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Interstellar molecules are often highly reactive species, which are unstable under
terrestrial conditions, such as radicals, ions and unsaturated carbon chains. Their
detection in space is usually based on the astronomical observation of their rotational
fingerprints. However, laboratory investigations have to face the issue of efficiently
producing these molecules and preserving them during rotational spectroscopy
measurements. A general approach for producing and investigating unstable/reactive
species is presented by means of selected case-study molecules. The overall strategy
starts from quantum-chemical calculations that aim at obtaining accurate predictions of
the missing spectroscopic information required to gquide spectral analysis and
assignment. Rotational spectra of these species are then recorded by exploiting the
approach mentioned above, and their subsequent analysis leads to accurate
spectroscopic parameters. These are then used for setting up accurate line catalogs for
astronomical searches.

1 Introduction

Since the discovery of the first polyatomic molecules in the late 1960s and early
1970s, it soon became clear that the interstellar medium (ISM) is characterized by
arich chemistry. Because of the extreme conditions of the ISM, with temperatures
ranging between 10 and 100 K, very low densities (from 10 to 10® molecules cm ™),
and ionizing radiation, the chemistry there occurring leads to the formation of
exotic molecules.”™ Among the about 270 molecules detected in the ISM and
circumstellar shells so far, a sizeable number of them are species that under
terrestrial conditions are unstable and/or highly reactive.® The list includes
radicals and ions, but also closed-shell unsaturated systems such as imines and
carbon chains. Illustrative examples are the HCsO radical,*” the CgH™ negative

ion,** the HCoN carbon chain, the protonated HC;NH' carbon chain,!

ROT&Comp Lab, Department of Chemistry “Giacomo Ciamician”, University of Bologna, Via F. Selmi 2,
I-40126 Bologna, Italy. E-mail: cristina.puzzarini@unibo.it; luca.bizzocchi@unibo.it; mattia. melosso2@
unibo.it

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3fd00052d

This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 309-326 | 309


http://orcid.org/0000-0002-2395-8532
http://orcid.org/0000-0003-3152-3261
http://orcid.org/0000-0002-9953-8593
http://orcid.org/0000-0002-6492-5921
https://doi.org/10.1039/d3fd00052d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00052d
https://pubs.rsc.org/en/journals/journal/FD
https://pubs.rsc.org/en/journals/journal/FD?issueid=FD023245

Open Access Article. Published on 14 2023. Downloaded on 01.02.26 10:13:20.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

substituted imines like allylimine,*” and the unstable enol form of glycolaldehyde,
i.e. (Z2)-1,2-ethenediol enol.”® These examples give an idea of the exotic chemistry
taking place in the ISM and provide a clear evidence of the fact that unstable and/
or reactive species are produced and survive long enough to be detected. In
parallel, this chemistry also leads to small organic molecules (denoted as
“interstellar” complex organic molecules, COMs") such as N-methylformamide
(CH3NHCHO),* urea (NH,C(O)NH,),"*"” ethanolamine (HOCH,CH,NH,),"® and n-
propanol (CH;CH,CH,OH)."**

Molecular spectroscopy plays a central role in the discovery of interstellar
molecules,>** with the overwhelming majority of chemical species in the cosmos
being discovered via their rotational signatures. Indeed, the astronomical
observation of the rotational spectroscopic features of a given molecule provides
unequivocal proof of its presence in the astronomical environment under
consideration.>**** In principle, the systematic observation of a given astro-
nomical source leads to a complete census of its molecular content. However,
astronomical line surveys still reveal unknown features, the main reason being
the lack of corresponding spectroscopic information.>** As suggested above,
interstellar species can be short-lived systems on Earth, this rendering their
spectroscopic characterization a challenging task. Indeed, molecular species that
are not yet studied in the laboratory show relevant difficulties in their production.
This is the topic touched on in this work. Radicals and ions are transient species
which are typically generated in situ using plasma techniques.***® Neutral, closed-
shell unsaturated species such as carbon chains are stable molecules that,
however, tend to be highly reactive and thus need to be produced in situ as well.

In this contribution, a laboratory strategy pursued to obtain very accurate line
catalogs for guiding the astronomical search of unstable and/or reactive species is
presented. Illustrative systems that are produced either using flash vacuum
pyrolysis®**2° or DC discharge*° are investigated. As examples of closed-shell
reactive species, the DC,N and CIC;3;N carbon chains have been studied, while
as examples of open-shell systems, the CCS and CH,CN radicals are considered.
The strategy relies on the interplay of experiment and theory, which is crucial
because it often happens that, for this type of molecular species, no previous
experimental data are available and the study starts from an accurate computa-
tional characterization.’>*® In the following section (Methods), the strategy is
introduced; then, the experimental and computational aspects are detailed.
Subsequently, the results for the species mentioned above are presented and
discussed. Finally, in the last section, conclusions are drawn.

