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The chemistry of the interstellar medium occurs under extreme conditions and can lead to the formation of exotic molecules. These are species that on Earth are unstable and/or highly reactive. Their discovery in space is usually based on the astronomical observation of their rotational fingerprints, which requires an accurate laboratory investigation. This is based on a strategy that starts from the interplay of experiment and theory. State-of-the-art quantum-chemical calculations are used to predict the relevant spectroscopic information required to guide the spectral recording, analysis and assignment. Rotational spectra measurements are then performed in the centimeter-/millimeter-/submillimeter-wave region, thereby exploiting efficient on-the-fly production protocols for exotic molecules. Subsequently, the spectral analysis leads to accurate spectroscopic parameters, which are then used for setting up accurate line catalogs for astronomical searches and detections. This review is based on the strategy developed and the results obtained at the ROT&Comp Lab of the University of Bologna.
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1 INTRODUCTION
The chemical composition of the interstellar medium (ISM) systematically changes while the physical evolution proceeds from diffuse clouds toward star-forming regions (Yamamoto, 2017). Regardless of the environment, the chemistry of the interstellar space occurs under extreme conditions, with temperatures ranging between 10 and hundreds of K (with a few exceptions such as shocked regions where the gas kinetic temperature temporarily increases up to a few thousands of K), very low densities varying from 1 to 108 cm−3, and ionizing radiation (Yamamoto, 2017; Tielens, 2021). Because of such extreme conditions, the chemical reactions that involve either ions or radicals as one of the reactants are effective and efficient. These reactions are unusual or even unfeasible under terrestrial conditions. The ISM is also characterized by turbulence and shocked regions (Yamamoto, 2017; Tielens, 2021). Shock-wave-driven chemistry contributes to widen the unusual chemical reactivity and leads to the onset of both transient and stable molecular species, with different shock-wave velocities triggering different chemical processes (Cassone et al., 2018; García de la Concepción et al., 2021). In short, the ISM is characterized by a chemistry that can lead to the formation of unstable and/or highly reactive molecules, here broadly denoted as “exotic” (Negron-Mendoza and Ramos-Bernal, 2001; Yamamoto, 2017; Puzzarini, 2020; Herbst, 2021). These are radicals and ions, but also closed-shell unsaturated systems such as imines and carbon chains. Owing to the very low density of the ISM, these reactive species survive long enough to be detected (Müller et al., 2005; McGuire, 2018; Rivilla et al., 2018; Tennyson, 2019; Bizzocchi et al., 2020; McGuire, 2022; Alberton et al., 2023a). For the sake of completeness, we extend the classification of exotic molecules to unusual species, such as deuterated systems and functionalized building-blocks of polycyclic atomatic hydrocarbons (PAHs).
Molecules can be observed through their electronic, vibrational or rotational transitions at optical/ultraviolet, infrared or centi-/milli-/submillimeter wavelengths, respectively. However, more than 90% of the gas-phase molecules discovered in space so far have been detected owing to their rotational fingerprints. For this reason, in this review, laboratory spectroscopy refers to rotational spectroscopy and astronomical observations are those carried out with radiotelescopes in the microwave region, from centimeter to submillimeter wavelengths. In this respect, in the last decade, the improved sensitivity of ground-based facilities such as ALMA (Wootten and Thompson, 2009), GBT (Prestage et al., 2009), and Yebes (Tercero et al., 2021) have led to unexpected results in terms of number and complexity of molecules detected. While astronomical line surveys of a given astrophysical object should lead to a complete census of its molecular content, unknown features are still present and this is mainly due to the lack of the corresponding spectroscopic information. There is, therefore, a great need of investigating new potential interstellar molecules. The interest is mainly on short-living systems that have not been studied yet or have been poorly characterized in the lab.
In this review, the journey from the laboratory to space is addressed. To describe this journey, the strategy developed at the ROT&Comp Lab of the Department of Chemistry “Giacomo Ciamician”, University of Bologna, and the results there obtained are considered by way of example. The target is limited to gas-phase molecular systems, and emphasis is put on the methodology to be exploited, with particular focus on unstable species, for obtaining very accurate line catalogs, which are then employed in astronomical searches. Illustrative systems range from potential prebiotic species such as (Z)-1,2-ethenediol (Melosso et al., 2022; Rivilla et al., 2022) and allylimine (Alberton et al., 2023a) to radical species, passing through deuterated ammonia, a long carbon chain, and substituted benzene. The first two systems are typical examples of exotic molecules: closed-shell species that are, however, too reactive to be isolated and stored, thus requiring to be produced on-the-fly while performing spectroscopic measurements. The same applies to the radical here considered: a sulfur-bearing species, sulfeno (HSO; Cazzoli et al., 2016; Marcelino, N. et al., 2023), which provides a piece of the “missing sulfur” puzzle. For a stable and abundant molecule such as ammonia, the mono-deturated isotopologue (NH2D) has been considered (Melosso et al., 2020b; Melosso et al., 2021), which had to be prepared ad hoc inside the cell and allows for pointing out the importance of accounting for hyperfine effects in the rotational spectrum for the correct interpretation of astronomical spectra. Finally, a long carbon chain (DC7N; Puzzarini et al., 2023) and isomers of cyanoethynylbenzene (Spaniol et al., 2023) have been taken as examples of larger systems.
This review paper is organized as follows. In the next section, the methodology is presented in detail, with a subsection dedicated to each step of the strategy as outlined in Figure 1. Then, the results section addresses the case studies mentioned above. It has to be noted that, while at the ROT&Comp Lab (in collaboration with V.M. Rivilla) a great effort has been taken to rationalize the strategy here presented, this is not at all unique and several research groups employ methodologies that rely on the interplay of experiment and theory for the spectroscopic characterization which is then exploited for astronomical searches. Examples in this direction (the list being not at all exhaustive) are provided by Belloche et al. (2017); Bermúdez et al. (2018); Bizzocchi et al. (2020); McCarthy et al. (2021); Lee et al. (2021); Cabezas et al. (2022a); Changala et al. (2022); Koelemay et al. (2022); Alberton et al. (2023b); Cernicharo et al. (2023); Silva et al. (2023).
[image: Figure 1]FIGURE 1 | From the laboratory to space: Main steps of the strategy leading to the detection of gas-phase exotic species in the ISM.
2 METHODOLOGY
The main steps of the strategy pursued for the detection of new molecules in the ISM are introduced in Figure 1, with “new” denoting a molecular species for which the rotational spectroscopic information is entirely missing or not sufficient for astronomical purposes. As explained in the Introduction, these are often exotic molecules. The protocol starts from an accurate characterization of the spectroscopic parameters of interest by means of quantum-chemical calculations. These are used to simulate the rotational spectrum, the simulation allowing to guide, support and complement the next step: the experiment. This latter starts with the set up of the conditions for the efficient production of the target molecular species. Based on the simulated spectrum, the best frequency ranges are then chosen. The analysis of the experimental measurements is carried out by relying on the comparison between computed and recorded spectra. Such an analysis then leads to the accurate determination of the spectroscopic parameters required for setting up a line catalog to be used for guiding astronomical searches. The assignment of a sufficient number of unblended features in the astronomical survey to the rotational transitions belonging to the molecule under consideration leads to its detection and allows the derivation of its column density. These steps are detailed in the following sections.
2.1 Spectroscopic characterization: theory
The spectroscopic parameters required for predicting the rotational spectrum of a given molecule are its rotational and centrifugal distortion constants (Gordy and Cook, 1984; Puzzarini et al., 2010; Barone et al., 2021). In some cases, magnetic and/or electric interactions can occur and lead to the so-called hyperfine structure of the rotational spectrum (Gordy and Cook, 1984; Puzzarini et al., 2010; Barone et al., 2021). Even if, in most of the cases, these effects are not observable in astronomical spectra (i.e., they do not affect the transition frequencies in astronomical surveys), there are cases where hyperfine interactions play a role (Puzzarini et al., 2010; Guzmán et al., 2012; Barone et al., 2021; Melosso et al., 2021).
