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ion trapping apparatus, tagged with He atoms and probed with tuneable radiation. Quantum-chemical
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calculations are carried out at a density functional theory level. The spectrum is dominated by the CN-
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1 Introduction

A set of infrared (IR) emission features originating from the
planetary nebulae NGC 7027, BD+30°3639, and NGC 6572 were
discovered in the 1970s,"? and termed the unidentified infra-
red bands (UIBs). Duley and Williams first discussed the
wavelengths of these features in the context of the vibrational
frequencies of aromatic materials.® Polycyclic aromatic hydro-
carbons (PAHs) were subsequently proposed as carrier mole-
cules capable of explaining the astronomical observations,
leading to the so-called PAH hypothesis.** This is now widely
known, and the prominent features at 3.3, 6.2, 7.7, 8.6, and
11.2 pm attributed to the vibrational modes of this class of
molecule. The observed spectra are understood to arise due to
emission of IR photons following absorption of ultraviolet (UV)
radiation. PAHs giving rise to these features are suggested to
account for 10% of the cosmically available carbon, and these
species are believed to possess between 50 and 100 carbon
atoms; a nice review of the topic was reported by Tielens.® Note
that other structures such as mixed aromatic/aliphatic organic
nanoparticles,” hydrogenated amorphous carbon,® and hydro-
genated fullerenes® have also been proposed as carriers. Due to
experimental challenges, the only laboratory emission studies
on PAHs in the fingerprint region were reported by Saykally and
co-workers."'*!!

One problem encountered with the analysis of spectra in the
5-15 pm range is due to the plethora of molecular structures
capable of emitting at similar frequencies. A consequence is
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stretch at 4.516 um, with weaker CH modes near 3.2 um.

that association with individual members of the PAH or similar
carbonaceous family is near impossible. An exception to this is
the case of Cgo, which due to its high I}, symmetry possesses just
four IR active modes, facilitating its detection in a young
planetary'? and reflection nebula.”® Changes to the symmetry
upon ionisation,"* protonation,'® or addition of other atoms to
the outside of the Cg, cage'®"” lead to significant changes in
the IR spectra, and make unambiguous assignment to observa-
tional data more challenging.

Prior to 2018, the only purely aromatic molecular structure
detected in the interstellar medium (ISM) was benzene, and this
was achieved via association of just one IR feature at 14.85 pm to
a bending mode."®>' However, recently, its polar analogue
benzonitrile was identified in TMC-1** based on its laboratory
rotational spectroscopy.>”>® Follow-up observational studies of
the same cloud have revealed the presence of larger aromatic
structures such as 1- and 2-cyanonaphthalene.>”*® One motiva-
tion for radio-astronomical studies of these cyclic structures is
due to the PAH hypothesis®® and the hitherto lack of detection
of polycyclic aromatics in the ISM. McGuire et al. suggests that
the benzonitrile itself may contribute to the PAH emission
through its IR active CH- and CN-stretching modes near 3.3
and 4.5 um, respectively.>**%*!

Recently, measurement of the dissociation rate of cyano-
naphthalene cations at the DESIREE storage ring facility were
reported.’> These experiments revealed a high stability of
1-CNN" against dissociation, attributed to inverse internal con-
version and recurrent fluorescence. This competitive route for
radiative relaxation led Stockett et al. to suggest that the general
consensus that small PAHs will undergo dissociation in the
diffuse ISM should be revisited.** This motivated a study of the
electronic absorptions of 1-CNN" in the laboratory under con-
ditions relevant for comparison with astronomical observations
of diffuse interstellar bands (DIBs).>* The D, « D, electronic
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transition possesses an oscillator strength f = 0.075 and has an
origin band at 7343 A, falling in the wavelength region of interest for
the DIBs. In observational data, the spectral region is polluted by
telluric water lines and the study concludes that space-based
observations are require to assess its abundance in the diffuse ISM.

In terms of astronomical observations in the IR, aside from
the aromatic CH-stretching wavelength, the intermediate/mid-IR
region from 1-5 pum is less explored than the >5 pm spectral
range. However, emission bands at 4.4 and 4.65 pm have been
reported originating from the ionisation bar in Orion and suggested
to be caused by deuterated PAHs, whose CD-stretching modes fall in
this part of the spectrum.> An alternative explanation for emission
at this wavelength may be the CN-stretch of PAHs containing cyano-
groups, such as benzonitrile or cyanonaphthalene. This proposal is
of contemporary interest given their identification in TMC-1 as
mentioned above. Surprisingly, there appears to be a paucity of gas-
phase laboratory data on the mid-IR spectra of cyano-substituted
PAHSs necessary to test this hypothesis. Spectra of argon tagged
benzonitrile cation in the CH-stretching region were reported in ref.
35. More recently, vibrational spectra of neon tagged benzonitrile
cation, and fragments produced by electron impact, were reported
in ref. 36.