2 Methods

As mentioned in the Introduction, an accurate spectroscopic characterization is
required to guide astronomical observations. The interplay of experiment and
theory in the field of rotational spectroscopy to be exploited in astronomical
searches is graphically represented in Fig. 1. As shown there, the strategy starts
with accurate quantum-chemical computations of the spectroscopic parameters
(those of an effective Watson-type Hamiltonian) required for the prediction of the
rotational spectrum. The simulated spectrum is used to plan the experiment and,
once the experimental counterpart is available, is employed to guide spectral
analysis and assignment. The subsequent step is the fitting of the assigned

310 | Faraday Discuss., 2023, 245, 309-326  This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00052d

Open Access Article. Published on 14 2023. Downloaded on 01.02.26 10:13:20.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Faraday Discussions
ﬂc CALCULATIONS TRANSITION RADIO
of SPECTROSCOPIC ./ FREQUENCIES ASTRONOMICAL
PARAMETERS & 'NTENS'T'ES OBSERVATIONS
SIMULATED Unbiased
l SPECTRUM SPECTRAL
_Experimental| (2 Trns URVEY

b2 Companson

Comparlson:
CALC vs EXP | DETECTION ] EXP vs ASTRO

T YTITT Y
FYFTY 1] ' W 44+ SPE SPECTRUM “ISPECTRUM

Simulated )

- Experimental | SPECTROSCOPIC
’ RECORDING of | SPECTRAL /

SPECTROSCOPIC CATALOG
ROTATIONAL , ANALYSIS &
K SPECTRUM )'/  ASSIGNMENT | j

PARAMETERS
Fig.1 Graphical representation of the interplay of experiment and theory exploited at the
ROT&Comp laboratory in Bologna for hunting molecular species in the ISM.

transitions with a suitable effective Hamiltonian (the same used for simulation),
with the computed parameters providing the starting point. The fitting procedure
eventually leads to the set up of a spectroscopic line catalog, which is then used to
search for the molecule in the astronomical line surveys.

An illustrative example of this strategy at work is provided by ref. 13 and 28: (2)-
1,2-ethenediol, a key prebiotic intermediate in the formose reaction, has been
spectroscopically characterized in the laboratory,”® thus providing the line list
allowing its detection.™ Fig. 2 provides a graphical representation of how the
quantum-chemical calculations allowed an easy assignment of the experimental

|
|
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256 257 258

FREQUENCY (GHz)

Fig.2 Portion of the millimeter-wave spectrum of (2)-1,2-ethenediol in the 256-259 GHz
range: the experimental spectrum (in black) is compared with the computational simu-
lation (in orange).
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spectrum. In this respect, it has to be noted that no previous spectroscopic
information was available for (Z)-1,2-ethenediol, which - being an unstable
molecule - was produced by flash vacuum pyrolysis. Another recent example for
this strategy at work is provided by ref. 12.

In the following section the experimental aspects of the strategy are presented,
while in the subsequent one the details of the quantum-chemical calculations are
provided. In this work, the focus is on unstable and/or reactive molecules.
Therefore, the challenge of the production of these species is mainly addressed.

