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The norbornadiene (NBD) molecule, C;Hg, owes its fame to its remarkable photoswitching
properties that are promising for molecular solar-thermal energy storage systems. Besides
this photochemical interest, NBD is a rather unreactive species within astrophysical
conditions and it should exhibit high photostability, properties that might also position
this molecule as an important constituent of the interstellar medium (ISM)—especially in
environments that are well shielded from short-wavelength radiation, such as dense
molecular clouds. It is thus conceivable that, once formed, NBD can survive in dense
molecular clouds and act as a carbon sink. Following the recent interstellar detections
of large hydrocarbons, including several cyano-containing ones, in the dense molecular
cloud TMC-1, it is thus logical to consider searching for NBD—which presents a shallow
but non-zero permanent electric dipole moment (0.06 D)—as well as for its mono- and
dicyano-substituted compounds, referred to as CN-NBD and DCN-NBD, respectively.
The pure rotational spectra of NBD, CN-NBD, and DCN-NBD have been measured at
300 K in the 75-110 GHz range using a chirped-pulse Fourier-transform millimetre-
wave spectrometer. Of the three species, only NBD was previously studied at high
resolution in the microwave domain. From the present measurements, the derived
spectroscopic constants enable prediction of the spectra of all three species at various
rotational temperatures (up to 300 K) in the spectral range mapped at high resolution
by current radio observatories. Unsuccessful searches for these molecules were
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conducted toward TMC-1 using the QUIJOTE survey, carried out at the Yebes telescope,
allowing derivation of the upper limits to the column densities of 1.6 x 10" cm™2 4.9 x
10*° cm™2 and 2.9 x 10*° cm™2 for NBD, CN-NBD, and DCN-NBD, respectively. Using
CN-NBD and cyano-indene as proxies for the corresponding bare hydrocarbons, this
indicates that—if present in TMC-1—NBD would be at least four times less abundant
than indene.

Introduction

The hunt for carbon-based molecules in space is a long-standing venture for
astrochemists and astronomers.* Their identification is mandatory to understand
the carbon life cycle at work in extraterrestrial environments and to determine the
initial physicochemical conditions in star and planet formation that ultimately
led to the conditions for life on Earth.> Nowadays, more than 270 gas phase
molecular species are known to be present in the interstellar medium (ISM) with
~90% detected by radio astronomy via their pure rotational spectral signatures.’
The detection of these molecules usually results from a collective endeavour
within the fields of astronomy, laboratory spectroscopy, and quantum chemistry.
The continuous advances in the sensitivity that can be achieved by radio tele-
scopes have led to a large increase in the number of detected molecules within the
last 2 years. Conceivably, the culmination of these recent successes is the
discovery of numerous aromatics and polycyclic aromatics with an attached -CN
function and even one “bare” polycyclic aromatic hydrocarbon (PAH)—indene—
using the GOTHAM and QUIJOTE spectral surveys of TMC-1 carried out with the
Green Bank and Yebes 40 m telescopes, respectively.*™*°

The PAH hypothesis'™ ' is now unambiguously confirmed and together with
the detection of large carbon cages in different space environments,"™ it is
strongly tenable that other large carbonaceous systems must exist in space. In
general, for molecules to build up large enough densities in space and be
detected, they need to be formed efficiently and/or to survive (UV photostability,
weak reactivity) long enough to accumulate. A family fulfilling at least the survival
criterion is that of diamondoids, which are cage-like, ultra stable, saturated
ringed hydrocarbons; the smallest unit being the adamantane (C,,H;) molecule.
Numerous hints allude to the presence of diamondoids in various objects in the
universe. Indeed, they possess a strong aptitude for resisting harsh UV radiation*®
and were identified in meteorites’** and in proto-planetary discs.”® The detection
of adamantane or any of its derivatives using radio astronomy, however, remains
elusive.”* From classical synthesis of diamantane (C;4H,,) and larger adamantane
clusters (Cjo+anHis+an) in Earth laboratories, which typically involves the poly-
merisation of 2,5-norbornadiene (or 2,2,1-bicycloheptadiene, C,Hg, hereafter
NBD; see Zielinski et al.?* and ref. therein), one can foresee NBD to be a piece of
the complex puzzle generated by the chemical composition of the ISM.