The charge state of PAHs is known to significantly affect the
absolute and relative intensities of their infra-red active modes. For
example, compared to their neutral counterparts, the intensities of
the CH-stretch in PAH cations is drastically reduced, while the in-
plane CC-stretching and CH-bending modes are stronger.>”

In this contribution, low temperature gas-phase vibrational
spectra of 1-CNN'-He are reported in the region 3.1-5 pm.
These data were obtained following buffer gas cooling in a
cryogenic ion trapping apparatus. Section 2.1 describes the experi-
mental methods, and computational procedures are outlined in
Section 2.2. The experimental data and its comparison with theory
is presented in Section 3. Finally, the astrochemical implications
are given in Section 4, and conclusions in Section 5.

2 Methodology

2.1 Experimental

The sample, apparatus and procedure used to carry out measure-
ment of the infrared spectrum of 1-CNN" is identical to that used to
detect its electronic transitions as reported in detail recently by Daly
et al. (2023).***® Only further information specific to the present
measurements is given here. Spectroscopic investigation of 1-CNN"
was carried out by probing the 1-CNN'-He complexes (m/z = 157)
synthesised in a linear quadrupole ion trap from mass-selected
(m/z = 153) and buffer gas cooled 1-CNN" ions (Tpom = 4 K). The
singly charged 1-CNN cations were produced by 30 eV electron
impact of the neutral gas sublimed from a sample of 1-CNN
obtained from Alfa Aesar (95%).

The ion cloud was irradiated by an OPO/OPA (LaserVision)
pumped by a Nd:YAG (Amplitude Laser Inc.), producing nano-
second pulses at a repetition rate of 10 Hz. The ion cloud was
exposed to 4 pulses of radiation per trapping cycle (1 Hz), with
energies up to 20 mJ per pulse. Mid-IR radiation was focused
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into the ion trapping apparatus by a CaF, positive meniscus
lens (f = 1 m). The ion counts on the m/z 157 channel were
detected on alternate trapping cycles with (&V;) and without (Ny)
interaction with OPO/OPA radiation. Exposure to radiation was
controlled using a mechanical shutter. The detected attenua-
tion was corrected for the number of background ions (Ng) on
this mass channel that did not dissociate following excitation
of the D, « D, electronic transition with high laser power as
described in ref. 33. The presented spectra are corrected for
changes to the OPO/OPA power with wavelength and plotted in
terms of the relative cross-sections, oy; = —In((N; — Ng)/(No —
Ng))/®, where @ is the relative OPO/OPA fluence. To generate
the spectra plotted in this article, the number of ions at each
wavelength was averaged over 20 trapping cycles, and spectra
are typically averaged over 5 individual scans.

To determine the accurate mid-IR wavelength of the OPA
(2.128-5 pm), the wavelengths of the Nd:YAG and OPO signal
output were recorded with a wavemeter (HighFiness Gmbh). The
OPO/OPA was operated in two different modes: with a linewidth of
either 1.7 or 3.7 ecm™, as noted in the Figure captions. Band

maxima are reported with an uncertanity of +0.8 cm™".

2.2 Computational methods

Geometry optimizations and frequency calculations were per-
formed at the density functional theory (DFT) level using the
B3LYP/6-311+G(d,p) functional and basis set combination that
has been known to predict the IR spectra of aromatic molecules
accurately. To study the effect of the He tag on the IR
spectrum, additional harmonic calculations were performed
on 1-CNN'-He with the same functional and basis set by
manually adding empirical dispersion (GD3 dispersion) to the
computation.®® The vibrational frequencies were scaled by a
factor of 0.9679."° Anharmonic calculations within the vibra-
tional second-order perturbation level of theory (VPT2) were
performed with the same functional and basis set combination.