According to vibrational perturbation theory to second order (VPT2; Mills, 1972), rotational constants of a given vibrational state [image: image] consist of two terms:
[image: image]
[image: image] is the equilibrium rotational constant relative to the ith inertial axis (i = a, b, c so that [image: image], [image: image], [image: image]), and only depends on the equilibrium structure and the isotopic composition. The second term is the vibrational correction (required to go from the equilibrium to the vibrational state of interest), which is obtained by a sum, running over the r vibrational modes ([image: image] being the vibrational quantum number associated to the rth vibrational mode and dr its degeneracy), of the vibration-rotation interaction constants [image: image]. Because of the very low temperatures typical of the ISM, we are usually interested in the rotational constants of the vibrational ground state (see Melosso et al., 2020a for an example where vibrational excited states are considered of relevance), Eq. 1 thus becoming:
[image: image]
In the equation above, the equilibrium term contributes to about 99% of the vibrational ground-state rotational constant, [image: image] (Puzzarini et al., 2010; Puzzarini and Stanton, 2023). Therefore, from a computational point of view, most of the effort is put on the accurate determination of the equilibrium structure that straightforwardly provides [image: image] (Puzzarini et al., 2008; Puzzarini et al., 2010; Alessandrini et al., 2018). The vibrational correction [image: image] requires the calculation of the [image: image] constants, and thus implies anharmonic force field computations (Puzzarini et al., 2010; Puzzarini et al., 2019; Puzzarini and Stanton, 2023).
To reach high accuracy in equilibrium structure determinations, basis-set and electron-correlation effects should be taken into account. This can be accomplished by exploiting quantum-chemical composite schemes, which account for the different contributions separately in order to improve their evaluation. Indeed, they are computed at the highest possible level and then combined to obtain the best theoretical estimate, thereby exploiting the additivity approximation. In the literature, several composite schemes have been proposed to find the best compromise between accuracy and computational cost (Császár et al., 1998; Tajti et al., 2004; Heckert et al., 2005; Heckert et al., 2006; Karton et al., 2006; Huang and Lee, 2009; Puzzarini et al., 2010; Puzzarini et al., 2019; Puzzarini and Barone, 2011; Karton and Martin, 2012; Peterson et al., 2012; Cheng et al., 2017; Morgan et al., 2018; Lupi et al., 2021).
For this specific review, we mention the so-called CBS+CV “gradient scheme”, which is entirely based on coupled-cluster (CC) theory (Heckert et al., 2005; Heckert et al., 2006), and is implemented in the CFOUR quantum-chemistry package in a black-box manner (Matthews et al., 2020). In this approach, the additivity approximation is exploited at the energy-gradient level, which has to be minimized for obtaining the equilibrium structure. This scheme employs the CCSD(T) method, the acronym standing for the CC singles and doubles approximation augmented by a perturbative treatment of triple excitations (Raghavachari et al., 1989). In the CBS+CV approach, CBS means that the extrapolation to the complete basis set (CBS) limit is accomplished, while CV refers to the incorporation of the core-valence correlation contribution. In more details, the energy gradient contains three terms. The first two contributions are the gradients for the extrapolation of the HF-SCF and CCSD(T) correlation energies to the CBS limit, which are performed separately. For the former, the exponential extrapolation formula by Feller (1993) is employed, while the n−3 (n being the basis-set cardinal number) extrapolation scheme by Helgaker et al. (1997) is used for the CCSD(T) correlation energy. Since the latter extrapolation is performed within the frozen-core (fc) approximation, the third term incorporates the missing CV correlation effects, the corresponding corrective term being obtained as difference between all-electron (ae) and fc CCSD(T) calculations in the same core-valence basis set. This latter is the cc-p(w)CVnZ set (Woon and Dunning Jr, 1995; Peterson and Dunning Jr, 2002). For the extrapolations to the CBS limit, the correlation-consistent valence cc-pVnZ bases are instead used (Dunning Jr, 1989; Wilson et al., 1996). To further improve the equilibrium structure, it is requires to go beyond the CCSD(T) model, and thus to incorporate corrections due to a full treatment of triples (fT) and quadruple excitations (fQ). This leads to the composite scheme usually denoted as CCSD(T)/CBS+CV+fT+fQ. As demonstrated in Puzzarini et al. (2008) and Alessandrini et al. (2018), CBS+CV and CCSD(T)/CBS+CV+fT+fQ equilibrium rotational constants have a relative accuracy better than 0.1% and 0.05%, respectively. If the dimension of the molecule is increased and the CBS+CV model is not affordable (such as in the case of substituted benzene or small building blocks of biomolecules), accurate equilibrium structures can be obtained by resorting to the so-called “cheap-composite” scheme (Puzzarini and Barone, 2011; Lupi et al., 2021), which is denoted by the acronyms ChS or junChS depending on the type of basis sets employed (junChS employs the partially augmented jun-cc-pVnZ basis sets by Papajak et al., 2011). This starts from fc-CCSD(T)/(jun-)cc-pVTZ calculations and incorporates the extrapolation to the CBS limit and the CV correlation effects at a lower level of theory (i.e., using second-order Møller-Plesset perturbation theory, MP2; Møller and Plesset, 1934). For larger systems for which even the (jun)ChS approach is not affordable (such as small PAHs), accurate equilibrium geometries can be obtained by means of the so-called “Lego brick” approach (Melli et al., 2021; Ye et al., 2022). Within it, the system is seen as formed by smaller fragments (i.e., the “Lego bricks”) whose accurate equilibrium geometries are available. The template molecule (TM) approach (Piccardo et al., 2015) is then used to account for the modifications occurring when moving from the isolated fragment to the same fragment within the molecular system under consideration. For the TM approach, we resort to the double-hybrid rev-DSDPBEP86 (revDSD) density functional (Santra et al., 2019), also incorporating dispersion corrections (D3BJ; Grimme et al., 2010; Grimme et al., 2011), in conjunction with the jun-cc-pVTZ triple-zeta basis set. For the accurate determination of the equilibrium structure of the fragments, we employ the so-called semi-experimental (SE) structures (Pulay et al., 1978; Piccardo et al., 2015; Demaison et al., 2016), which are determined by a linear least-squares fit of the SE equilibrium rotational constants of different isotopologues (these are obtained by correcting the experimental [image: image] constants for the computed [image: image] corrections; Pulay et al., 1978). To correct the linkage between different fragments, the linear regression (LR) model is then employed (Penocchio et al., 2015), thereby exploiting the database from Ceselin et al. (2021). In the following, we refer to the “Lego brick” approach as TM+LR, or only TM whenever LR is not applied.
For the vibrational corrections to rotational constants, as mentioned above, this contribution requires anharmonic force field calculations. Since ΔBvib accounts for less than 1% of B0, for its evaluation, exploitation of CC-based composite scheme is not required all. Indeed, the fc-CCSD(T)/cc-pVTZ level of theory is more than suitable. Actually, lower levels of theory involving the MP2 method or double-hybrid functionals (Grimme, 2006; Santra et al., 2019) perform very well in this respect (Puzzarini et al., 2019; Ye et al., 2022). As far as centrifugal-distortion constants are concerned, their evaluation involves force field computations as well and, thus, they can be obtained as byproducts of the calculations leading to the evaluation of ΔBvib (Puzzarini et al., 2010; Puzzarini et al., 2019). In detail, for the quartic terms, the knowledge of the harmonic force field is required, while the sextic terms need the anharmonic one (up to cubic force constants).