2.1 Experimental details

The rotational spectrometer employed in this work is a frequency-modulation
millimeter/sub-millimeter-wave (mm/sub-mm) spectrometer working in the 75
GHz to 1.6 THz range, which is described in detail in ref. 30 and 31. In short,
radiation is produced by a series of Gunn oscillators covering the 75-134 GHz
range. Higher frequencies, up to the THz regime, are obtained by means of passive
frequency multipliers. Frequency and phase are stabilized by a phase-lock loop.
The detection system consists of either Schottky barrier diodes or a liquid-helium-
cooled InSb hot electron bolometer (QMC Instr. Ltd type QFI/2). In all cases, the
output signal is demodulated by a lock-in amplifier set at twice the modulation
frequency, thus leading to second harmonic (2f) detection (nearly second derivative
of the line profile). To produce unstable and/or reactive molecules, such as ions,
radicals, imines and carbon chains, the mm/sub-mm spectrometer is combined
with either a flash vacuum pyrolysis system? or a DC discharge apparatus.”>*®
Concerning the flash vacuum pyrolysis (FVP) technique, two different appara-
tuses can be employed. The first system is constituted by a 30 cm long tubular oven
which surrounds a quartz tube directly connected to one inlet of the spectrometer
absorption cell. This latter is a glass tube 3.25 m long and 5 cm in diameter. The
maximum temperature that can be reached by the oven is 1200 °C. In the second
apparatus, a 1.5 m long quartz absorption cell is surrounded by a 90 cm tubular
furnace, which is able to reach the same temperature as the first system. Since the
cell and oven lengths are different, the heating is inhomogeneously distributed
along the cell, with the pyrolysis reaction being confined to the 90 cm directly
heated by the oven. To increase the length of the reactive area, a double-pass
configuration is arranged,* with the effective absorption path of the pyrolysis
products increasing to, at least, 1.8 m. For both apparatuses, in view of the unstable
nature of the target molecules, measurements are performed in dynamic condi-
tions, i.e. a tenuous flow of fresh pyrolysis products is continuously provided by the
vacuum system. In all experiments, the production conditions are optimized by
adjusting the temperature of the precursor, the temperature of the pyrolysis
apparatus, and the pressure of the gaseous products inside the absorption cell.
Moving to the species investigated in this work, CIC;N and DC,N have been
produced by means of FVP. Gaseous samples of CIC;N have been produced by co-
pyrolysis of carbon tetrachloride (CCl,) and acetonitrile (CH;CN) in a 3: 1 abun-
dance ratio. Typically, 60 mTorr (8 Pa) of CCl, and 20 mTorr (~3 Pa) of CH;CN
were flowed into the tubular quartz reactor heated at 1150 °C. The measurements
were performed while continuously pumping the pyrolysis products through the
absorption cell, which was kept at a pressure of ~5 mTorr (~1 Pa). CIC3N is
moderately stable in the gas phase. Trapping and conservation of the compound
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at liquid nitrogen temperature is also possible. Purification of the samples via
low-temperature distillation has been attempted and proved it was possible to
achieve a factor of 2 improvement in the intensity of the absorption signals. DC;N
was produced by co-pyrolysis of fully-deuterated toluene (toluene-dg) and tri-
chloroacetonitrile (CI3CCN) at 1200 °C. The mixture composition was adjusted to
have a constant flow of 150 mTorr (20 Pa) of CI3CCN and 5-10 mTorr (~1 Pa) of
toluene-dg in the pyrolysis reactor. This corresponds to a pressure of ~15 mTorr
(~2 Pa) after the expansion of the reaction products in the absorption cell.

The mm/sub-mm spectrometer can also be equipped with a negative glow-
discharge cell to produce either ionic or radical species. To improve the signal-to-
noise ratio (S/N), measurements can be carried out at low temperature (e.g. by
circulation of liquid nitrogen in an external plastic pipe tightly wound around the
cell). Ions or radicals are prepared directly inside the absorption cell starting from
a suitable mixture of gases and by applying a DC discharge of a few mA to some tens
of mA. A buffer gas (usually, He or Ar) is often employed together with the precur-
sor(s). Measurements are always performed in a continuous flow of gas, maintained
by a diffusion pump, in order to constantly provide fresh precursor gases and
remove degraded products. For ions, a longitudinal magnetic field can be applied to
improve the S/N. In the case of radicals, this can be used to disentangle their signal
from those of the closed-shell species whose transitions contaminate the spectral
window. In this work, we considered a sulfur-containing radical, CCS, which has
been produced using CS, as precursor and He as buffer gas in a 2 : 1 ratio. In most of
the measurements, the combination of 30 mTorr (4 Pa) of CS, with 15 mTorr (2 Pa)
of He has been employed, and a DC discharge of 70-75 mA applied.

2.2 Computational details

The pieces of information required for predicting rotational spectra are:

e rotational parameters,

e type of transitions observable (and their intensity),

o if relevant, hyperfine parameters.

In Table 1, the correlation between the spectroscopic and molecular parame-
ters to be predicted and the quantities determinable by quantum chemistry is

Table 1 The relevant parameters in rotational spectroscopy and their computational
requirements

Parameter Symbol(s) Computational task(s)
Rotational constants Ae, Be, Ce Geometry optimization
Vibrational corrections to B, values AB,i, Anharmonic force field
Quartic centrifugal-distortion constants Dy, Dk, Dj, .. Harmonic force field
Sextic centrifugal-distortion constants Hj, Hy, Hy, .. Anharmonic force field
Electric dipole moment u First derivative of

electronic energy with
respect to electric-field
components

Nuclear quadrupole coupling constants  y;; Electric-field gradient (first
derivative of electronic
energy with respect to
quadrupole moment)
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summarized. While in the following the first and third point of the list above are
discussed, when considering the type of transitions observable and their inten-
sity, the crucial information is the electric dipole moment or better its compo-
nents along the inertial axes.*® As pointed out in Table 1, the dipole moment is
a first order property which can be obtained from dedicated computations, but
also as a byproduct in geometry optimizations.