All stick spectra were convoluted by a Lorentzian lineshape
function with 4 cm™" full width at half maximum (FWHM). All
calculations used the Gaussian 16 software package installed at
Eddie, the University’s research compute cluster.*"

3 Results

Fig. 1 presents the experimental IR spectrum of the 1-CNN'-He
complex in the 2200-3200 cm ™" (4.6-3.1 um) region. The spectrum
is recorded as a function of wavelength with a step size of 10~ pm,
by monitoring the attenuation of the ions in the m/z 157 mass
channel. A prominent band appears at 2214.7 cm ' that is
attributed to the CN-stretch of 1-CNN". Relatively weak bands are
present at 3114.6 cm™ " and 3131.1 cm ™" that belong to the CH-
stretching modes. The lower signal-to-noise ratio in the longer
wavelength range compared to the shorter wavelength part of the
spectrum is due to lower power and atmospheric absorption of IR
radiation in the laboratory. Based on quantum chemical calcula-
tions, we do not expect vibrational features of 1-CNN'-He in the
part of the spectrum most affected (2300-2400 cm™%).

This journal is © the Owner Societies 2024
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Fig. 1 Photofragmentation spectrum of 1-CNN*—He recorded at a bandwidth of 3.7 cm™™. The feature at 2214.7 cm™* has been attributed to the CN-
stretch, whilst the features at 3114.6 cm~t and 3131.1 cm™ are due to CH-stretching modes. The bottom figure shows the harmonic calculation at the
DFT level with B3LYP/6-311+G(d,p) using a 0.9679 scaling factor. The vibrational temperature was set to 4 K. The frequencies were convoluted with a

Lorentzian function with a FWHM of 4 cm™.

Quantum chemical calculations were performed at the DFT
level, and compared to the experimental IR spectrum in the
bottom panel of Fig. 1. The computed IR spectrum of the bare
ion is in good agreement with the experimental data: it places
the CN-stretch at 2227.6 cm™ ' and predicts a number of
transitions in a narrow frequency range leading to CH-
stretches at 3085.1, 3099.1 and 3109.1 cm ™. The theoretically
projected ratio between the intensity of the vibrational modes is
consistent with the experimentally observed IR bands.

In Table 1, the experimental and convoluted theoretical
band positions are listed. Shifts between experiment and theory
in the order of 10 cm™" are found for the CN-stretch, while
those for the CH features are up to a factor of 2 larger and
opposite in sign.

In Fig. 2, the vibrational bands of the 1-CNN'-He complex
are shown with higher spectral resolution by using 107> um
step size in the measurements. The top panel shows the
absorptions originating from the CH-stretching modes. Besides

This journal is © the Owner Societies 2024

Table 1 Band centers in cm™ from fits to the experimental spectrum of
1-CNN*-He (Fig. 2) and the convoluted theoretical spectra of 1-CNN™ and
1-CNN*-He

Experiment B3LYP/6-311+G(d,p)

1-CNN'-He 1-CNN* 1-CNN'-He
2214.7 2227.6 2229.2
2226.7 — —

— 3085.1 3082.2
3114.6 3099.1 3096.6
3131.1 3109.1 3108.0

the peaks at 3114.6 cm ™" and 3131.1 cm™ ", a shoulder appears
in the lower frequency region, and there may be a weaker band
in between the two notable peaks. Due to the low signal-to-
noise ratio in this part of the experimental spectrum, it is
difficult to assess whether they are real IR features. Addition-
ally, the CN-stretch is measured using a narrower bandwidth
setting of the OPO (1.7 cm ') and plotted on the bottom panel

Phys. Chem. Chem. Phys., 2024, 26, 4111-4117 | 4113
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Fig. 2 (a) Photofragmentation spectrum of 1-CNN*~He in the CH-stretch region recorded with a bandwidth of 3.7 cm™. The experimental data are

fitted by Lorentzian functions (blue). The CH-stretches are centered at 3114.6 and 3131.1 cm™ with FWHM of 6.4 and 6.3 cm™,

respectively.

(b) Photofragmentation spectrum of 1-CNN*—He in the CN-stretch region recorded with a bandwidth of 1.7 cm™. Lorentzian functions (blue) are fitted
to the experimental data. The CN-stretch peak is centred at 2214.7 cm™* with a FWHM of 4.0 cm™. A smaller feature appears at 2226.7 cm™* with

