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Bologna, via Francesco Selmi 2, Bologna, 40126, Italy
e-mail: francesca.tonolo@sns.it, silvia.alessandrini7@unibo.it

Received: 12 April 2024; Accepted: 23 May 2024

Abstract. Computational chemistry plays a relevant role in many astrochemical research
fields, either by complementing experimental measurements or by deriving parameters dif-
ficult to be reproduced by laboratories. While the role of computational spectroscopy in
assisting new observations in space is described, the core of the chapter is the investiga-
tion of the collisional radiative transfer and the bimolecular reactive processes occurring
in the gas-phase conditions of the interstellar medium, using as a guide the contributions
presented by the authors at the “Second Italian National Congress on Proto(-planetary)
Astrochemistry”, held in Trieste in September 2023. In particular, the need for accurate
datasets of collisional coefficients to model molecular abundances will be discussed. Then,
the role of quantum chemistry in the investigation of interstellar-relevant potential energy
surfaces will be described, focusing on accurate thermodynamic quantities for the estimate
of rate coefficients.
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1. Introduction

Quantum-chemical approaches are a powerful
tool for astrochemists, with ab initio method-
ologies widely used to obtain experimentally
inaccessible information and insights into pro-
cesses occurring in the gas phase of the in-
terstellar medium (ISM). Here, the temper-
ature can reach values of a few tens of K
and densities are usually between 102 and 106

molecules·cm−3, thus posing constraints on
both reactive and dynamic processes (Tielens
2013; Yamamoto 2017). However, the nature
of quantum-chemical calculations in describ-
ing isolated molecules well matches with the
extremely low-density environment of the gas
phase, where molecules are mostly observed.

Observations of molecules in the ISM
are based on radioastronomical techniques
and these have flourished in the recent years
thanks to facilities like the ALMA (Wootten &
Thompson 2009), Yebes (Tercero et al. 2021),
IRAM (Baars et al. 1987) and GBT (White
et al. 2022) telescopes and the associated large
surveys(McGuire et al. 2020; Cernicharo et al.
2022). While the present chapter does not con-
sider ices and reactions occurring on their sur-
faces, as the main focus is on gas-phase pro-
cesses, it should be mentioned that the recent
launch of the JWST started also to provide
observations of icy dust mantles by means of
the vibrational signals in the infrared region.
However, the species identified are still very
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Fig. 1. The role of ab initio calculations in astrochemistry: from the interplay between theory and
experiment in rotational spectroscopy to the derivation of molecular abundances and gas-phase
reaction profiles for kinetic calculations.

simple, like CH3
+ (Berné et al. 2023; McClure

et al. 2023).

The radioastronomical detection of a
molecule relies on the observation of its rota-
tional transitions, which should be known with
great accuracy by means of a thorough exper-
imental work. Only a few species, like C5N–

(Cernicharo et al. 2008), have been observed
based only on their accurate theoretical predic-
tions. This is due to two reasons. First, the sim-
ulation of rotational spectroscopic parameters
is strongly affected by the level of theory em-
ployed (Puzzarini & Stanton 2023; Puzzarini
et al. 2010; Alessandrini et al. 2018). For ex-
ample, rotational constants, the leading term of
rotational spectroscopy, obtained with an error
of about 0.1% with respect to the experimen-
tal data, translates into computed geometries
with an accuracy of 0.0005–0.001 Å (Puzzarini
& Stanton 2023). Secondly, the rotational
transitions simulated with the rotational con-
stants are then affected by several interactions,
among which the vibration-rotation one, al-
ways present. These interactions shift the com-
putational predictions by an unknown quan-
tity, prohibiting the direct comparison with
radioastronomical data. Computational meth-
ods able to reproduce the experimental re-
sults within the accuracy mentioned above are

computationally affordable only for very small
molecules (up to 5/6 atoms), thus they cannot
be employed for complex-organic molecules,
i.e., the main target of modern astrochemistry.
In this regard, a large effort has been made
by theoretical chemists to propose new tools
which lower the computational cost and still
retain a good accuracy. For example, com-
posite schemes for energies and proprieties
(Puzzarini et al. 2010; Heckert et al. 2005;
Tajti et al. 2004), or explicitly correlated F12
methods Grüneis et al. 2017). Efforts have
been made also in the implementation of new
techniques, like the Cholesky decomposition
(Aquilante et al. 2011; Nottoli et al. 2021).
In addition, the possibility of adopting “ex-
perimentally accurate” data to correct com-
putational quantities has been used to im-
prove the spectroscopic predictions of larger
species, like PAHs or long carbon chains
(Melli et al. 2021; Ye et al. 2022; Puzzarini
et al. 2023). Nevertheless computational spec-
troscopic quantities cannot be employed to an-
alyze radioastronomical data most often, but
they have a prominent role in rotational spec-
troscopy. Indeed, they are used to guide ex-
perimental measurements of unstable species
(Melosso et al. 2022; Puzzarini et al. 2023),
not known in the literature, and to constrain
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parameters that the experiment is not able to
determine (Cazzoli et al. 2014).