Rotational parameters include rotational and centrifugal distortion constants.
Rotational constants are by far the leading terms and can be seen as formed by
two contributions: the dominant one (about 99%) which only depends on the
equilibrium structure and the vibrational correction (vide infra) which depends on
the coupling between the rotational and vibrational motion.>** 1t is thus clear
that accurate equilibrium structures are needed in order to get accurate equi-
librium rotational constants.***%**” To reach high accuracy, basis-set and electron-
correlation effects must be accounted for simultaneously, and this is accom-
plished by exploiting quantum-chemical composite schemes.®® In these
approaches, the various contributions are evaluated separately at the highest
possible level and then combined in order to obtain the best theoretical estimate,
thereby exploiting the additivity approximation. In the literature, several
composite schemes have been proposed in order to obtain the best possible
compromise between accuracy and computational cost.’”*%-*

In this work, we employed a so-called “gradient scheme” entirely based on
coupled-cluster (CC) theory,*** which is implemented in the CFOUR quantum-
chemistry package.®” In this approach, the additivity approximation is exploited
at the energy-gradient level to be minimized for obtaining the equilibrium
structure. In particular, we employed the CCSD(T)/CBS+CV scheme, where
CCSD(T) stands for the CC singles and doubles (CCSD) approximation augmented
by a perturbative treatment of triple excitations.*® The CBS acronym implies the
extrapolation to the complete basis set (CBS) limit, while CV refers to the incor-
poration of the core-valence correlation contribution. The energy gradient to be
minimized contains three terms. The first two contributions are the gradients for
the separate extrapolation of HF-SCF (Hartree-Fock Self Consistent Field) and
CCSD(T) correlation energies to the CBS limit using an exponential extrapola-
tion® for the former and the n~> extrapolation scheme® for the latter. Extrapo-
lation to the CBS limit requires a hierarchy of bases to be employed, with the
correlation-consistent valence cc-pvVnZ bases®®*” being used in this work, with n =
T, Q, 5 for HF-SCF and n = T, Q for CCSD(T). The third term incorporates the CV
correlation effects because the CCSD(T) extrapolation to the CBS is performed
within the frozen-core (fc) approximation. The CV correction is obtained as the
difference of all-electron (ae) and fc CCSD(T) calculations using the same core-
valence basis set, which is cc-p(w)CVnZ (n = T, Q) in the present case.”®*

If required by the dimension of the molecule, to obtain accurate equilibrium
structures while retaining a feasible computational cost, one can resort to the
so-called “cheap-composite” scheme,*** which - starting from fc-CCSD(T)/cc-
pPVTZ calculations - incorporates the extrapolation to the CBS limit and the
effect of core correlation at the MP2 level (MP2 stands for second-order Moller—
Plesset perturbation theory®®). For larger systems for which even the “cheap-
composite” scheme becomes too expensive, such as small polycyclic aromatic
hydrocarbons (PAH),** a possible way-out is offered by the so-called “Lego brick”
approach.®®* The idea at its basis is that the system can be seen as formed by

314 | Faraday Discuss., 2023, 245, 309-326  This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00052d

Open Access Article. Published on 14 2023. Downloaded on 01.02.26 10:13:20.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

different fragments (i.e., the “Lego bricks”), whose accurate equilibrium
geometries are available, with the template molecule (TM) approach® being
employed to account for the modifications occurring when moving from the
isolated fragment to the molecular system under consideration. To correct the
linkage between different fragments, the linear regression (LR) model is then
employed.®*® For the accurate determination of the equilibrium structure of
the fragments, in this work, we have resorted to the so-called semi-experimental
(SE) approach.®****” The SE equilibrium structural parameters are determined
by a linear least-squares fit of the SE equilibrium rotational constants of
different isotopologues. These are obtained by correcting the experimental
ground-state rotational constants (B5*) with computed vibrational
(ABSES) corrections.®®

In the following, we refer to the “Lego brick” approach as TM+LR, or only TM
whenever LR is not applied. While the reader is referred to ref. 61 and 62 for all
details on this scheme, it has to be mentioned that the TM approach combines
density functional theory (DFT) calculations with corrections from SE equilibrium
structures of the fragments envisaged in the molecule under investigation. In this
work, the DFT level considered is the double-hybrid rev-DSDPBEPS86 (revDSD)
functional®® in conjunction with the jun-cc-pVTZ triple-zeta basis set.*” DFT
calculations also incorporate dispersion corrections by means of the Grimme's
DFT-D3 scheme” together with the Becke-Johnson damping function.” In this
work, the TM+LR approach has been employed for the accurate equilibrium
structure determination of HC,N, the envisaged fragments (HC=C-, -C=C-, and
—-C=N) being taken from the HCCH and HCN molecules. Furthermore, in addi-
tion to the TM approach, it has been necessary to correct the bonds connecting
the fragments. For HC,N, all connectors are single C-C-bond types, the corrective
factor being —0.00184 A and taken from ref. 65.