The approaches described above are able to provide predictions for rotational constants with a relative accuracy of 0.1%, while centrifugal distortion constants usually show deviations from experiment ranging from 5% to 10%. Overall, rotational transitions are predicted with uncertainties that mainly reflect the accuracy of the computed rotational constants. As pointed out in Puzzarini et al. (2008), Puzzarini et al. (2010) and Alessandrini et al. (2018), pushing theory to the limit allows one to reduce the relative errors on transition frequencies to less than 0.05%. However, this means that for a line at 100 GHz, the uncertainty is 50 MHz. While such an accuracy is suitable for guiding experiment in the lab, it is not at all sufficient for supporting astronomical searches. Furthermore, unlike vibrational spectroscopy, rotational spectroscopy does not show systematic effects that can be recovered by, e.g., ad hoc scaling factors.
For closed-shell species, electric and/or magnetic interactions occur whenever they contain one or more atoms with non-zero nuclear spin I. These split rotational energy levels and, consequently, rotational transitions giving rise to the hyperfine structure of the rotational spectrum. The interaction of major interest is the nuclear quadrupole coupling that takes place whenever I ≥ 1: the quadrupole moment of the quadrupolar nucleus interacts with the electric field gradient at the nucleus itself. From a computational point of view, the prediction of nuclear quadrupole coupling constants requires the calculation of the electric field gradient at the quadrupolar nucleus:
[image: image]
where i and j refer to the inertial axes. eQ is the nuclear quadrupole moment and qij represents the ij-th element of the electric-field gradient tensor (Puzzarini et al., 2010). Based on the literature on this topic (Puzzarini et al., 2009; Puzzarini et al., 2010; Puzzarini et al., 2019), ae-CCSD(T) computations in combination with core-valence basis sets and incorporating vibrational corrections provide quantitative predictions. In the case of open-shell species, the situation is more involved because the coupling of the rotational angular momentum with the electronic spin momentum should be incorporated in the treatment (Gordy and Cook, 1984; Cazzoli et al., 2016). If more than one unpaired electrons are present, the coupling between the electronic spins should also been considered (Gordy and Cook, 1984; Cazzoli et al., 2016; Bizzocchi et al., 2022).
2.2 Spectroscopic characterization: experiment
As it follows from the discussion above, theory is not able to provide line catalogs with the accuracy required by radioastronomy. For this reason, a mandatory step of our strategy is the experimental spectroscopic characterization of the molecular species to be searched in the ISM.
On general grounds, rotational spectroscopy is performed from the centimeter-wave to the submillimeter-wave region. The rotational spectrometers at the ROT&Comp lab1 are frequency-modulation millimeter/sub-millimeter-wave (mm/sub-mm) spec-trometers, which work in the 75–1.6 THz and 70–990 GHz frequency ranges. For interested readers, the former is described in detail in Cazzoli et al. (2012, 2016), Melosso et al. (2019a) and Melosso et al. (2019b), while for the latter the production phase has just started. To produce unstable molecules, such as ions and radicals, but also species that are highly reactive under terrestrial conditions, such as imines and carbon chains, the mm/sub-mm spectrometer is combined with either a flash vacuum pyrolysis (FVP) system (Melosso et al., 2018; Jiang et al., 2021; Melli et al., 2022) or a DC discharge apparatus (Cazzoli et al., 2012; Cazzoli et al., 2016). The FVP technique is mainly used for the production of closed-shell species, while DC discharge is mostly employed for the generation of radicals and ions (Puzzarini et al., 2023).
Concerning the FVP technique, two different apparatuses can be used, which are schematized in Figure 2. The first system is external to the spectrometer, it consists of a 30 cm long tubular oven surrounding a quartz tube directly connected to the inlet of the spectrometer cell (see Figure 2A). The maximum temperature reached by this oven is 1,200°C. The second apparatus is defined as an in situ system (see Figure 2B) because a 1.5 m long quartz tube is employed as absorption cell and is surrounded by a 90 cm tubular furnace (Jiang et al., 2021). In analogy to the first system, a maximum temperature of 1,200°C can be reached. For both apparatuses, in view of instability or reactivity of the target molecules, measurements are performed in dynamical conditions, which means that a tenuous flow of fresh pyrolysis products is continuously assured by the vacuum system.
[image: Figure 2]FIGURE 2 | The two FVP systems available at the ROT&Comp Lab (the millimeter-/submillimeter-wave radiation is represented by green waves). (A) external FVP apparatus. (B) in situ FVP system. In both panels, pictures of the FVP oven are given on the left side.
For the production of ionic and radical species, the mm/sub-mm spectrometer is equipped with a negative glow-discharge cell (Cazzoli et al., 2012; Cazzoli et al., 2016), with measurements being performed at low temperatures to improve the signal-to-noise ratio. The experimental apparatus is schematized in Figure 3. Together with a suitable mixture of precursors, a buffer gas (usually, He or Ar) is often employed and a DC discharge ranging from a few mA to some tens of mA is applied. Analogously to FVP, measurements are carried out in dynamical conditions. During measurements, a longitudinal magnetic field can be applied: for ions, it is used for extending the negative glow discharge (thus improving ions production); for radicals, Zeeman effect disentangles their signal from those of the closed-shell species (such as precursors or undesired products).
[image: Figure 3]FIGURE 3 | Scheme of the DC discharge system of the frequency-modulated mm-/submm spectrometer at the ROT&Comp Lab.
The resolution of rotational spectra is mainly limited by two effects, collisions and Doppler effect, which determine a broadening of lines. The collisional broadening, also denoted as pressure broadening, can be reduced by working at a sufficiently low pressure. The Lamb-dip technique allows for getting rid of the Doppler broadening, thus leading to a resolution of a few tens of kHz (see right panel of Figure 4) and a measurement accuracy of 0.5–5 kHz (Cazzoli et al., 2004; Cazzoli et al., 2009; Cazzoli et al., 2015; Puzzarini et al., 2009). Lamb-dip technique requires three conditions to be fulfilled.
• measurements are carried out at very low pressures in order to have rotational lines only broadened by the Doppler effect;
• measurements are performed using radiation power sufficiently intense to lead to partial saturation;
• the radiation should go back and forward inside the cell (double-pass arrangement) in order to have a pump-and-probe effect.
[image: Figure 4]FIGURE 4 | Lamb-dip recording of the F = 1 ←0 hyperfine component of the JK = 21 ← 11 transition of ND3. Left panel: Comparison between the Doppler-limited (dark blue line) and Lamb-dip (violet line) recordings. Right panel: zoom of the central hyperfine component (dark blue line) showing improved resolution (red line).
To exploit the double-pass configuration in the mm/sub-mm spectrometer, a roof-top mirror is located at the end of the cell to reflect the radiation back and rotate its polarization by 90°, while a wire-grid polarizer is placed at the other end. The overall result is that the radiation enters the cell passing through the polarizer, whereas the radiation back from the roof-top mirror with its polarization rotated by 90° is reflected at right angle onto the detector.
While hyperfine structures arising from strong interactions are evident in Doppler-limited rotational spectra (see left panel of Figure 4), weaker effects might be concealed by the Doppler profile and need sub-Doppler resolution to be disclosed (see Figure 4). Furthermore, when several interactions take place, the Doppler-limited profiles are distorted and preclude accurate frequency determinations. Figure 4 showing part of the hyperfine structure of the JK = 21 ← 11 transition of ND3 (J, K being the rotational quantum numbers for symmetric rotors), provides a significant example. In the case of ND3, both N and D are quadrupolar nuclei; however, nitrogen gives rise to a stronger quadrupole coupling than deuterium and the corresponding hyperfine components are well resolved, In the left panel, the F = 1 ← 0 hyperfine component is depicted, F being the quantum number associated to the hyperfine interaction due to N. The Doppler-limited (dark blue) and sub-Doppler (violet) profiles are compared: it is evident that a complex hyperfine structure due to the three D nuclei is hidden in the former. The right panel shows that the hyperfine structure of the left panel is even more complicated (red profile): the resolution of the Lamb-dip technique can be further pushed by adjusting the pressure inside the cell and the modulation amplitude (MOD). As evident in the right panel, features separated by ∼20 kHz are well resolved. The overall consequence is that, whenever the Lamb-dip technique is exploited (even in absence of hyperfine structure), the transition frequency is retrieved with great accuracy. It has to be noted that the spectral analysis needs to account for all interactions occurring. In the present case, these include (in addition to nitrogen and deuterium quadrupole couplings) nuclear spin-rotation interactions for all nuclei and all possible dipolar spin-spin couplings (Puzzarini et al., 2009; Puzzarini et al., 2015; Melosso et al., 2020b; Melosso et al., 2021).