FWHM 4.5 cm™,

of Fig. 2. The experimental data are fitted with Lorentzian
functions as these best reproduce the experimental shape. This
may be due to lifetime broadening in the dissociation process.
The fit places the stronger band at 2214.7 cm™ " with 4.0 cm ™"
FWHM, and a weaker peak appears at 2226.7 cm ' with
4.5 cm~' FWHM. Additional anharmonic calculations were
performed to analyse the vibrational features that cannot be
explained by harmonic calculations. The side band of the CN-
stretch could be attributed to anharmonic effects, like combi-
nation modes of fundamental vibrations or overtones. We
explored this option as shown in the ESI{ The calculated
combination modes of 1-CNN" cannot explain the low intensity

414 | Phys. Chem. Chem. Phys., 2024, 26, 4111-4117

shoulder of the CN-stretch observed in the experiment. Alter-
natively, as it has been suggested for weak side bands in earlier
reports on the IR spectrum of the aniline’— Ar complex,** a mode
arising from the van der Waals interaction between the tag and
the bare ion could be responsible for the peak at 2226.7 cm™ .
Higher level anharmonic calculations on the He complex may
give further insight.

To investigate the effect of He tagging on the vibrational
spectrum, measurements were performed with 2 He atoms
attached to 1-CNN'. For this experiment, the m/z 161 mass
channel was monitored. In Fig. 3, the CN-stretch is plotted
using one and two He tags. From 1-CNN'-He to 1-CNN'-He, a

This journal is © the Owner Societies 2024
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blueshift of 0.4 cm™" is observed. Helium atom as a tag is
known to perturb the spectrum of the bare ion relatively mildly
when compared to other tags such as Ar or Ne.*>** If the shift is
linear with the number of He atoms, this would imply that the
bare 1-CNN" absorbs at 2214.3 cm ™.

The effect of He tagging is further studied theoretically and
the vibrational spectra of the bare ion and complex are plotted
in Fig. S3, ESL{ The vibrational spectrum of 1-CNN'-He was
calculated at the same level of theory as the bare ion, but in
order to account for the weak interaction between the He atom
and 1-CNN', empirical dispersion was added manually to the
computation. The He atom and 1-CNN' ion can have many
possible configurations, but in this article we only present the
lowest energy isomer. The geometry optimized structure of the
complex is presented in Fig. S3, ESL.{ The He is likely to be
placed on top of the aromatic ring containing the N atom.
Higher energy configurations include the He placed on top of
the other aromatic ring and in the molecular plane. Interest-
ingly, placing the He atom in the vicinity of the N atom does not
produce a stable configuration. We notice a slight blue shift
(1.6 ecm™") in the CN-stretch band position from 1-CNN" to
1-CNN'-He as an effect from the He tag. The computed shift is
slightly larger but the same order of magnitude as the experi-
mental value of 0.4 cm ™" observed from 1-CNN*-He to 1-CNN*-
He, in Fig. 3. Further quantitative analysis of the shift using
theoretical methods is beyond the scope of this study.

4 Astrochemical implications

Cyano-PAH structures such as 1-CNN might be present in carbon-
rich stellar envelopes (CSE) and subsequently proto-planetary

View Article Online
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nebulae (PPNe) since C,H, and HCN, the potential building
blocks of these molecules, are both predicted to be abundant
in these environments."*> No molecular cations have been identi-
fied in CSE, and the contribution of PAH cations compared with
neutrals, large PAHs, and small grains is difficult to assess in
PPNe spectra (see, for example, ref. 46 and 47).

Based on a recent study by Stockett et al., small cationic
cyano-PAHs may also be able to survive in the ISM by stabilisa-
tion due to recurrent fluorescence, a radiative relaxation pro-
cess via ergodically populated electronic excited states.*?

The characteristic absorption range for the CN fundamental
transition of neutral aromatic nitriles has been reported in litera-
ture as 4.46-4.50 pm.*® In contrast, harmonic DFT calculations of
cyano-PAHs in neutral and cationic forms with 2-3 aromatic rings
have predicted the CN-stretch falls in the 4.74-4.79 um region, as
catalogued in the NASA Ames PAH IR Spectroscopic Database. """
In the case of large PAHs containing 35-45 C atoms, with a singly-
substituted CN group, the CN-stretch has been proposed to fall in
the 4.34-4.39 um range.*?

There is a drastic change in the vibrational spectrum of
1-CNN upon ionisation. The calculated vibrational spectrum of
1-CNN" is compared to 1-CNN in the ESL As highlighted in the
Introduction, in the case of 1-CNN, we observe a relatively
intense CH-stretch and weak CC-stretching features. Compared
to 1-CNN, the already weak CH-stretch is halved in intensity in
the case of 1-CNN". The CN-stretch is a prominent peak in both
spectra, however, it is twice as intense in the spectrum of
ionised 1-CNN.

