2015; Walker et al. 2015). Among other carbona-
ceous species, PAHs are also suggested as DIB candidates (Léger
& d’Hendecourt 1985; Van der Zwet & Allamandola 1985;
Duley 2006), motivating laboratory studies of their electronic
spectroscopy.

The electronic absorptions of several neutral and charged
PAHs have been measured in rare gas matrices as well as in
the gas-phase (for example Pino et al. 1999; Bréchignac &
Pino 1999; Bréchignac et al. 2001; Biennier et al. 2003, 2004;
Halasinski et al. 2003; Malloci et al. 2004; Sukhorukov et al.
2004; Mattioda et al. 2005; Kokkin et al. 2008; Dryza et al.
2012; Patzer et al. 2013; Roithová et al. 2019). Extensive theo-
retical work on the spectroscopy of PAHs has also been reported
(see, for example, Malloci et al. 2004). Surveys comparing exist-
ing experimental spectra with astronomical data were published
in 2011, see Salama et al. (2011), Gredel et al. (2011), and ref-
erences therein. Obtaining gas-phase spectra of large cationic
molecules under conditions such that they are useful for compar-
ison with astronomical observations is challenging (Pino et al.
2013; Salama & Ehrenfreund 2013). However, due to advances in
laboratory methods, experimental measurement of the gas-phase
electronic spectra of PAH cations containing up to 42 carbon
atoms using action spectroscopy techniques are reported (Zhen
et al. 2016; Hardy et al. 2017; Campbell & Maier 2017b). None
of the detected laboratory absorptions are associated with DIBs,
and the same conclusion applies to several protonated PAHs
(Hardy et al. 2013; Patzer et al. 2013; Rice et al. 2014; Noble
et al. 2015).

In this contribution, low temperature gas-phase electronic
spectra of 1-CNN+ are reported. These data were obtained fol-
lowing buffer gas cooling in a cryogenic ion trapping apparatus.
Section 2.1 describes the experimental methods, and computa-
tional procedures are outlined in Sect. 2.2. The experimental
data and its comparison with theory is presented in Sect. 3.
Finally, the astrochemical implications are given in Sect. 4, and
conclusions in Sect. 5.

2. Methods

2.1. Experimental

Experiments on 1-CNN+ were carried out with a cryogenic ion
trap apparatus described previously (Campbell et al. 2016), and
only details relevant to the present work are given here. Singly
charged CNN cations were generated via 40 eV electron impact
ionisation of the neutral gas produced from a sample of 1-
CNN obtained from Alfa Aesar (95%). A typical mass spectrum
recorded by operating the first quadrupole mass spectrometer in
transmission mode and scanning the second is shown in Fig. 1.
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Fig. 1. CNN+ mass spectra. (a) Mass spectrum of 1-CNN+ stored in
cold (Tnom = 4 K) and dense helium buffer gas. The peak at m/z 157
indicates the formation of 1-CNN+ −He. (b) Electron impact ionisation
mass spectrum of 1-CNN used in this work.

This is dominated by a peak at m/z 153, due to 12C11
1H7

14N+,
with fragment ions appearing below m/z 130 at lower abundance.

Spectroscopic measurements were realised after loading
mass-selected ions with m/z 153 into the trap and cooling
through collisions with cryogenic (Tnom = 4 K) helium buffer
gas, present at number densities of some 1015 cm−3. Under these
conditions a proportion of the primary 1-CNN+ ions formed
weakly bound complexes with helium atoms, as illustrated in
Fig. 1. This enabled spectroscopic observation of electronic tran-
sitions by monitoring the depletion of 1-CNN+ − He (m/z 157)
following exposure to resonant laser excitation. To record these
data, the helium buffer gas was pumped out of the trap for several
hundred milliseconds before the ion cloud was irradiated with
pulsed, tuneable radiation from either an OPO/OPA (Ekspla,
linewidth ∼5 cm−1) or Nd:YAG pumped Dye Laser (Sirah,
linewidth ∼0.05 cm−1). The trapping sequence was repeated at
a rate of 1 Hz. Through the use of a mechanical shutter, data
were monitored on alternate cycles with (Ni) and without (N0)
exposure to radiation to account for fluctuations in the number of
stored ions. The resulting attenuation (1 − Ni/N0) was corrected
for the number of background ions (NB) appearing at m/z 157
that did not dissociate following exposure to >10 pulses of radi-
ation on resonance with their electronic absorption at high power
(several mJ/pulse) using (1− (Ni −NB)/(N0 −NB)). Spectra were
recorded at significantly reduced laser fluence and corrected for
changes to laser power with wavelength. Due to experimental
difficulties associated with accurate determination of absolute
laser fluence seen by the ions, spectra were plotted in terms of
the relative fragmentation cross-sections, σrel.