2.3 Spectroscopic characterization: line catalog
Application of the contact transformation perturbation procedure to the Watson Hamiltonian leads to a block-diagonal effective Hamiltonian, whose pure rotational and centrifugal-distortion contributions are here considered (Aliev and Watson, 1985):
[image: image]
where H04 and H06 are the quartic and sextic centrifugal-distortion terms, respectively, and H02 is the rigid-rotor Hamiltonian:
[image: image]
where [image: image] is the equilibrium rotational constant mentioned above.
Even if the rigid-rotor Hamiltonian H02 is the most important term, a realistic and accurate description of the rotational problem requires to go beyond the rigid-rotor approximation, thus including in the treatment at least the H04 Hamiltonian, which is expressed in terms of the quartic centrifugal distortion parameters (this requires some contact transformations; interested readers are referred–for example–to Aliev and Watson, 1985). Moving to higher terms, a simple general formula for H06 was obtained by Aliev and Watson (1976). Different results are then obtained depending on the Hamiltonian reduction chosen (Watson, 1968; Watson, 1977; Aliev and Watson, 1985). Moreover, the effect of molecular vibrations should be taken into account. Therefore, [image: image] in Eq. 5 should be replaced by the effective rotational constant of Eq. 2.
If hyperfine interactions are present, the Hamiltonian incorporates their contribution:
[image: image]
where Hrot is the rotational part of the Hamiltonian operator introduced above, also including centrifugal distortion. Hhfs accounts for all possible hyperfine interactions, with the nuclear quadrupole coupling being the one of interest in this context. This latter is described by making use of the traceless tensor χ of Eq. 3. Other possible hyperfine interactions are the nuclear spin-rotation (SR) interaction (described in terms of the C tensor) and, if more than one nuclei with nonzero I are present, the dipolar spin-spin coupling. Hyperfine interactions lead to the definition of one or more additional quantum numbers (usually denoted with F or, if more than one, Fx with x denoting a coupling order or a coupling atom).
Moving to radical species, the effective Hamiltonian operator contains at least two contributions:
[image: image]
where Hrot is the usual rotational Hamiltonian term as above. Hfs is the fine structure Hamiltonian, which is—at least—due to electron spin-rotation interaction (described through the electron spin-rotation tensor ϵ). In all cases, the rotational angular momentum N and the electronic spin momentum S couple to lead to J (therefore, for radicals, the rotational quantum number is N and not J). If more than one electron is present, then Hfs also incorporates the electron spin-spin interaction (through the electron spin–spin coupling tensor λ which is symmetric and traceless). If nonzero nuclear spins are present in the molecule, in addition to the hyperfine interactions mentioned above, a hyperfine-structure term describing the interaction between the electron spin and the nuclear spins should be incorporated in the Hamiltonian above (Gordy and Cook, 1984; Bizzocchi et al., 2022).
The spectral analysis, guided by the simulated spectrum, leads to the assignment of the rotational transitions in terms of quantum numbers. These rotational transitions are then fitted using the effective Hamiltonian mentioned above. In the fitting procedure, the computed spectroscopic parameters provide the starting point, while the outcome is their experimental counterpart. In turn, the experimental spectroscopic parameters are employed to accurately predict all possible rotational transitions up to a given frequency limit which depends on quantum numbers sampled in the actual measurements. This collection of transitions together with their spectroscopic information is the line catalog to be used in astronomical searches. Such an application requires that the uncertainties affecting the transition frequencies are smaller than or, in the worst case, equal to 100–200 kHz, because astronomical line surveys are dense and only accurate rest frequency values allow for discriminating the features belonging to different molecules.
2.4 Radioastronomical observations: search and detection
To search for the transitions of the molecule under consideration, first of all, spectral surveys of the target molecular cloud are obtained. Then, the rotational spectroscopy information from the laboratory work needs to be incorporated into a suitable program that generates synthetic spectra under the assumption of local thermodynamic equilibrium (LTE) conditions. To properly evaluate possible line contamination by other molecules, the emissions from the molecules already identified toward that cloud are considered in the simulation. A tool able to provide the best nonlinear least-squares LTE fit to these data is then exploited, with the parameters of the LTE model being the molecular column density (N), the excitation temperature (Tex), the observed radial velocity of the astronomical object (vLSR), and full width at half maximum (FWHM) of the Gaussian line profiles (see, e.g., Martín et al., 2019).
A complementary analysis to retrieve N and Tex is offered by the “rotational diagram method” (Goldsmith and Langer, 1999) which, for multiple transitions, plots their log(Nu/gu) value (where Nu/gu is calculated from the integrated intensity) against the corresponding upper-state energy, Eu. The linear regression slope, 1/kBTex (kB being the Boltzmann constant), provides the excitation temperature, whereas the intercept, N/Q(T), gives the column density once the molecular partition function at the derived temperature (Q(T)) is computed. It is thus crucial to have accurate values of Q(T) to accurately determine N. In addition to the rotational and hyperfine contributions to Q(T) that can be easily obtained from the spectroscopic characterization (carried out to obtained the line catalog), the vibrational term should also be taken into account because its contribution can be greater than 1 already at low temperature (above 20–30 K). This requires the accurate knowledge of all fundamental vibrational frequencies of the molecule under consideration. This requirement can be fulfilled by means of experimental studies or state-of-the-art quantum-chemical computations (thereby exploiting composite schemes analogous to those introduced in the theory section). More details on the method can be found, in Goldsmith and Langer (1999).
Since at the very low density of the ISM the molecular energy level populations are rarely at the LTE, collisions compete with radiative processes (Kłos and Lique, 2017). Therefore, the interpretation of observed interstellar spectra in terms of molecular abundances requires the knowledge of collisional rate coefficients of the molecule under consideration, with the most abundant perturbing species (namely, molecular hydrogen) being considered. While a few experimental studies allow the determination of such parameters (see, e.g., Orr, 1995; James et al., 1998; Roueff and Lique, 2013; Hays et al., 2022), quantum inelastic scattering calculations offer an accurate and more accessible alternative (Roueff and Lique, 2013; Kłos and Lique, 2017). The first step of this approach is the determination of the corresponding collisional potential energy surface (Roueff and Lique, 2013; Tonolo et al., 2021; Tonolo et al., 2022). The collisional calculations provide a set of inelastic cross sections as a function of the collision energy and, starting from these quantities, the corresponding excitation and de-excitation rate coefficients are obtained for the desired temperature range (Roueff and Lique, 2013; Kłos and Lique, 2017; Tonolo et al., 2021; Tonolo et al., 2022).
3 RESULTS
To present the strategy described in the Methodology section at work, illustrative examples have been chosen. The first two studies addressed are those that led to the detection of (Z)-1,2-ethenediol (Melosso et al., 2022; Rivilla et al., 2022) and the tentative detection of allylimine (Alberton et al., 2023a) toward the G+0.693-0.027 molecular cloud, located at the Galactic Center. The discussion then moves to touch the HSO radical species. This latter has been recently detected towards several cold dark clouds (Marcelino, N. et al., 2023). The subsequent example is NH2D, which is employed to point out the importance of accounting for hyperfine effects in astronomical spectra. Finally, as examples of larger systems, DC7N and isomers of cyanoethynylbenzene are considered.