The gas-phase laboratory measurements presented here
indicate the CN-stretch for 1-CNN" is at 4.516 um, outside the
predicted wavelength range for CN-stretching frequencies.

2215

v/cm™!

Fig. 3 Comparison of the CN-stretch absorption for 1-CNN*—He, (red) and 1-CNN*-He (black). Both spectra were recorded with a bandwidth of
1.7 cm~t by using 107> pm step size. A 0.4 cm™* blueshift was observed for the CN-stretch from 1-CNN*-He to 1-CNN*~He,. The experimental data
were fitted with Lorentzian functions to determine the peak positions and shift.
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Observations from the James Webb Space Telescope (JWST) are
now facilitating higher-resolution measurements in the 1-5 pm
region.”> There is evidence of emission features in the
4.51-4.52 pm region in observation toward young planetary
nebulae BD+303639 and NGC7027.>* In previous studies, some
strong emission lines in this region were observed from
M17 and from Orion Bar.**** It should be noted that our
measurement concern the absorption of cold 1-CNN'-He, and
therefore differences between the band profiles of this complex
and emission of UV pumped 1-CNN' are expected. See, for
example, modelling an infrared emission band attributed to
PAHs, reported recently in ref. 54.

One complication toward unambiguous CN-stretch assign-
ments are the aromatic and aliphatic CD-stretching modes that
have been calculated at 4.30-4.54 pm and 4.54-4.75 pm,
respectively.>® Observation of a 4.65 um band in M17 is attributed
to CD-stretch, but interestingly no companion CD-stretch that
has been predicted to be at 4.40 um is seen.***> PAHs are
predicted to become enriched with deuterium via H-exchange
reactions in UV-rich environments due to the lower zero-point
energy of C-D bonds compared to C-H bonds.>® However, in CSE
and PNe regions, deuterium will be in low abundance since it is
readily consumed by stars during nucleosynthesis.**>® Therefore,
emission features in the 4.5 pm region from measurements in
CSE and PPNe regions, where deuterium is in low abundance,
would likely be dominated by cyano-PAHs rather than
deuterated-PAHSs.

The CH-stretch peaks for 1-CNN" have been observed between
3.19-3.22 pm. This is in contrast to the location of the CH-stretch
of other PAHs which has been located at 3.29 um.’? Previous
theoretical studies comparing neutral and cationic PAHs have
shown changes in both the intensity and peak positions of the
CH-stretch.”” In the laboratory spectrum, the CH-stretches of 1-
CNN'" appear as very weak features that would be difficult to
distinguish in an observational data set and are probably not
worth investigating further for detection.

5 Conclusions

Mid-IR spectrum of 1-CNN' obtained by messenger tagging
spectroscopy is presented in this article and complemented
with theoretical calculations at the DFT level. Two main vibrational
features are present in the 1-CNN' spectrum: a strong band at
2214.7 cm™ ! assigned to the CN-stretch and weaker peaks attributed
to CH-stretching modes of 1-CNN" at 3114.6 cm™ ' and 3131.1 cm™ ™.
The effect of He tagging on the CN-stretch position is studied
experimentally and computationally. Theory predicts a small
1.6 cm™ " blueshift going from 1-CNN" to 1-CNN'~He. This is similar
in magnitude and direction to the 0.4 cm ™" shift observed experi-
mentally from 1-CNN"-He to 1-CNN"-He,. Thus the 1-CNN" absorp-
tion is expected to be around 2214.3 cm ™.

In the astronomical context, the CN-stretch of nitogen
containing PAH derivatives could be responsible for IR features
in the emission spectra observed by JWST in PAH-rich regions in
the 1-5 um region.>® Previous studies predicted the CN-stretch
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of small cyano-PAHs in the 4.34-4.39 um wavelength range.’” In
this contribution, we show that for low temperature, gaseous 1-
CNN" the wavelength of the CN-stretch is in fact at 4.516 um.
The peak position coincides with the frequency range predicted
for CD-stretches of deuterium containing aromatic molecules. If
cyano-PAHs are responsible for emission attributed previously
to deuterated PAHs, it would explain the absence of aromatic
CD-stretches in observational studies.

Therefore, this may motivate further studies of the mid-IR
spectrum of PNe, in particular the region of 4.51-4.52 um
where the CN-stretch frequency has been shown to be the
dominant feature of the mid-IR spectrum of 1-CNN".
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