The NBD molecule is well known by virtue of its remarkable photoswitching
properties showing great promise for molecular solar-thermal energy storage
systems.> Besides this photochemical interest, NBD is a rather nonreactive
species by astrophysical standards. It should exhibit high-photostability proper-
ties that might also position this molecule as an important constituent of the ISM.
NBD has its first electronic transition observed around 236 nm, which is
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symmetry forbidden and thus extremely weak. The absorption cross section only
becomes significant below 200 nm.** Under irradiation at 235.7 nm, NBD exhibits
a fragmentation yield—to form cyclopentadiene and acetylene—of 0.55. The
remaining 0.45 yield is the isomerisation to quadricyclane or toluene.>® Naturally,
regions that are well shielded from short-wavelength radiation, such as dense
molecular clouds, appear as the most suitable environments to find NBD. It is
thus conceivable that, once formed, NBD can survive in dense molecular clouds
and act as a carbon sink.

Because of its broad relevance to many fields, NBD has been the subject of
several spectroscopic investigations. In the gas phase, electron diffraction and
infrared spectroscopy have been employed to determine its structure (see, e.g.,
ref. 26-28). The electronic spectrum of its cationic counterpart unveiling several
interconversion routes on the C,Hg" potential energy surface was reported.?® One
gas-phase study examined the photoisomerisation of a charged tagged NBD
derivative as a function of the excitation wavelength.*® The pure rotational spec-
trum of NBD (and its isotopologues) has been investigated by Fourier-transform
microwave spectroscopy in the 7-17 GHz region.**> These measurements were
performed in waveguide cells, with the cells cooled down to —70 °C, hence rela-
tively large quantum number values were probed (up to J” = 37 and K, = 16),
allowing for the determination of quartic centrifugal distortion constants. Several
rovibrational bands were subsequently observed using high-resolution Fourier-
transform infrared spectroscopy, providing improved spectroscopic constants
using ground-state combination differences owing to a significant increase in
observed quantum number values (up to J” = 89 and K; = 80).>* One can expect
these constants to allow for reliable predictions of the pure rotational spectrum of
NBD at higher frequencies than already observed, although no measurements
have been reported to date to confirm this. Since many large carbon molecules
have recently been detected by radio astronomy at millimetre wavelengths,®
experimental measurements of NBD at these frequencies seem warranted to
ensure the accuracy of the spectral predictions.

The shallow permanent electric dipole moment of NBD (0.06 D, measured
accurately by Stark experiments®) implies that a considerable amount of the
molecule must be present to be detected. Searching for its cyano derivatives—of
much larger permanent dipole moment—may help to overcome this complica-
tion. The recent detection of several cyano-substituted molecules*®” renders the
strategy of searching for cyano derivatives extremely tantalising and provides
a two-fold piece of information: (i) the cyano derivatives are good trackers of
aromatics that own no or weak permanent dipole moments; and (ii) the unex-
pected large abundance of the found interstellar cyano species informs on the
potential chemical role of cyano-bearing molecules in space. Nevertheless, the
hardship of reproducing the abundances of these cyano aromatics with current
astrochemical models prevents their use as a direct proxy, i.e., the abundance of
the non-substituted counterparts cannot be retrieved reliably. Indene is currently
the single polycyclic aromatic hydrocarbon for which both the pure hydrocarbon
and a cyano-substituted counterpart have been detected in the same source,
providing a direct determination of the ratio of their abundance.** Even though
this observed ratio is reasonably close to the one predicted by computations, the
detection of only one of the cyano-derivative isomers still challenges the theory.
NBD thus appears as a potential highly strained hydrocarbon on which to further
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test the proxy hypothesis (i.e., infer the abundance of a non-polar large hydro-
carbon based on the interstellar abundance of its cyano derivatives). Literature on
the cyano derivatives of NBD is rather scarce compared to their bare chromophore
and mostly focused on their photoisomerisation properties***—of relevance to
potential new energy storage solutions—and role in Diels-Alder cycloaddi-
tions.?”*® Spectroscopic information on the gaseous compounds is, to the best of
our knowledge, limited to a couple of electronic structure investigations.*>*°