The role of accurate computational meth-
ods does not end with rotational spectroscopy
and assumes a prominent role in the deriva-
tion of accurate collisional coefficients and ki-
netic estimates of gas-phase neutral-neutral re-
actions. As illustrated in Figure 1, the previous
quantities are fundamental to derive molecu-
lar abundances and build reaction networks,
respectively. The outcomes of these investi-
gations are not stand-alone results, but their
interplay is essential to support the physi-
cal and chemical modeling of the ISM. For
an extended description of the most relevant
processes occurring in the ISM, the reader
is referred to key reviews and books such
as Dalgarno & Black (1976); Watson (1976);
Tennyson (2003); Wakelam et al. (2010); Bates
(2012) and Yamamoto (2017). In addition, to
ease the interplay of these investigations for as-
trochemical modeling purposes, the available
information is now centralized in several pub-
lic databases. To cite a few: the BASECOL
(Dubernet et al. 2024), LAMDA (Schöier et al.
2005), and EMAA (https://emaa.osug.
fr//) databases furnish the collision dynam-
ics outcomes. For kinetics rate constants, the
KIDA (Wakelam et al. 2012) and UMIST
(Millar et al. 2024) databases are the most
widely known, while for spectroscopy differ-
ent sets have been developed depending on
the frequency range. In particular, the CDMS
database collects rotational lines (Endres et al.
2016), the LIDA one IR bands of molecules
in ice mixtures (Rocha et al. 2022), EDIBLES
(Cox et al. 2017) diffuse interstellar bands, and
ExoMol (Tennyson et al. 2016) is specifically
contaning line list useful for the modeling of
exoplanets and hot atmospheres.

For more details on computational spectro-
scopic parameters and their accuracy the reader
is referred to Puzzarini et al. (2010) while in
the following collision dynamics and reactive
potential energy surfaces (PES) will be ad-
dressed. Section 2 will focus on the accurate
determination of collisional coefficients that
are used to model the abundances of molecules
observed in the ISM, where local thermody-
namic equilibrium (LTE) conditions are rarely

fulfilled. The last part of the chapter (section
3) will explore the role of ab initio methods for
the derivation of accurate kinetic rate constants
of gas-phase for neutral-neutral reactions.

In the following sections, the examples
provided are the ones presented during the
“Second Italian National Congress on Proto(-
planetary) Astrochemistry”, held in Trieste in
September 2023.

2. The role of collision dynamics
calculations to model molecular
abundances in space

The derivation of molecular abundances in
space needs to account for the sparse physi-
cal conditions that can be found in astrophys-
ical environments. Indeed, the radiative trans-
fer equations used to model astrophysical ob-
servations and derive molecular column den-
sities exhibit large sensitivity to the processes
that affect the population distributions among
molecular levels. Such processes strongly de-
pend on the physical conditions of the targeted
environment. For example, in the ISM the den-
sity is so low (∼ 102 − 106 molecule·cm−3) that
molecular energy level populations are not in
LTE. Under such conditions, the derivation of
molecular abundances from spectral lines re-
quires the knowledge of the collisional rate co-
efficients of the molecule under consideration
for the most abundant perturbing species, i.e.,
H2, H and He (Roueff & Lique 2013; Lique
& Faure 2019). The variation in accuracy of
the collisional rate coefficients can cause dif-
ferences up to a factor of 10 in the line in-
tensities, which reflects to a significant change
in the prediction of the molecular abundances
(e.g., Sarrasin et al. 2010; Lanza et al. 2014).
Therefore, the progress in radiative transfer
calculations needs to go hand in hand with
the improvement in the accuracy of the col-
lisional predictions. This is also reflected in
the major efforts that are currently devoted
to reproduce these coefficients from an ex-
perimental point of view (Yang et al. 2010,
2011; Chefdeville et al. 2012; Brouard et al.
2014; Bergeat et al. 2015, 2020). Nowadays,
given the paucity of experimental setups able
to probe collision dynamics, the knowledge of

https://emaa.osug.fr//
https://emaa.osug.fr//
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the collisional rate coefficients strongly relies
on theoretical calculations (Roueff & Lique
2013; Lique & Faure 2019). Thus, an accurate
yet affordable computational procedure for the
characterization of the collisional properties of
astrochemical molecules, and subsequent mod-
eling of their spectroscopic transitions in terms
of abundance, needs to be validated. In the fol-
lowing, an illustrative protocol that is particu-
larly suited to inspect the collisional behavior
of small ionic systems in both a reliable and
undemanding manner is presented. The latter
consists of four main steps.