Whenever we want to predict the experiment and, thus, to move from equi-
librium to the vibrational ground state, computation of the vibrational correc-
tions is required. According to vibrational perturbation theory to the second order
(VPT2),”> we can write:

1 i
B() = Be + ABvib = Be - EZar (1)

where o,’ denotes the vibration-rotation interaction constants, with i being the
inertial axis (a, b or ¢) and the sum running over all the r vibrational modes. Since
the largest contribution to «,’ involves cubic force constants, anharmonic force
field calculations are required for evaluating the AB,, term. In this work, we have
employed both CCSD(T) and MP2 methods for its evaluation (details are provided
alongside the discussion of the specific molecules).

As concerns centrifugal-distortion constants, their evaluation involves force
field calculations: the harmonic one for the quartic terms and the anharmonic
one for the sextic terms. This means that these parameters can be obtained as
byproducts of the computations required for getting the vibrational corrections to
the rotational constants.

Whenever a closed-shell molecule contains one or more atoms with non-null
nuclear spin, electric and/or magnetic interactions that split rotational energy
levels occur. The consequence is that rotational transitions are split as well, giving
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rise to the so-called hyperfine structure. In this study, the only interaction of
interest is the nuclear quadrupole coupling because nitrogen, chlorine and
deuterium are quadrupolar nuclei, i.e. their nuclear spin I is greater than 1/2. While
interested readers are referred to ref. 33, 37 and 51, here we mention that, from
a computational point of view, the prediction of nuclear quadrupole coupling
constants requires the computation of the electric field gradient at the quadrupolar
nucleus (see Table 1). Following the literature on this topic,**”* we have employed
the CCSD(T) method in combination with core-valence basis sets and correlating all
electrons. The situation is more involved when dealing with open-shell species
because in such cases we need to account for the coupling of the rotational angular
momentum with the electronic spin momentum and, if more than one unpaired
electron is present, the coupling between the electronic spins.”**

3 Results

In this section, the spectroscopic results are presented and discussed. First, the
unsaturated carbon chains are addressed and, then, we move to the radical
species considered in this work.

3.1 Unsaturated carbon chains: CIC;N and DC,N

The rotational spectrum of CIC;N was previously investigated in the 13-25 GHz
range,”* but the frequencies of the recorded transitions were not provided.
Therefore, the present results are exclusively based on our measurements. These
have been performed using the spectrometer introduced in the Methods section,
with CIC;N being produced by FVP as explained above. Measurements have been
carried out in the 82-111 GHz range, sampling transitions with rotational
quantum number J values varying from 29 to 40. At such large values of J, the
hyperfine structure (mainly due to chlorine) collapses and is no longer resolvable,
as seen in Fig. 3. This figure provides an overview of the / = 31 « 30 transition of
33CIC;N in the vibrational ground state, also pointing out the presence of rota-
tional transitions in vibrational excited states. In view of the large natural
abundance of the *’Cl isotope, rotational spectra of both **CIC;N and *’CIC;N
have been recorded, with transition frequencies retrieved with an accuracy of 20
kHz for both isotopologues. The spectroscopic parameters obtained from their
analysis are collected in Table 2, where they are compared to those from ref. 74
and our quantum-chemical results. Concerning the latter, the equilibrium rota-
tional constant has been obtained at the CCSD(T)/CBS+CV level and augmented
by the vibrational correction from fc-CCSD(T)/cc-pVTZ calculations, which also
provided the sextic centrifugal distortion constant. The quartic centrifugal term
has instead been computed at the CCSD(T)/cc-pCVTZ level of theory, with all
electrons correlated. Finally, nitrogen and chlorine quadrupole coupling
constants have been evaluated from ae-CCSD(T)/cc-pCVQZ calculations on top of
the CCSD(T)/CBS+CV geometry.

The results collected in Table 2 point out the need of measurements at higher
frequency in order to improve rotational constant determination, which is also
related to the derivation of an improved value of the quartic centrifugal distortion
constant. In this respect, it is interesting to note that, while our measurements are
not able to determine the sextic centrifugal distortion constant with a meaningful
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Fig. 3 Recording of the J = 31 « 30 transition of **CIC3N. The strong leftmost feature
belongs to the rotational spectrum in the vibrational ground state (also shown in the inset
with a magnified x-axis scale). Several multiplets belonging to the rotational spectra in
vibrational excited states due to the fundamentals, overtones, and combinations of the vs,
Ve, and vz bending modes are clearly visible towards higher frequencies.