In this paper, we present the pure rotational spectra of NBD and two of its
mono- and dicyano-substituted compounds, namely bicyclo[2.2.1]hepta-2,5-
diene-2-carbonitrile and bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarbonitrile, referred
to as CN-NBD and DCN-NBD, respectively. Measurements were performed at
300 K in the 75-110 GHz range using a chirped-pulse (CP) Fourier-transform
millimetre-wave (FTMM) spectrometer. From these measurements, the derived
spectroscopic constants are used to predict the spectra of all three species at
various rotational temperatures (up to 300 K) in the spectral range in which cold
sources are currently mapped at high resolution by radio observatories. Searches
for the three species have been undertaken in the 31-40 GHz region on the
QUIJOTE line survey of TMC-1.*' This survey has previously shown the presence of
large cyclic molecules, such as indene,” which suggests that other large cyclic
species, such as NBD or its cyano derivatives, could be present as well.

Methods

Sample synthesis

NBD was purchased from Sigma-Aldrich (=97% purity) and used without further
purification. CN-NBD and DCN-NBD were synthesised at Chalmers University.

CN-NBD was prepared following a procedure adapted from the literature;***
the corresponding scheme is displayed is Fig. S1 in the ESIf. Briefly, propargyl
alcohol (1.11 g; 19.8 mmol) was combined with cyclopentadiene (1.32 g, 20 mmol)
and hydroquinone (a few crystals) in a 20 mL vial, suitable for microwave reac-
tions, and sealed. The mixture was heated to 170 °C for 8 h. The crude product
was purified via flash column chromatography in 100% dichloromethane. The
resulting product, (+)-2-hydroxymethylbicyclo[2.2.1]-hepta-2,5-diene, is an oil
and was obtained in a 7.8% yield (0.19 g, 1.55 mmol). "H NMR data (Fig. S21) are
in accordance with literature data.*” (+)-2-Hydroxymethylbicyclo[2.2.1]-hepta-2,5-
diene (0.19 g, 1.55 mmol) was then combined with CH3CN (4 mL), H,O (0.5 mL),
TEMPO (12 mg, 77 mmol), NH,OAc (0.475 g, 6.16 mmol), and PhI(OAc),
(1.06 g, 3.3 mmol), and stirred at room temperature for 1 h. Dichloromethane was
added to the reaction mixture and the phases were separated. The aqueous phase
was extracted with dichloromethane (repeated three times) and the solvent was
evaporated. The crude product was purified using flash column chromatography
in 100% petroleum spirit. The pure product, CN-NBD, was isolated in 11% yield
(20 mg, 0.17 mmol). NMR data are in accordance with literature data.**

The synthesis for DCN-NBD was carried out according to literature procedures
(Fig. S31); '"H and >C NMR characterisation data (Figs. S4 and S51) are in
accordance with the literature.*>*°

Both samples were stored at —80 °C until their investigation at the University
of Paris-Saclay.
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Quantum chemical calculations

Calculations were performed using the Gaussian 16 suite of electronic structure
programs.”” Geometry optimisation and harmonic frequency analysis have been
carried out at the wB97X-D/cc-pVQZ level of theory,*®° a level that provides very
reliable spectroscopic parameters for the spectral analysis of rigid molecules
(dipole moment projections, rotational constants, and quartic centrifugal
distortion constants).**

Millimetre-wave measurements

CP-FTMM measurements were performed in the 75-110 GHz spectral range using
a commercial CP spectrometer from BrightSpec. Vapour pressure of each sample,
typically of the order of 3 ubar, was introduced into a ~60 cm-long cell terminated
by two PTFE windows. A slow flow was ensured by a turbomolecular pump
(Pfeiffer, HiCube 80) to maintain stable pressure conditions during the acquisi-
tion and prevent cell outgassing. Spectra were recorded in the standard high
dynamic range mode of the instrument consisting of a segmented acquisition
approach with 30 MHz-wide segments. Excitation pulses of 0.5 ps (the longest
possible in this mode of acquisition), 0.25 ps, and 0.1 ps length were found to
maximise the signals of NBD, CN-NBD, and DCN-NBD, respectively. These
decreasing values are consistent with the increasing permanent dipole moment
value of the species—since molecules with lower dipole moments usually require
a longer excitation pulse to achieve the highest molecular signal. The final CP
spectra were obtained via the Fourier transform of 4 ps of the free induction
decay, after applying a Blackmann-Harris filter. The spectra were averaged over 1
million, 640 thousand, and 500 thousand frames for NBD, CN-NBD, and DCN-
NBD, respectively (2 to 1 h of acquisition time based on sample availability).