3.1 (Z)-1,2-ethenediol: a precursor of the RNA world in space
Ethenediol exists in the E and Z stereoisomeric forms, with the latter being more stable by about 20 kJ/mol (Karton and Talbi, 2014). In turn, as shown in Figure 5A, the Z isomer has two possible configurations, the preferred one being the syn, anti form (the anti, anti conformer lies higher in energy; see Figure 5A). (Z)-1,2-ethenediol belongs to the C2H4O2 family, whose most stable isomer is acetic acid, followed by methyl formate, 1,1-ethenediol and glycolaldehyde (Karton and Talbi, 2014). Among these, prior to Melosso et al. (2022); Rivilla et al. (2022), 1,2- and 1,1-ethenediol were the only species still escaping detection in space, the reason being the lack of any rotational spectroscopy characterization. While we here present the strategy introduced above to 1,2-ethenediol, we mention that work is still in progress on the 1,1 isomer.
[image: Figure 5]FIGURE 5 | Molecular structure of (Z)-1,2-ethenediol (A) and allylimine isomers (B). Relative energies are also provided (for (Z)-1,2-ethenediol: B2PLYP/aug-cc-pVTZ level of theory from Melosso et al., 2022; for allylimine: CBS+CV level of theory from Alberton et al., 2023a).
Prior to the investigation by Melosso et al. (2022), no information was available for the rotational parameters of 1,2-ethenediol. Therefore, in Melosso et al. (2022), after a preliminary scan of the potential energy surface, the equilibrium structure (and thus the equilibrium rotational constants) of the syn, anti form of (Z)-1,2-ethenediol has been evaluated at the CBS+CV level. Vibrational corrections to rotational constants as well as centrifugal distortion constants have been computed at the fc-MP2/cc-pVTZ level. Such calculations allowed the prediction of the rotational spectrum to be used for guiding the recording and the analysis of the experimental counterpart.
(Z)-1,2-ethenediol is a highly reactive species that requires to be produced on-the-fly while performing spectroscopic measurements. For its production, the external FVP system was employed. For this purpose, bis-exo-5-norbornene-2,3-diol was considered as suitable precursor and purposely synthesized (for details, see Melosso et al., 2022). (Z)-1,2-ethenediol was produced by flowing the vapours of the precursor through the quartz tube heated at 750°C. The pressure inside the absorption cell was kept at ∼4 μbar. These conditions were obtained by monitoring the intensity of the (Z)-1,2-ethenediol transitions and adjusted to obtain the best signal-to-noise ratio (S/N). As shown in Figure 6, the oven temperature of 750 °C provides the best S/N. The temperature of the precursor also affects the production of (Z)-1,2-ethenediol, as evident in the right panel of Figure 6. While the best S/N is obtained by heating the sample at 80°C, the working temperature was maintained at 50°C because a mild heating decreases the intensity of the interfering lines produced by glycolaldehyde (Melosso et al., 2022). Indeed, even in the best conditions, signals belonging to glycolaldehyde and cyclopentadiene are observed. The former is produced by isomerization of (Z)-1,2-ethenediol, while the latter is a pyrolysis co-product (Melosso et al., 2022).
[image: Figure 6]FIGURE 6 | Recordings of the 92,8 ← 82,7 transition of the (Z)-1,2-ethenediol obtained at different pyrolysis conditions. (A) recording at different oven temperatures with that of precursor fixed at 55°C. (B) recording at different sample temperatures with the oven kept at 750°C.
Figure 1 of Melosso et al. (2022) provides an example of comparison between the simulated (based on computed spectroscopic parameters) and recorded spectra in the 255–260 GHz frequency range. That figure demonstrates that the computational strategy is very effective: it allows for obtaining a very good prediction of the rotational spectrum, thus enormously facilitating the spectral assignment. A further confirmation of the correct identification of (Z)-1,2-ethenediol was offered by the presence of a tiny splitting in most of the absorption features, which is a clear evidence of a tunneling motion. This was somewhat expected in view of the similarity with ethylene glycol (Christen et al., 1995). In detail, the –OH moieties undergo a concerted large amplitude tunneling motion between two equivalent positions of the syn, anti form of (Z)-1,2-ethenediol, which splits each rotational energy level into two.
The analysis of the recorded features was performed using a rotational-torsional Watson S-reduced Hamiltonian (Watson, 1977), with terms up to 8th power of the rotational angular momentum being incorporated in the Hamiltonian. This analysis led to the accurate determination of several spectroscopic parameters. For example, the rotational constants were obtained with an average error of 0.0016%, the uncertainty of the quartic centrifugal distortion parameters was found around 0.018%, and the energy difference between the two inversion states was determined at kHz accuracy (for all details the reader is referred to Melosso et al., 2022). From these spectroscopic constants, a line catalog was generated using the SPCAT routine of the CALPGM suite (Pickett, 1991) in the format of the CDMS and JPL catalogues (Pickett et al., 1998), and was ready to be used in astronomical line-analysis tools. In detail, the fit of the recorded lines between 80 and 125 GHz (115 distinct frequency values) allowed the accurate determination of the rotational constants and few centrifugal distortion terms. These combined with the computed values for the remaining centrifugal distortion parameters predicted the transitions in the 240–375 GHz range with an average error of 600 kHz. The fit of the recorded lines up to 260 GHz (263 distinct frequency values) reduced the average error to 77 kHz for the transitions lying in the 260–375 GHz interval. The incorporation of the recorded lines up to 375 GHz led to the final fit (578 distinct lines). The corresponding parameters were used to set up the line catalog, whose predictions are expected to be very accurate up to 500 GHz and to meet the requirements for guiding astronomical observations (see section 2.3) up to 750 GHz for transitions involving low Ka values.
(Z)-1,2-ethenediol has been searched toward the G+0.693-0.027 molecular cloud located in the Galactic Center by exploiting high-sensitivity unbiased spectral surveys obtained with the Yebes 40 m (Guadalajara, Spain) and the IRAM 30 m (Granada, Spain) telescopes (Rivilla et al., 2022). This led to the assignment of 18 unblended or slightly blended transitions (arising from nine pairs of unresolved transitions). To correctly evaluate possible line contaminations by other molecules, the emission from the more than 120 molecules already identified toward the G+0.693-0.027 molecular cloud were considered. To derive the physical parameters of the (Z)-1,2-ethenediol emission, a nonlinear least-squares LTE fit to the data was performed using MADCUBA2. This led to an excitation temperature of 8.5 ± 0.6 K (in line with the typical values found in G+0.693-0.027) and a column density of (1.8 ± 0.1)× 1013 cm−2 (Rivilla et al., 2022), with N(H2) being 1.35 × 1023 cm−2 (Martín et al., 2008).
3.2 Allylimine: a prebiotic molecule
Allylimine can be seen as a sort of substituted butadiene where a terminal =CH2 group is substituted by the =NH moiety. Therefore, in analogy to butadiene, it exists in two isomers: the cis (C) and trans (T) species (see Figure 5B). Additionally, for each of them, the position of the iminic H with respect to the closest H of the -CH=CH2 group leads to the syn (s) and anti (a) forms (see Figure 5B). Consequently, allylimine has four geometric isomers, which are denoted as Ta, Ts, Ca, and Cs (see Figure 5B). All these forms except the latter (Cs) have a planar structure. At the CBS+CV level, the Ta form is the most stable followed by Ts lying 282.4 cm−1 above Ta (Alberton et al., 2023a). Contrary, the cis species are highly unstable (Ca and Cs lie at 955.3 and 1,200.4 cm−1 with respect to Ta, respectively) and were not experimentally observed in the spectroscopic investigation reported in Alberton et al. (2023a). Therefore, in the following, only Ta and Ts are considered.