Two-colour experiments were carried out by monitoring the
fragmentation of untagged 1-CNN+ ions. This was achieved
by observation of the appearance of fragment ions with m/z
126, corresponding to the loss of HCN and/or HNC. No other
fragment ions were observed upon two-colour dissociation of 1-
CNN+. Data were recorded at elevated trap temperatures, Tnom ≥

8 K, to remove helium complexes from the stored ensemble. The
number of ions with m/z 126 were recorded on alternate trapping
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cycles with and without exposure to laser radiation. A dye laser
was used to scan over the wavelength range of interest and a
fixed frequency OPO (λ = 4800 Å) was used to dissociate elec-
tronically excited 1-CNN+ ions. In these measurements, a few
thousand 1-CNN+ ions were irradiated leading to the observa-
tion of a few hundred fragment ions. Spectra were plotted in
terms of the appearance of the number of ions with m/z 126 and
averaged over several scans, Nave(C10H+6 ).

2.2. Computational

Calculations were performed using the Gaussian 16 software
suite (Frisch et al. 2016). Optimised geometries, harmonic vibra-
tional frequencies, and energies were calculated using density-
functional theory and its time-dependant version for excited
states, at the ωB97X-D/cc-pVDZ level of theory (Chai &
Head-Gordon 2008; Dunning 1989). The Franck-Condon (FC)
calculations presented in this article were performed with ezFCF
(Gozem & Krylov 2022) using the Gaussian output files. The
vibrational temperature was set to 6 K.

3. Results

Figure 2 shows an overview spectrum of 1-CNN+ −He recorded
in the region 4300−7500 Å using an OPO. This data was
obtained by monitoring the attenuation of ions with m/z 157 and
covers the D2 ← D0 electronic band system of 1-CNN+ and
the lowest energy part of D3 ← D0. The lowest energy doublet
transition of 1-CNN+ is predicted to be much weaker and lie at
wavelengths longer than 15 000 Å and was not experimentally
investigated here. Data at λ > 7100 Å were recorded with the
minimum OPO wavelength step size of 10 Å in this region. Fig-
ure 2 indicates that the D2 ← D0 transition is the most intense,
with this result expected based on calculations presented here
which predict f = 0.075 compared to f = 0.025 for D3 ← D0,
and f = 0.004 for D1 ← D0.

Figure 3 shows the spectrum plotted as a function of energy
from the origin band at 13 606 cm−1. The absorption feature
assigned as the origin band carries most of the electronic band
oscillator strength. The remaining intensity is contained within
bands lying ∼140, 500 and 1500 cm−1 to higher energy. These
are likely to be caused by excitation to v = 1 of vibrational
modes with these energies in D2, as indicated by the FC sim-
ulation, shown as a stick spectrum. The absorption 140 cm−1 to
higher energy than the origin is due to in-plane bending of the
CN group, while the other strong features around 500 and 1500
involve CC motion in the aromatic rings. Convolution of the stick
spectrum with Lorentzian functions with full width at half max-
imum (FWHM) of 30 cm−1 leads to qualitative agreement with
the experimental data. Note that the absolute transition energies
of the simulation have all been shifted by ∼100 cm−1 to lower
energy to match the energy of the 00

0 transition. Overall, the sim-
ulation clearly captures the experimental pattern, confirming that
the spectrum belongs to 1-CNN+ and enabling retrieval of its
optical properties. One part of the spectrum is not reproduced
well by the simulation; the region centred around 1000 cm−1

from the origin. A possibility for this discrepancy is due to
Herzberg-Teller coupling, which is not included in the computa-
tional work but believed to be important for this system (Stockett
et al. 2023).

The origin band and lowest energy part of the D2 ← D0
transition of 1-CNN+ − He was recorded at higher resolution
using a dye laser. This is shown in Fig. 4, together with more
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Fig. 2. Photofragmentation spectrum of 1-CNN+ − He recorded by
monitoring the attenuation of ions with m/z 157. The spectral region
investigated covers the D2 ← D0 transition of 1-CNN+ and part of
D3 ← D0.
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Fig. 3. Photofragmentation spectrum of 1-CNN+−He recorded by mon-
itoring the attenuation of ions with m/z 157 (black). Franck-Condon
simulation (red lines) and convolution with 30 cm−1 FWHM Lorentzian
functions also shown.

direct a measurement on the bare ion. The latter data were
obtained by monitoring the appearance of fragment ions at m/z
126 (C10H+6 ). The activation energy for dissociation 1-CNN+ →
C10H+6 + HCN is reported as 3.16(4) eV by Stockett et al. (2023),
similar to that determined previously (West et al. 2019). In the
experiments presented here, the power of the OPO (probe) was
increased to observe a few fragment counts per trapping cycle
of one-colour fragmentation by irradiation at 4800 Å. Based on
the discussion above, this must be caused by a two- or multi-
photon process. By scanning the dye laser across the region
7000−7400 Å, a two-colour spectrum could be recorded, as
shown in Fig. 4. For these measurements, typically a few hun-
dred C10H+6 fragment ions were detected at 7343 Å. Inspection
of Fig. 4 indicates that the two sets of data are in close agree-
ment and that the perturbation to the electronic transition due to
helium tagging is small relative to the width of the origin band.