Results and discussion
Spectroscopic considerations

Cartesian coordinates of the optimised equilibrium structures can be found in
Tables S1-S3 in the ESI.T The associated molecular representations of the three
molecules are shown in Fig. 1. NBD has C,, point group symmetry and possesses
a small permanent dipole moment of 0.06 Debye along the c-axis of inertia (where
the axis is going through the centre of the C¢H ring and the carbon of the CH,
moiety). CN-NBD has C; point group symmetry and its permanent dipole moment
has projections along the three axes of inertia, with values of 4.67 Debye, 0.77
Debye, and 0.22 Debye along the a-, b-, and c-axis, respectively (the a-axis is
parallel to the -CN bond). Finally, DCN-NBD has C; point group symmetry and
exhibits projections of its permanent dipole moment of 6.44 Debye and 0.86
Debye along the a- and c-axis of inertia (the a axis is perpendicular to the plane
containing the two ~CN bonds). Projections of the three molecular structures onto
the three inertial planes, performed using the PMIFST software developed by Z.
Kisiel,” are proposed in Fig. S6 in the ESI.T All three species are asymmetric top
rotors with asymmetry parameters « taking values of —0.2203,** —0.9426, and
0.0784, respectively. NBD possesses four pairs of exchangeable H nuclei with
respect to the C,-axis resulting in a statistical weight for the ortho : para levels of
17:15. This ratio, very close to unity, did not result in any tangible intensity
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Fig. 1 Molecular representations of NBD, CN-NBD, and DCN-NBD (from left to right).
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difference on the experimental spectrum but was nonetheless taken into account
for the spectral predictions.

Rotational analysis

Experimental assignments have been performed using the PGOPHER software by
exploiting Loomis-Wood diagrams.”® PGOPHER was also used for spectral
simulations. The SPFIT/SPCAT suite of programs® was used to adjust the rota-
tional constants of all three species using a Watson A-reduced Hamiltonian in the
I representation.

For NBD, literature pure rotation data® (25 transitions) and ground-state
combination differences (GSCD) from rovibrational data* (369 GSCD/196 wave-
numbers) were fitted together allowing for efficient searches at millimetre
wavelengths. Both datasets were weighted according to their expected accuracy,
ie, 1 kHz for data from Vogelsanger and Bauder® and 0.0001 cm ' to
0.0003 cm ™" (~3-9 MHz) for GCSD from Sams and Blake.** GCSD are provided in
MHz in ref. 33 but we favoured here wavenumber units in order to access indi-
vidual root mean square values for the two datasets, as conventionally done using
SPFIT. To reproduce these datasets at their experimental accuracy, all three
rotational constants and five quartic centrifugal distortion parameters were
adjusted. The resulting parameters are reported in Table 1 and are in excellent
agreement with those reported by Sams and Blake.* The only difference is that we
chose not to adjust the sextic centrifugal distortion parameter iy in favour of
a more constrained fit. All parameters are also in excellent agreement with those
predicted from the calculations performed in this study. Using these reliable
constants, spectroscopic assignments of the millimetre-wave spectrum of NBD
were straightforward, with no notable divergence of the prediction. In total, 94
transitions (79 different frequencies) involving J” = 16 and K, = 11 were assigned
on the spectrum. Frequency accuracy is estimated to be 30 kHz. These transitions
were fitted together with the literature and GSCD data; the adjusted spectroscopic
parameters are reported in Table 1. All transitions are reproduced at their
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expected accuracy with a final weighted standard deviation of 1.03. The addition
of the millimetre-wave transitions allows for a slight, but not substantial,
refinement of the parameters (Table 1). Nevertheless, accurate experimental
frequencies of NBD are now available in the millimetre-wave domain, and spec-
tral predictions in the range not covered yet in the laboratory, 17-75 GHz, should
be extremely reliable. Frequency extrapolation always requires more caution,
although for a molecule as rigid as NBD—only 8 parameters are required to
reproduce 300 different frequencies with transitions involving J and K, as high as
89 and 80, respectively—these are expected to be trustworthy as well.