Table 2 Vibrational ground-state spectroscopic parameters of *>CICzN and *’CICzN

This work
Constant Unit Exp.* Theo.” Ref. 74
35CIC,;N
By MHz 1382.32357(35) 1382.35 1382.328(2)
Dy kHz 41.51(14) 39.6 0.054(5)
Hj mHz —0.3% -0.3 —
x(Cl) MHz — —78.74 —75(4)
x(N) MHz — ~4.28 —
*7CIC;N
By MHz 1350.35289(25) 1350.38 1350.360(2)
Dy kHz 39.835(92) 37.9 0.054(5)
H; mHz —0.3 -0.3 —
x(Cl) MHz — —62.06 —62(3)
x(N) MHz — —4.28 —

% Numbers in parentheses are one standard deviation in units of the last quoted digit. The
“fix” superscript note indicates values held fixed at their computed value. ? Rotational
constants at the CCSD(T)/CBS+CV level augmented by fc-CCSD(T)/cc-pVIZ vibrational
corrections. Quartic and sextic centrifugal distortion constants are at the ae-CCSD(T)/cc-
pCVTZ and fc-CCSD(T)/cc-pVIZ levels, respectively. Nuclear quadrupole coupling
constants at the ae-CCSD(T)/cc-pCVQZ level.
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uncertainty, it is necessary to fix it at the computed value in order to improve the
fit (and thus reproduce transition frequencies within their experimental error)
and obtain the correct ratio for the D values of the two isotopic species. This
simple example shows the important role played by accurate quantum-chemical
computations also for guiding the fitting procedure for the derivation of the
experimental spectroscopic parameters. Focusing on computational results, it is
worth noting that, for both isotopologues, the rotational constant is predicted
with a deviation as small as 0.002% (which means about 30 kHz in absolute
terms). The error increases to 5% for the quartic centrifugal distortion constant,
but still the accuracy is good enough to guide experiment and in particular, as
mentioned above, to provide the reference value for the D(>**CIC;N)/D(*’CIC;N)
ratio. In Table 2, the nuclear quadrupole coupling constants are also reported.
The only experimental values available are for x(**Cl) and x(*’Cl), and they come
from ref. 74. The experimental error is quite large (about 5%) and, according to
the literature on this topic,*”*”*”” the computed values are probably more
accurate.

The present work allowed us to set up an accurate line catalog to support
astronomical observations, with transition frequencies predicted with the proper
accuracy (i.e. uncertainties smaller than 100 kHz) up to 250 GHz. Even if only
seven molecules containing chlorine have been detected in space,® the detection
of CH;Cl towards IRAS 16293 (ALMA observations) and in the coma of the 67P/
Churyumov-Gerasimenko comet (ROSINA mass spectrometry measurements)’
suggests that polyatomic molecules with chlorine can be discovered in the ISM.

In ref. 75, the rotational spectra of all single-substituted isotopologues of three
linear cyanopolyynes, namely HC,;N, HCyN, and HC;,N, have been investigated in
the 6-18 GHz frequency range. These molecules were produced by high-voltage
low-current discharge. Of interest to this work, the rotational transitions of
DC,N with J values varying from 6 to 12 were recorded, with the hyperfine
structure due to N being resolved. The results obtained are collected in Table 3
together with the present experimental and computational outcomes.

In our experiment, DC,N has been produced by FVP as explained in the
Methods section. Measurements have been performed in the 80-90 GHz range
(with transition frequencies retrieved with 15 kHz accuracy) and merged in

Table 3 Vibrational ground-state spectroscopic parameters of DC;N

This work
Constant Unit Exp.” Theo.” Ref. 75
By MHz 545.3151998(89) 545.47 545.31523(7)
Dy Hz 3.7241(27) 2.98 3.85(28)
Hj nHz — 0.86 —
x(N) MHz —4.315(87) —4.21 —4.33(22)
x(D) MHz — —0.18 —