The first one is the investigation of the col-
lisional PES by means of ab initio calcula-
tions. This step requires particular attention be-
cause uncertainties in the PES have a signifi-
cant impact on the accuracy of the collisional
parameters (see Faure 2021 for an illustrative
example). Hence, high computational accura-
cies need to be achieved. This usually exploits
the excellent performances of explicitly cor-
related coupled cluster methods (Adler et al.
2007; Knizia et al. 2009) to describe interac-
tion energies (Ajili et al. 2013; Tonolo et al.
2021). When ionic systems are involved, the
use of fully augmented basis sets is particularly
promising in describing the energetics of the
long-range regions of the potential, where dis-
persive interactions are more relevant (Kendall
et al. 1992).

The second step consists of expressing the
potential as an expansion over angular func-
tions. This often requires to resort to some ap-
proximations to reduce the computational cost
of scattering calculations. This applies, in par-
ticular, to systems involving a collisional part-
ner with a rotational structure, such as H2. In
these cases, the effects due to the coupling
between the different rotational states of the
collider (indexed using the J quantum num-
ber) on the inelastic cross sections need to be
preliminarily assessed. This brings important
hints on the feasibility of neglecting the J > 0
rotational states of the collider (the so-called
“spherical approximation”). The reduced com-
putational cost of this approximation, if prop-
erly validated, permits to extend this procedure
to larger molecular systems and to a wide range
of astrochemical conditions. The spherical ap-

proximation has been proved to be particularly
suited to small ionic systems interacting with
H2 (Spielfiedel et al. 2015; Balança et al. 2020;
Cabrera-González et al. 2020). For instance,
for the HC17O+ and PO+ targets (Tonolo et al.
2022, 2024) the impact of the J > 0 rotational
levels of H2 resulted to be considerably weak
(the inclusion of the J = 2 state of H2 led to
average deviations of ∼ 7% in the values of
the cross sections, while the cross sections of
para-H2 and ortho-H2 agreed within ∼ 12% on
average).

The third step is the solution of the close-
coupling scattering equations in a range of en-
ergies that allows to derive the corresponding
collisional parameters in the conditions of in-
terest. For example, the pressure broadening
and pressure shift parameters can be computed
and can be subsequently used to infer the qual-
ity of the potential (see, as an example, Tonolo
et al. 2021). From the scattering calculations,
the inelastic state-to-state rate coefficients are
also obtained.

The last step consists in using the colli-
sional rate coefficients to model the rotational
transitions observed in the interstellar envi-
ronments by means of radiative transfer cal-
culations. For example, the computed colli-
sional dataset for the PO+/H2 system helped
to test the reliability of the LTE approxima-
tion and to refine the column density value
of PO+ obtained from the observations of the
G+0.693–0.027 molecular cloud (Rivilla et al.
2022). Additionally, radiative transfer calcula-
tions indicated maser behavior for the first ro-
tational transitions of PO+ at various kinetic
temperatures and densities typically found in
interstellar sources. This emphasizes the im-
portance of accurate collisional coefficients for
the precise modeling of molecular abundances
in the ISM.

3. Simple organics from gas-phase
reactions: a computational view

The observation of new small organic
molecules claims for innovative formation
routes either on grains or in the gas phase of
the ISM (McGuire 2022; Puzzarini 2022). The
latter class of reactions is challenging due to
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the prohibitive conditions of the ISM and the
three main points that guide neutral-neutral
gas-phase reactions are: (i) only bi-molecular
reactions can occur, and due to the lack of
a third-body stabilization only bi-molecular
products can be formed(Yamamoto 2017); (ii)
no external energetic input is provided for the
process, so the products must be exothermic
and have to involve submerged barrier with
respect to the reactants; (iii) to make a collision
reactive, the process has to involve a radical
species, like CN, NH or CH. Still, also other
gas-phase processes occur in the ISM, like
photodissociation or ion-molecule reactions
(Yamamoto 2017; Tielens 2013).

Based on these three guidelines, it is possi-
ble to select reactions based on thermodynamic
estimates and move to the kinetic study only
for a small selection of processes. Indeed, the
critical step in the gas-phase chemistry of the
ISM is the estimation of rate coefficients that
should be at least in the order of 10−11/10−12