For the two other species studied here, CN-NBD and DCN-NBD, since no
literature data was available on the spectroscopic constants, spectral searches
were initiated using the rotational constants derived from the calculated equi-
librium structure. To more accurately predict the rotational constants in v = 0, the
equilibrium A4, B, and C values were scaled using the Bayesian correction factor
recommended for the wB97X-D/cc-pVQZ level of calculations (0.9866).°* These
predicted constants are reported in Table 1 (the equilibrium 4., B, and C,. values
are available in Table S4 in the ESIT). In both cases, the predictions allowed for
a straightforward assignment of the pure rotational transitions.

For CN-NBD, a-type R-branch transitions were assigned first, owing to the large
projection of the permanent dipole moment along that axis (u, = 4.67). In total,
863 transitions (524 different frequencies) involving quantum numbers up to
J' =42 and K, = 40 were assigned with the frequency accuracy estimated to be 30
kHz. These transitions allowed for the determination of the rotational constants
and quartic centrifugal distortion constants, with the exception of Ax (which is
typical of a fit involving only a-type transitions). After this first iteration of
assignments, b-type Q-branch transitions were identified on the spectrum. These
transitions are about 30 times weaker than the a-type ones, in qualitative agree-
ment with what is expected from the squared ratio of the dipole-moment
projections [(u./up)* = 36]. 204 of these transitions (102 different frequencies)
involving J” = 74 and K; = 20 were assigned. These lines exhibit a lower signal-to-
noise ratio than the a-type ones and their frequency uncertainty is consequently
estimated to be 100 kHz. No a-type Q-branch or b-type R-branch transitions were
assigned, nor were any c-type ones (they are mostly overlapping with stronger b-
type transitions). The addition of the b-type transitions to the fit enabled the
determination of the Az parameter (Table 1). No additional distortion parameter
was required to reproduce the data at their experimental accuracy (the final
weighted standard deviation is 0.96)—not even J-dependant ones, even though
high J values are observed—which highlights the rigidity of the molecule. The
adjusted set of parameters is in excellent agreement with the predicted one, with
the relative error on the rotational constants on the order of 0.5% or better
(against 1-1.25% for the pure equilibrium values), which is consistent with what
has previously been observed using the Bayesian correction.** The experimentally-
derived centrifugal distortion constants are also in good agreement with the
calculations, both in sign and order of magnitude. Fig. 2 shows a comparison
between portions of the experimental spectrum of CN-NBD and the simulation
obtained using the optimised parameters.

Finally, for DCN-NBD, 761 a-type R-branch transitions (389 different
frequencies) with J = 67 and K, < 21 have been assigned. No b-type transitions
were assigned because these weaker features are overlapping with the a-type
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Fig. 2 Portions of the experimental spectrum (in black) of CN-NBD recorded using the
CP-FTMM spectrometer and comparison with a 300 K simulation performed using the
rotational constants derived from the spectral analysis (in green). The bottom panel shows
the zoomed-in regions of the spectra around the R(J” = 37) transition; the corresponding
spectral window is highlighted by a grey area on the top panel. Transitions on the
experimental spectrum not reproduced on the simulation arise from vibrational satellites
(pure rotation in excited vibrational states) not investigated in this work.

transitions. The assigned transitions, of expected frequency accuracy of 30 kHz,
have enabled the adjustment of the rotational and quartic centrifugal distortion
constants of the molecule (Table 1). The 4 parameter could not be adjusted and
was thus fixed to the calculated value. The derived rotational constants are again
in excellent agreement with the prediction (with relative errors on the order of
0.5% or better). The centrifugal distortion parameters are further away from the
calculated values than for the other species (by a factor of 3 to 10), while agreeing
in sign, but fixing some distortion parameters (e.g., dx, which is showing the worse
agreement) to the calculated values does not allow a satisfactory fit to be obtained.
Overall, all transitions are reproduced at their expected accuracy with a final root-
mean-square of 26 kHz, corresponding to a weighted standard deviation close to
unity.