The origin band possesses a FWHM of around 28 Å and is
reproduced well using a Lorentzian function. Rotational struc-
ture is absent in both sets of data suggesting the width is
predominately caused by the short lifetime of the excited elec-
tronic state (∼0.1 ps). No significant changes to the origin band
FWHM were observed upon increasing the trap temperature;
data recorded at Tnom = 8, 20 and 50 K are shown in Fig. 5. This
is consistent with simulations carried out in PGOPHER (Western
2017) using the calculated rotational constants of 1-CNN+ in the
ground (A, B,C = 1.47900, 0.95212, 0.57923 GHz) and excited
(A, B,C = 1.44650, 0.96035, 0.57716 GHz) electronic states.
This indicates that for a transition broadened due to a sub-
picosecond lifetime, no significant broadening or displacement
of the band centre is observed in the temperature range from 8 to
100 K.
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Fig. 4. Comparison of origin band of D2 ← D0 recorded by helium
tagging (black) and by two-colour fragmentation (red).
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Fig. 5. Two-colour fragmentation spectrum of 1-CNN+ recorded at 8
(black), 20 (blue) and 50 K (red). Data were obtained by monitoring the
appearance of C10H+6 fragment ions with m/z 126.

4. Astrochemical implications

1-CNN is detected in TMC-1 via rotational spectroscopy in
emission. Its abundance in these dense regions of the ISM is
higher than predicted based on astrochemical modelling that
includes in situ bottom-up formation routes (McGuire et al.
2021). It is assumed that the inability of small PAHs to radia-
tively stabilise upon UV photon absorption will limit their
abundance in diffuse regions of the ISM (Chabot et al. 2019).
However, recently, laboratory studies on the cation 1-CNN+ indi-
cate stability against destructive processes in diffuse regions of
the ISM exposed to UV radiation, through RF (Stockett et al.
2023). This points to the possibility that some of the popula-
tion of small PAHs observed in dense clouds such as TMC-1
may derive from population in the diffuse ISM. Electronic spec-
troscopy in absorption can be used to test this hypothesis and
evaluate the abundance of 1-CNN+ in diffuse clouds. The D2 ←

D0 transition of 1-CNN+, reported here at low temperature in
the gas phase, provides an opportunity to compare with astro-
nomical observations of DIBs. The 28 Å FWHM of the origin
band at 7343 Å means that a DIB is unlikely to be found in sur-
veys carried out using échelle spectrographs, however, DIBs of
this width have been revealed in earlier work and catalogued
(Jenniskens & Désert 1994). For example, a DIB of similar
broadness at 7357 Å has been reported by Herbig & Leka (1991).
No DIB of the required FWHM is listed at 7343 Å, the wave-
length of the origin band. However, it should be pointed out
that observational data recorded using ground based telescopes
are contaminated by a telluric H2O absorption system in this
wavelength range (Sonnentrucker et al. 2018).

The lack of detection of DIBs due to 1-CNN+ leads to the
question of its abundance. Upper limits to its column density
can be estimated using the oscillator strength; calculations give
f = 0.075 for the electronic band system. If f = 0.015 for
the origin band, the column density can be evaluated using

N = 108 mc2

πe2
W
λ2 f , to be N = 2.8 × 1013 cm−2, assuming that

W = 0.2 Å. This value of the equivalent width is taken from the
detected 7357 DIB which possesses a similar FWHM. For W =

0.02 Å, the upper limit would be N = 2.8 × 1012 cm−2. For
comparison, the column density of C+60 in diffuse clouds toward
HD 183143 is 2 × 1013 cm−2, which is similar to diatomics such
as CH+. This situation resembles that found for the much larger
PAH cation of hexabenzocoronene, C42H+18 (Campbell & Maier
2017b). In that study it is concluded that in order for PAHs
with abundances of 1012 − 1013 cm−2 to be responsible for strong
DIBs, the oscillator strength of their strongest absorptions needs
to be much larger than f = 10−2, as also suggested by Omont
(2016) for fullerene derivatives. Although this leaves room for
significant abundance of these cations, the same conclusion can
be reached for 1-CNN+.

5. Conclusions

Gas-phase electronic spectra of 1-CNN+ are reported follow-
ing experiments using a cryogenic ion trapping apparatus. Two
electronic band systems are observed in the visible/near IR.
Computations indicate these are D2 ← D0 and D3 ← D0 tran-
sitions that possess oscillator strengths, f , of 0.075 and 0.025,
respectively. The former transition is of interest for compari-
son with astronomical observations of DIBs. Its origin band at
7343 Å is the strongest absorption but falls in a spectral region
contaminated by telluric water lines. As a result, space-based
observations are required to assess the abundance of this ion in
diffuse clouds. This could be achieved using the Hubble Space
Telescope, as previously demonstrated in the detection of weak
interstellar C+60 absorptions (Cordiner et al. 2019), and observa-
tional time is being sought. Estimates reported here indicate that
column densities of a few 1012 cm−2 would result in equivalent
widths of a few tens of mÅ to be detected in future observa-
tions. The FWHM of this feature is found to be around 28 Å
in the laboratory and shows no dependence on temperature in
the range 10−50 K. The assessment of the CNN+ abundance in
diffuse regions of the ISM is of importance due to the recent
detection of the neutral species in TMC-1 and laboratory work
that revealed a high stability of the cation.
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