In Alberton et al. (2023a), the CBS+CV level of theory was employed for the evaluation of their equilibrium rotational and quartic centrifugal distortion constants. While a reliable estimate of rotational constants was already available owing to the experimental studies by Penn (1978) and Brown et al. (1981) in the centimeter-wave region (8–26 GHz), these calculations were crucial to provide accurate predictions of the centrifugal terms. The impact of these latter parameters is demonstrated in Figure 7, which shows how the transition frequencies of Ts at 261 GHz predicted using the rotational constants by Penn (1978) (red line) do not reproduce the experimental observations (black line). The simulated spectrum noticeably improves by incorporating the computed centrifugal distortion constants (yellow spectrum), while it agrees perfectly with the recorded spectrum once the distortion terms have been determined experimentally (green spectrum). Noted is that in Figure 7 some experimental features do not have the predicted counterparts because they do not belong to Ts. Among the spectroscopic parameters that are relevant for predicting/analyzing the rotational spectrum of allylimine, one has to consider the nuclear quadrupole coupling constants. In fact, nitrogen is a quadrupolar nucleus (I = 1) and a hyperfine structure is originated (see Section 2.3). The nuclear quadrupole coupling constants were experimentally determined by Brown et al. (1981) and, in Alberton et al. (2023a), computed at the ae-CCSD(T)/cc-pCVQZ level, also including ae-MP2/cc-pCVTZ vibrational corrections.
[image: Figure 7]FIGURE 7 | Excerpt of the rotational spectrum of Ts-allylimine (in black) and comparison with various simulations. The colored traces have been obtained by using: the rotational constants from Penn (1978) (red trace); the rotational constants from Penn (1978) augmented by the computed quartic and sextic centrifugal distortion constants from Alberton et al. (2023a) (yellow trace); line catalog derived in Alberton et al. (2023a) (green trace).
From the experimental side, in Alberton et al. (2023a), the rotational spectrum of allylimine was recorded in selected frequency regions from 84 to 307 GHz. As most of imines, allylimine is a reactive species that cannot be synthesized and stored for measurements. Instead, in analogy to (Z)-1,2-ethenediol, it required to be produced on-the-fly. At the ROT&Comp Lab, measurements were performed using the in situ FVP system, with the optical elements of the spectrometer arranged in a double-pass configuration in order to increase the absorption path-length. Allylimine was thus produced directly inside the absorption cell by using diallylamine as precursor and a temperature of 500°C.
The computed parameters together with the available experimental information were used to simulate the rotational spectrum in the millimeter-/submillimeter-wave region, as shown in Figure 7 (yellow trace). This figure provides a flavor of how the interplay experiment-theory enormously facilitated the spectral analysis. This was carried out using the CALPGM suite of programs (Pickett, 1991) and a S-reduced Watson-type rotational Hamiltonian combined with a hyperfine-structure Hamiltonian describing the nitrogen quadrupole coupling. From the comparison of the latest results with those previously reported in Brown et al. (1981), it is noted that all spectroscopic parameters were greatly improved. Concerning the rotational constants, for Ta, the uncertainties were reduced by more than two orders of magnitude, with differences between the two sets of constants exceeding the associated errors. For Ts, an analogous improvement has to be noted, with discrepancies even more accentuated. A similar situation is observed for the nuclear quadrupole coupling constants. However, for Ts, the differences are as large as a few hundreds of kHz and, consequently, the computed parameters turned out to be more accurate than the old experimental determination. Quartic and sextic centrifugal distortion constants were instead determined for the first time and, as mentioned above, the calculated values turned out extremely useful for predicting the line positions in the millimeter-wave region (Figure 7). From the improved spectroscopic parameters, a line catalog for guiding astronomical observations has been generated.
In analogy to (Z)-1,2-ethenediol, the Ta and Ts allylimine isomers have been searched toward the G+0.693-0.027 molecular cloud. The spectroscopic parameters above have been incorporated into the MADCUBA package (Martín et al., 2019) in order to generate, under the LTE assumption, the synthetic spectra for Ta and Ts to be compared with the observed spectra. For each isomer, such a comparison led to the tentative assignment of eight transitions that were found unblended or slightly blended with emissions from other species already identified in this source. This analysis allowed the derivation of a column density N = (1.5 ± 0.6) × 1013 cm−2 for Ta and N ∼ 0.5 × 1013 cm−2 for Ts, thus resulting in a [Ta]/[Ts] isomer ratio of about 3. Interestingly, this is much lower than the estimated value of 15 based on thermodynamic considerations. Thus, the [E]/[Z] isomeric ratio of imines in the ISM is still a topic of great interest which deserves further investigations.
3.3 Sulfeno: a piece of the “missing sulfur” puzzle
The HSO radical has been the subject of a few rotational studies. Endo et al. (1981) provided the first spectral characterization of this radical together with that of its deuterated isotopologue. In Cazzoli et al. (2016), the investigation of the rotational spectrum of HSO was extended up to the THz region, thus improving and enlarging the original dataset of spectroscopic parameters. The work of Cazzoli et al. (2016) was also supported by state-of-the-art quantum-chemical calculations, with particular focus on sextic centrifugal distortion constants as well as fine and hyperfine parameters (Cazzoli et al., 2016).
In Cazzoli et al. (2016), HSO was prepared by DC discharging (∼10–40 mA) a 1:2 mixture of H2S and O2, with starting pressures of about 3–10 mTorr of H2S, but without any buffer gas. In addition, sulfur adsorbed on cell walls because of the use of sulfur-bearing chemicals in previous unrelated experiments allowed the production of HSO by DC discharging (50–60 mA) a flow of ∼35–50 mTorr of H2O. In both cases, measurements were performed in a continuous flow of gas, in order to constantly provide fresh precursors, and using the apparatus shown in Figure 3. Zeeman effect (due to application of a magnetic field of several Gauss) allowed to confirm that the recorded features belonged to a radical species. The line catalog (at 1, 2, and 3 mm) obtained in Cazzoli et al. (2016) was also employed to carry out a search for HSO in two high-mass star-forming regions, namely, Orion KL and Sagittarius (Sgr) B2, and in the cold dark cloud Barnard 1 (B1-b). However, no HSO lines were found above the confusion limit of the surveys. In case of the dense core B1-b, in Cazzoli et al. (2016), the search did not involve the most favorable transitions, which—at very low temperatures—lie at lower frequencies than those considered.
Very recently, the spectral line surveys performed at the Yebes 40 m telescope at 7 mm allowed the discovery of HSO towards several cold dark clouds, namely, B1-b, TMC-1, L183, L483, L1495B, L1527, and Lupus-1A (Marcelino, N. et al., 2023), thus demonstrating that HSO is widespread in cold dense cores. The detection was mainly confirmed by the observation of one or more fine/hyperfine components of the fundamental transition lying at 39 GHz, which were not accurately predicted by the line catalog from Cazzoli et al. (2016), the average uncertainty on the fine/hyperfine components being ∼200 kHz. Therefore, the measured frequencies (from astronomical spectra) were used to improve the spectroscopic parameters and thus the line list. Observations performed at 3 mm using the IRAM 30 m telescope (improved with respect to those reported in Cazzoli et al., 2016) were used to complement the Yebes data (Marcelino, N. et al., 2023). In all cases, the HSO column densities were derived using LTE models able to reproduce the observed spectra. The retrieved N values range between 7.0 × 1010 cm−2 and 2.9 × 1011 cm−2, which result in abundances in the (1.4–7.0) × 10–12 range relative to H2.