All files relevant to the assignment and fit (linelists, parameters, and fit results)
are available in the ESI{ as ASCII files.

Astronomical implications and interstellar searches

Using the spectroscopic parameters determined for the three species in this
study, reliable spectral predictions can be obtained for frequencies up to 110 GHz
and temperatures up to 300 K (so as to simulate transitions involving the same
range of quantum numbers as those observed experimentally). Frequency and/or
temperature extrapolation may be feasible as well since the three species appear
particularly rigid, although the accuracy of such predictions is hard to estimate.
Catalogues of the frequencies at 10 K have been generated for the three molecules
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Fig. 3 Simulated spectra of NBD, CN-NBD, and DCN-NBD (from top to bottom) at 10 K.
The orange area is the spectral regions where features of these species were searched for
on the QUIJOTE survey.

using the SPCAT program and the partition functions reported in Table S5 in the
ESIT (also generated using SPCAT); the corresponding traces are shown in Fig. 3.
At this temperature, the strongest transitions of NBD lie around 75 GHz while the
spectrum of the two —CN substituted species is shifted to lower frequencies
(because of their heavier weight) with an optimum region for interstellar searches
between ~25 GHz and ~50 GHz.

The frequency predictions of NBD, CN-NBD, and DCN-NBD were used to
search for these three species toward the starless core TMC-1 using the QUIJOTE
line survey of this source that is being carried out with the Yebes 40 m telescope.*!
Currently, the QUIJOTE data cover observing sessions from November 2019 to
November 2022, and amount to a total on-source telescope time of 758 h. The

064 Bui-1211 130,13- 120,32 1B-12m 14100- 1313 146,20 - 130,13

0.4

0.2

T, (MK)

0.0 1

32653 32654 32791 32792 33556 33557 33558 35149 35150 35151 35268 35269 35270
Rest frequency (MHz)

Fig. 4 QUIJOTE data at the position of some of the lines of CN-NBD predicted to be the
most intense. Red traces are the synthetic line profiles calculated assuming a rotational
temperature of 10 K, a line width of 0.6 km s, and a column density equal to the 3a upper
limit derived, ie., 4.9 x 10° cm~2,
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antenna temperature noise level is around 0.1 mK in the 31-40 GHz region and
somewhat higher at frequencies above 40 GHz. We thus carried out the search for
NBD and its cyano derivatives focusing on the low-frequency data of the QUIJOTE
survey (region highlighted in orange in Fig. 3). At the current sensitivity level of
the data, we do not detect the lines predicted to be the most intense in this
frequency region for neither NBD, CN-NBD, nor DCN-NBD. Assuming a rotational
temperature of 10 K and line width of 0.6 km s %, as found for indene,” we
derive 3¢ upper limits to the column densities of 1.6 x 10* cm > for NBD,
4.9 x 10" em ™2 for CN-NBD, and 2.9 x 10'° ecm ™2 for DCN-NBD. Fig. 4 illustrates
the non-detection of the most intense lines of CN-NBD assuming the aforemen-
tioned conditions. The upper limit derived for NBD is quite high and thus not very
informative due to the very low dipole moment of this molecule. For comparison,
the column density derived for indene, a molecule that is also weakly polar, is
1.6 x 10" cm2.° On the other hand, the upper limit imposed on the monocyano
derivative, which is very polar, is much more informative. For comparison,
the column density inferred for the monocyano derivative of indene is
2.1 x 10"" em 2.3 If the abundance ratio between the monocyano derivative and
the parent hydrocarbon behaves similarly for indene and NBD, then NBD—if
present in TMC-1—is less abundant than indene by a factor of at least four.

Conclusions

The pure rotational spectra of NBD, CN-NBD, and DCN-NBD have been investi-
gated at room temperature by CP-FTMM spectroscopy in the 75-110 GHz range
allowing for a refinement of the spectroscopic constants of NBD and the first
experimental determination of those of CN-NBD and DCN-NBD. Using these
constants, transitions of the three molecules have been searched for, unsuc-
cessfully, toward TMC-1 using the QUIJOTE survey. Upper limits to the column
density of each species have been derived.
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