“ Numbers in parentheses are one standard deviation in units of the last quoted digit.
b Rotational constant from the TM+LR approach augmented by fc-MP2/cc-pvDZ
vibrational correction. Quartic and sextic centrifugal distortion constants at the fc-MP2/
cc-pVDZ level. Nuclear quadrupole coupling constants at the ae-CCSD(T)/cc-pCVTZ level
on top of the TM+LR structure.
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a global fit together with those (7.6-14.2 GHz) from ref. 75. Incorporation of
millimeter-wave measurements in the fit has led to crucial improvement in the
accuracy of the spectroscopic parameters (B, and D; by one and two orders of
magnitude, respectively) as well as in the line catalog. For example, transitions
lying at about 100 GHz are predicted with an uncertainty of 0.9-1 MHz by the
spectroscopic parameters of ref. 75 (see Cologne database catalog: https://
cdms.astro.uni-koeln.de/cgi-bin/cdmssearch?file=c100502.cat),  while the
present work allows the prediction of the same lines with an uncertainty of
about 10 kHz, with the modification in the transition frequencies (with respect
to the Cologne database catalog?) of about 500 kHz. Such changes are relevant
even for a long carbon chain like DC,N because at temperatures of 100-200 K
the most intense rotational transitions lies in the millimeter-wave region. Since
our measurements involve high J values (ranging from 75 to 81), the hyperfine
structure due to nitrogen could not be resolved. However, the improvement in the
determination of the quartic centrifugal distortion constant also reduces the error
affecting the nitrogen quadrupole coupling constant (because of a better
constraint of the experimental data).

DC;N provides a significant testing ground for the TM+LR approach described
in the Methods section. The TM+LR structure, derived as explained in the
methodology section, is reported in Fig. 4, where it is compared with the CCSD(T)
geometry by Botschwina et al.”® and the effective r, structure determined in ref. 75.
In ref. 76, a fc-CCSD(T)/cc-pVTZ optimized geometry was empirically corrected by
reducing the CH bond length by 0.0019 A, triple CC bonds by 0.0064 A, single CC
bonds by 0.0060 A, and the CN bond distance by 0.0069 A. These corrections were
meant to account for basis-set truncation and core-correlation effects. Despite the
empiric nature of these corrections, the “corrected CCSD(T)/cc-pVTZ” structure
shows only small deviations (about 2 to 5 mA) from our TM+LR equilibrium
geometry. This has, however, a small but non-negligible impact on the rotational
constant. As can be seen in Table 3, our theoretical prediction overestimates the
experimental B, by only 158 kHz, which means less than 0.03% in relative terms.
Using our computed vibrational correction (at the fc-MP2/cc-pVDZ level), the
structure by Botschwina et al. leads to a B, underestimated by 0.05%. However, it
has to be emphasized that our result has been obtained at the price of an
extremely limited computational cost. The final comment concerns the experi-
mental effective (r,) structure obtained from a least-square fit of the rotational
constants of all single-substituted isotopologues. In this case, larger deviations

13657(9)_1-1611(6)

1.2149(20)

1.2141(19)

1.3616(27)

1.2101(6)__ 1:3610(9)_

ro 10s704) =
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1.2197
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1.3589 1.2147

13642 1.2167

Fig. 4 Molecular structure of HC;N. The effective structure (ro) from ref. 75 and the
corrected CCSD(T)/cc-pVTZ equilibrium geometry (in green; see text for details) from ref.
76 are compared to the TM+LR equilibrium structure (in red; this work. Bonds are depicted
along the carbon chain: in black those corrected using the TM approach, in red those
incorporating the LR correction).
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from our TM+LR structure are noted, thus pointing out that vibrational effects
need to be explicitly taken into account by means of the SE approach.®”

3.2 Radical species: CCS and CH,CN

For the first time in our lab, FVP has been employed to produce a radical species.
The cyanomethyl radical, CH,CN, has been produced using a 90 cm tubular
furnace (see Methods for details) and starting from a small amount (about 3
mTorr, 0.4 Pa) of CH;CN with the oven temperature set at 950 °C, with measure-
ments performed as above in a constant flow of gas. An example of rotational
spectrum recording is provided in Fig. 5, where it is noted that a good S/N could be
obtained. The rotational spectrum of CH,CN has already been well characterized
in the centimeter-”” and millimeter-wave® region. The first experimental work
dates back to 1988 (ref. 81) and immediately led to the detection of CH,CN in the
ISM.** In ref. 80,81, the cyanomethyl radical was prepared using a DC discharge
technique, as usually done in frequency-domain spectrometers.”***® In the
microwave regime, where time-domain rotational spectroscopy is exploited,
CH,CN was produced using a pulsed-discharge nozzle.”” While a flash pyrolysis
microreactor exploiting a Chen nozzle combined with a broadband microwave
spectrometer is a well established technique for the investigation of the rotational
spectrum of radicals (see, for example, ref. 87 and 88), in millimeter-wave direct
absorption spectrometers, employment of pyrolysis is very limited and only very
few examples can be found in the literature.*® However, our first application is very
promising, with production conditions being easier to control and adjust with
respect to DC discharge.

intensity / a.u.