3.4 Deuterated ammonia: the role of hyperfine interactions
Accurate determination of molecular abundances of astrochemical species is a crucial step towards the understanding of the chemistry occurring in the ISM. Even when LTE approximation holds (or provides reasonable results), this process requires a detailed and accurate knowledge of the molecular energy levels. If electric and/or magnetic interactions take place, then this knowledge should be extended to the hyperfine splittings of the rotational energy levels. As mentioned above, the main interaction to account for is the nuclear quadrupole coupling. In this respect, it has to be noted that, even if the effect on the radioastronomical spectrum is not evident, a hyperfine structure may cause a distortion of the line profile that, if not taken into account, can lead to biased results in terms of physical parameters and molecular abundance. A significant example is provided by incorporating or not the effect of the deuterium quadrupole coupling in the analysis of astrophysical emissions of NH2D at millimeter wavelengths in the recent observations of the starless core L1544, a low-mass star-forming core in a very early stage of evolution (Melosso et al., 2021).
The rotational spectrum of NH2D presents a hyperfine structure which is mainly due to the nitrogen quadrupole coupling, which splits the rotational transitions in hyperfine components that are resolved also at Doppler-limited resolution (see Figure 8). However, deuterium is a quadrupolar nucleus as well, thus contributing to the overall hyperfine structure. Being the interaction due to D weaker than that due to N, the overall result is that the hyperfine components further split because of this additional coupling, as evident in Figure 8 (top panel). Though, the deuterium hyperfine structure can be resolved only by exploiting sub-Doppler resolution (see Figure 8; Melosso et al., 2020b).
[image: Figure 8]FIGURE 8 | Top panel: Lamb-dip spectrum of the [image: image] transition of para-NH2D showing the nitrogen hyperfine structure already resolved at Doppler-limited resolution. The deuterium hyperfine structure is resolved only by exploiting the Lamb-dip technique and is better shown in the insets. The numbers in red refer to the hyperfine components due to nitrogen quadrupole coupling. Red sticks represent the position and the intensity of each transition as predicted by Melosso et al. (2020b). Bottom panel: Analysis of corresponding emissions in L1544. The dotted green trace plots the model computed considering the hyperfine structure due to both N and D (N + D). The solid red trace plots the model accounting only for the N quadrupole coupling. The residuals of both models are plotted using the same color code. On the right side, the parameters resulting from the two models are reported.
In Melosso et al. (2021), the importance of including the deuterium hyperfine structure in the analysis of astrophysical emissions of NH2D at millimeter wavelengths has been pointed out for the recent observations of the starless core L1544. This source is a prototypical cold, quiescent core on the verge of the gravitational collapse exhibiting very narrow line emissions (Tafalla et al., 2002; Keto and Caselli, 2010). The rotational features considered were the ortho-NH2D [image: image] transition at 85926.3 MHz and the para-NH2D [image: image] transition at 110153.6 MHz. The resulting spectra are shown in Melosso et al. (2021), while in Figure 8 only the para transition is shown together with the Lamb-dip spectrum recorded in the laboratory (Melosso et al., 2020b). As evident in Figure 8, the astronomical spectrum has been analyzed by considering the hyperfine structure due to nitrogen only (N; solid red lines plot) and the full hyperfine structure due to both nitrogen and deuterium (N + D; dotted green trace plot). The parameters of the fit (which are reported in Figure 8 as well) are the column density (N), the excitation temperature (Tex), the systemic velocity (υLSR) and the line full width at half maximum (FWHM), while the total opacity of the transition (τ) is regarded as a derived quantity. While the two fits are almost indistinguishable by visual inspection, small but significant differences are evident in the fit results. In addition to a 30%–40% reduction of the residual root-mean-square deviation of the fit, the proper treatment of the hyperfine effects (i.e., incorporation of the deuterium quadrupole coupling) determines a reduction of the derived line FWHM by about 12%. This change is then reflected in the N and Tex values. For the para-NH2D emission shown in Figure 8, the column density decreases by about 19% and the excitation temperature increases by about 3%, while τ remains substantially unchanged.
In Melosso et al. (2020b) and Melosso et al. (2021), the rotational spectrum of the singly-deuterated ammonia was recorded in the 265–1,565 GHz range, and the Lamb-dip technique exploited in the entire frequency region considered. NH2D was produced in situ by flowing a small amount of NH3 (less than 0.5 mTorr) into the absorption cell where deuterium (D2) was previously discharged for some minutes. A frequency modulation of 1 kHz was used and the modulation-depth varied between 8 and 24 kHz according to the frequency region. To analyze the recorded spectra, the hyperfine structure was predicted using the computed hyperfine constants together with the other spectroscopic parameters (rotational and centrifugal distortion constants) from Cohen and Pickett (1982) and Fusina et al. (1988). In Melosso et al. (2020b), the hyperfine parameters were calculated at the CCSD(T) level correlating all electrons, extrapolating to the CBS limit, and incorporating the fT and fQ corrections as well as those due to vibrational effects. Such a level of theory led to parameters in quantitative agreement with experiment, thus allowing an easy assignment of the complicated hyperfine structure to the correct hyperfine components.
3.5 Toward molecular complexity
3.5.1 DC7N: a long carbon chain
From the point of view of the terrestrial chemistry, carbon chains are definitely exotic species. In the ISM, instead, after the discovery of the first carbon-chain molecules in the 1970s (Avery et al., 1976; Broten et al., 1978; Guelin et al., 1978; Kroto et al., 1978), this type of systems has been largely detected (McGuire, 2022). In fact, they represent about 40% of all detected species (Burkhardt et al., 2017) and have been proposed as precursors of PAHs (Guzman-Ramirez et al., 2011). In Burkhardt et al. (2017), the first interstellar detection towards the dark cloud TMC-1 of DC7N, together with six 13C-bearing isotopologues of HC7N, was reported. In that study, for DC7N, a column density of 2.5(9) × 1011 cm−2 was derived.
In McCarthy et al. (2000), the rotational spectra of all single-substituted isotopologues of three long linear cyanopolyynes, namely, HC7N, HC9N, and HC11N, have been investigated at low frequency (6–18 GHz). While, in that work, the isotopic species of HC7N (as well as HC9N and HC11N) were produced by high-voltage low-current discharge, in Puzzarini et al. (2023), DC7N was produced by FVP, co-pyrolizing fully-deuterated toluene (toluene-d8) and trichloroacetonitrile (Cl3CCN) in a 1:20 ratio at 1,200 °C, and measurements were extended in the millimeter-wave region (80–90 GHz). The ground-state rotational constant retrieved in McCarthy et al. (2000) and that derived in Puzzarini et al. (2023) from a global fit are collected in Figure 9, while the comparison of the full set of spectroscopic parameters can be found in Puzzarini et al. (2023). Here, we limit ourselves to note that, as pointed out in Puzzarini et al. (2023), incorporation of millimeter-wave measurements in the fit led to a relevant improvement in the accuracy of the line catalog, with uncertainties reducing from 0.9 to 1 MHz to about 10–20 kHz. Furthermore, above 50 GHz, transition frequencies were found to vary up to ∼500 kHz.
[image: Figure 9]FIGURE 9 | Molecular structure of HC7N: the TM+LR equilibrium parameters are reported. In the table, the equilibrium rotational constants at different level of theory are collected, and the corresponding ground-state rotational constants are compared with experiment (McCarthy et al., 2000; Puzzarini et al., 2023).
As shown in Figure 9, DC7N is an illustrative example to demonstrate the accuracy that can be obtained with the TM+LR approach and that increasing the number of “Lego bricks” does not affect the effectiveness of the TM+LR approach. The corresponding equilibrium structure is reported in Figure 9 together with the associated equilibrium rotational constant. To compare with the experiment, the vibrational correction (evaluated at the fc-MP2/cc-pVDZ level) has been incorporated, thus providing the theoretical estimate of the ground-state rotational constant. The comparison of Figure 9 points out that the relative deviation from experiment is +0.17% at the revDSD-D3BJ/jun-cc-pVTZ level and −0.15% for the TM structure. When resorting to the TM+LR approach, the discrepancy reduces by one order of magnitude, i.e., to +0.02%. Such an accuracy can be obtained only by exploiting high-level CC composite schemes. Therefore, TM+LR is a very powerful tool for accurately predicting rotational constants for systems of increasing complexity, as indeed demonstrated in Ye et al. (2022).
3.5.2 Toward PAHs and N-bearing derivatives
PAHs and their N-bearing derivatives are a prominent class of aromatics. Their elemental unit is benzene, which is however transparent to microwave radiation because of the lack of any permanent dipole moment. Consequently, its substituted species can be considered good proxies to trace its presence and abundance. The same applies to fused benzene rings such as naftalene and antracene. Among the possible substituents, the cyano (–CN) and ethynyl (–CCH) groups introduce good dipole moment and have led to the detection of benzonitrile (McGuire et al., 2018), cyanonaphtalenes (McGuire et al., 2021), ethynyl cyclopropenylidene (Cernicharo et al., 2021a), ethynyl cyclopentadienes (Cernicharo et al., 2021b), and cyanoindenes (Sita et al., 2022). The limiting factor to further interstellar identifications is the availability of accurate line lists obtained from high-resolution laboratory investigations. Even when production of the molecular species is not a challenge, the recorded rotational spectra are often characterized by a high density of the spectral lines. In such cases, their analysis becomes the limiting step to derive accurate catalogs. In this respect, accurate predictions is a key into simplifying and speeding up the spectral assignments. However, accuracy becomes an issue when dealing with large systems, with the TM+LR approach offering an excellent way-out.
In Ye et al. (2022), a set of small PAHs and polycyclic aromatic nitrogen heterocycles (PANHs) were considered to test the accuracy obtainable with the TM/TM+LR approach. The species considered ranged from one to four fused aromatic rings, with nitrogen being either a member of the ring or part of the substituents. A few molecules containing oxygen in the functional groups were also part of the set. The benchmark study of Ye et al. (2022) demonstrated that the TM+LR approach is able to provide, at a very limited computational cost, accurate rotational constants, with deviations from experiment as small as 0.01%–0.03% and in all cases well within 0.1%. A selection of results is shown in Figure 10: in order to compare theoretical and experimental data, the equilibrium rotational constants were augmented by vibrational corrections computed at the B3LYP-D3BJ/jun-cc-pVDZ level. In Ye et al. (2022), after the benchmark study, the TM/TM+LR approach was then applied to a set of 13 small PA(N)Hs not yet experimentally investigated (such as ethynylphenanthrene and pyrenecarbonitrile), thus providing accurate predictions for their rotational constants.
[image: Figure 10]FIGURE 10 | Selected examples from the benchmark set employed in Ye et al. (2022): for each system, the computed ground-state rotational constants and the relative deviation from experiment are reported. The “Lego bricks” used are: benzene and pyridine for quinoline, benzene and water for trans-2-naphthol, benzene and HCN for 9-cyanophenantrene, benzene for pyrene.
A first application of the TM+LR model to systems of astrophysical interest in order to support their experimental characterization has been reported in Spaniol et al. (2023), where the isomers of cyanoethynylbenzene (ortho −, meta − and para − HCC–C6H4–CN) have been considered. All of them are strong candidates for interstellar identification in view of the fact that benzonitrile (McGuire et al., 2018) and phenylacetylene (tentative; Cernicharo et al., 2021b) have already been detected, and both –CN and –CCH are polar and common functional groups. Indeed, the CN and CCH radicals are abundant and the gas-phase reaction of the CN and CCH radicals with benzene is the most accepted formation route for benzonitrile and phenylacetylene, respectively. For ortho −, meta − and para − HCC–C6H4–CN, the same methodology mentioned above (TM+LR approach for Be and the ΔBvib correction at the B3LYP-D3BJ/jun-cc-pVDZ level) was used not only for predicting the ground-state rotational constants, but also for the rotational constants of vibrational excited states. Another crucial information provided by theory was the prediction of the quartic centrifugal distortion constants (at the fc-MP2/cc-pVTZ level). In line with Ye et al. (2022), the computed B0 values were found to deviate from experiment, on average, by 0.026%. The discrepancy increased to 2.5% for quartic centrifugal terms (Spaniol et al., 2023). The experimental spectroscopic data obtained by Spaniol et al. (2023) will enable astronomical searches for these molecules.
Another recent example where the TM+LR predictions from Ye et al. (2022) were employed to guide the laboratory measurements, is provided by ethynylnaphthalene (Cabezas et al., 2022b). In Cabezas et al. (2022b), both 1- and 2-ethynylnaphthalene were considered, and the average deviation of TM+LR predictions was found to be 0.04%, thus in line with the outcomes of Ye et al. (2022).
4 CONCLUSION
In this review, a methodology to be exploited for the discovery of new molecules in the ISM has been presented. The steps (summarized in Figure 1) required to move from the laboratory spectroscopic characterization to the detection in space, are detailed. Different illustrative applications, ranging from small prebiotic molecules to radicals, to deuterated species and to larger systems such as long carbon chains and small PAHs, have been discussed.
In hunting for new interstellar molecules, the choice of the species to be investigated is driven by different reasons such as reaction mechanisms that suggest its formation in the ISM or astrochemical networks/theories that assume its presence in space. Rare isotopologues are also interesting targets because they can provide information on different physical properties such as isotopic ratios and fractionation. Then, the spectroscopic characterization (in the field of rotational spectroscopy) relies on a strong interplay of experiment and theory, which is crucial because exotic molecules are often not or poorly studied and produced using techniques, such as FVP and DC discharge, that lead to the concomitant formation of several other species, thus making the spectra crowded and difficult to be analyzed. An extensive spectral investigation combined with an accurate analysis then allows for obtaining a precise spectroscopic line catalog, which is used for astronomical searches. The detection in space of these exotic molecules, which have usually low abundances (especially when increasing molecular complexity) and hence low line intensities, requires unbiased (covering large bandwidths, to maximize the number of targeted transitions of interest) and ultra-sensitive spectral surveys (to increase sensitivity), like the ones obtained towards G+0.693−0.027 using Yebes 40 m and IRAM 30 m. As a part of the detection, the abundance of the new species is retrieved. This is usually based on assuming that the LTE approximation holds. However, a more accurate estimate is obtained by accounting for collisions competing with radiative processes. This however requires a major effort from the computational and/or experimental point of view, with the so-called COMs (complex organic molecules; Herbst and van Dishoeck, 2009) being an additional challenge for theoreticians and experimentalists because of the huge number of closely spaced rotational energy levels and the large number of internal coordinates.
While our strategy has been rationalized, it should be noted that each step is not at all straightforward but is instead hampered by challenges. The computational characterization suffers for the system dimension because of the unfavourable scaling of quantum-chemical models with the molecular size (even if an effective methodology has been proposed), but also for the possible presence of large amplitude motions, not to mention the theoretical difficulties when dealing with open-shell species. From the experimental point of view, envisioning suitable precursors and/or their synthesis are major difficulties together with finding efficient working conditions. The spectral analysis is also not devoid of difficulties because standard Hamiltonians might be not appropriate for the spectroscopic description of the system under investigation because of, for example, unexpected interactions. The detection of a new molecule is hampered not only by low line intensities (as stressed above), but also by the ‘forest’ of lines due to other species that makes it difficult to find unblended emissions. Furthermore, molecules with small dipole moments (and thus weak emissions) are hardly observable even if abundant, while the apolar ones require suitable proxies (Alessandrini et al., 2023). Finally, the derivation of accurate molecular abundances can be hampered by relevant deviation from the LTE model.
The last note concerns interstellar molecules adsorbed on or locked inside dust grains. While about 300 gas-phase molecules have been detected in the interstellar medium or circumstellar shells (Woon, 2004; Müller et al., 2005; McGuire, 2022), far more limited is the knowledge about the chemical composition of the ice covering dust grains. However, it is expected that, in the near future, the JWST will significantly improve our current knowledge (McClure et al., 2023).
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