241.350 241.360 241.370 241.380 241.390
frequency / Gllz

Fig.5 Small portion of the CH3CN spectrum around 241.37 GHz. The dark blue profile has
been obtained with the oven temperature set at 950 °C: the lines belonging to the CH,CN
radical are made evident by asterisks. The grey profile is the recording with the FVP oven
switched off.
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First detections of the CCS radical date back to 1987 and refer to the TMC-1
molecular cloud” and the envelope of the C-rich star IRC+10216.%> Subse-
quently, the characterization of the rotational spectrum of CCS was extended to
the millimeter-wave region up to 292 GHz.*° However, extrapolations to
frequencies much higher than 300 GHz should be viewed with caution. For this
reason, with the aim of further improving its spectroscopic parameters and thus
the line catalog to be used for astronomical observations, we have extended the
analysis of the CCS rotational spectrum up to 686 GHz, this radical being
produced by DC discharge as explained in the Methods section. The results of our
spectroscopic analysis, which collects all data available on CCS, are reported in
Table 4, where they are compared with those from ref. 90. The highly accurate
computed parameters obtained in ref. 36 are also given. Concerning the latter,
while interested readers are referred to the original paper, we recall that the
equilibrium rotational constant was obtained at the CCSD(T)/CBS+CV+{T+fQ level
(which incorporates into the CCSD(T)/CBS+CV approach, described in the
Methods section, the effect of full treatment of triple and quadruple excitations)
and corrected for vibrational effects at the ae-CCSD(T)/cc-pCVQZ level, which also
provided the quartic and sextic centrifugal distortion constants. The comparison
of Table 4 points out that the new measurements allowed us to improve all
spectroscopic parameters and determine the sextic centrifugal distortion
constant for the first time. It is also worth noting that the state-of-the-art
computations of ref. 36 allowed the prediction of B, with an accuracy of 0.005%.

CCS is a *3" radical in its electronic ground state. In such a case, the total
angular momentum J is given by the coupling between the molecular angular
momentum N and the electronic spin momentum S. The effective Hamiltonian
operator thus contains three terms: in addition to the rotational Hamiltonian,
with N being the associated quantum number (different from the J symbol used
for closed-shell species), there are the Hamiltonians describing the electron spin-
rotation and spin-spin interactions. The corresponding spectroscopic parameters
are vy and A, namely the electron spin-rotation and the spin-spin interaction
constants, respectively, with vp and Ap representing their centrifugal distortion
correction. From Table 4, it is noted that y and A are determined with high
accuracy and that their centrifugal distortion dependence needs to be incorpo-
rated in order to reproduce the recorded transitions within their experimental
accuracy. Concerning the latter, for our measurements, uncertainty varies from 50

Table 4 Vibrational ground-state spectroscopic parameters of CCS

This work Ref. 36 Ref. 90
Constant/unit Exp.? Theo.? Exp.”
B,/MHz 6477.75023(15) 6477.403 6477.75036(71)
Dy/kHz 1.72791(18) 1.6 1.72796(95)
Hj/mHz 0.330(47) 0.02 —
A/MHz 97195.69(14) — 97 196.07(77)
Ap/kHz 26.97(17) — 27.00(67)
v/MHz —14.7159(88) —12.1 —14.737(49)
vp/mHz 43.4(46) — 55(37)

% Numbers in parentheses are one standard deviation in units of the last quoted digit. > For
details, see ref. 36.
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kHz to 100 kHz depending on the intensity and S/N. The largest value applies to
the fine component of the highest transition recorded at 685.5 GHz.

4 Conclusions

In this work, an overview of the strategy exploited at the ROT&Comp laboratory of
the Department of Chemistry “Giacomo Ciamician”, University of Bologna, for
the spectroscopic characterization of unstable and reactive species has been
provided. This strategy relies on the strong interplay of experiment and theory in
the field of rotational spectroscopy. The examples addressed point out that our
computational methodology is able to predict rotational constants with uncer-
tainties well below 0.05% and the other spectroscopic parameters with discrep-
ancies with respect to experiment of the order of a few percents. Consequently,
computed spectroscopic parameters and predicted spectra are powerful tools for
guiding the recording, the assignment and the analysis of the rotational spectra
as well as for providing reliable data for missing information. The experimental
analysis in terms of an effective Watson-type Hamiltonian then leads to the set up
of spectroscopic line catalogs, where transition frequencies are provided with
uncertainties ranging from a few kHz to a maximum of 100-150 kHz. Therefore,
these line catalogs are highly suitable for guiding astronomical searches.
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