cm3 molecule−1 s−1 (Yamamoto 2017; Tielens
2013). The latter can be obtained from exper-
imental set-ups or using first principle com-
putational methodologies. In both cases, lim-
itations are involved: experimental measure-
ments can suffer from the impossibility of re-
producing interstellar-medium-like conditions.
At the same time, theoretical kinetic estimates
are strongly affected by the energetic quantities
employed for their calculation and the approx-
imation introduced in the procedure. A discus-
sion on the accurate derivation of rate constants
is out of the scope of the present chapter, but
the need for accurate reaction barrier heights
has to be mentioned and it is where ab ini-
tio computations play the main role. Indeed,
meaningful kinetic rate constants can be ob-
tained only if post-Hartree Fock methods, like
coupled-cluster (CC) methodologies (Shavitt
& Bartlett 2009) or multi-reference (MR) for-
mulations, like MR configuration interaction
(MRCI) (Buenker & Peyerimhoff 1974) are
used. In the case of CC techniques, one has
to refer to the CCSD(T) method that includes
singles and doubles excitations and a pertur-
bative treatment of triples excitations (Stanton
1997)(Zheng et al. 2009; Klippenstein 2017).
For example, it has been pointed out that the

use of hybrid functional led to the wrong the-
oretical outcome in the case of the reaction
between CH3CN + CN (Sleiman et al. 2018;
Puzzarini et al. 2020) and in this particular case
the CCSD(T) method in conjunction with stan-
dard basis set was not able to reproduce more
accurate methodologies (Lupi et al. 2020).

However, the accuracy can be pushed to its
nowadays limit by employing explicitly cor-
related F12 methodologies (Adler et al. 2007;
Knizia et al. 2009) in combination also with
composite schemes, where several terms are
computed at the best compromise between ac-
curacy and computational cost and then com-
bined to reach a better estimate of a property,
like the energy (Tajti et al. 2004; Barone et al.
2021; Ventura et al. 2021; Alessandrini et al.
2019; Lupi et al. 2021; Barone et al. 2023).
If accurate methods are employed, the refer-
ence geometry for the calculations can be ob-
tained from density functional methods (Zheng
et al. 2009), either using hybrid or double-
hybrid functionals (Becke 1988; Kohn & Sham
1965; Santra et al. 2019). This is a good com-
promise between accuracy and cost, consider-
ing DFT geometries provide structures that are
as accurate as those obtainable from more ex-
pensive methods, like the CCSD(T) one, but
can be employed on extremely vast PES, like
those mapped for the CH radical (Nikolayev
et al. 2021; He et al. 2022).

The use of computational means has
also highlighted the possibility of studying
several reaction mechanisms between the
same stable species and different radicals. This
is useful to understand if common reaction
paths occur in the ISM, an hypothesis was
first done for methanimine that is considered
the precursor of complex imines in the ISM
CH2NH (Puzzarini & Barone 2021; Barone
& Puzzarini 2022; Puzzarini 2022). The
reaction between methanimine and CN was
analyzed by Vazart et al. (2015) and leads to
cyanomethanimine, (HNC –– CHCN as well as
CH2NCN species), all observed in the ISM
(Zaleski et al. 2013; San Andrés et al. 2024).
The same reaction with the CCH radical forms
propargylimine (HNC=CHCCH), another
molecule detected in recent years (Bizzocchi
et al. 2020), while the OH radical seems to lead
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to the formation of formamide (Vazart et al.
2016; Rubin et al. 1971). Do the CH2NH+CN,
CH2NH + CCH and, CH2NH + OH reactions
have something in common? The PES involves
a radical in the doublet electronic state and
points to identical exothermic reaction paths
with slightly different energy barriers (even
if still submerged). To confirm the presence
of a general reaction mechanism, the pro-
cesses occurring between CH2NH and a large
set of radicals having an unpaired electron
(HCO, HCS, SH, NO, NS, SiN, C3N, and CP)
were analyzed (Alessandrini et al. 2021; Ye
et al. 2024). Both H-abstraction and radical
addition were considered and the products
were hypothesized using the general reaction
mechanism. Thus, the first step was the
derivation of accurate energetic quantities
to asses whether exothermic products are
formed. This step was carried out using
double-hybrid functional for geometries and
vibrational frequencies (harmonic) then, the
junChS (Alessandrini et al. 2019) composite
scheme for the energies. Only the C3N and
the CP radicals can lead to an exothermic path
after the addition of the radical, while open
channels for H-abstraction seem to occur for
these species, but also for SH and HCS. For
all the exothermic paths, the full potential
energy surface has been explored with the
double-hybrid functional and the energy was
refined with the junChS composite scheme. A
common reaction mechanism was observed for
radical addition and H-abstraction, confirming
the validity of the general mechanism.

Still, kinetics estimates are those able to
point out if a reaction in the ISM is feasible.
In the case of the methanimine-plus-radical re-
actions, the kinetic estimate where obtained
using variational transition state theory with
the Master Equation System Solver program
(MESS, Georgievskii et al. 2013) and using
phase space theory for the derivation of the
the kinetic term for the barrierless approach.
According to our results, the processes lead-
ing to the addition of the radical on the C
atom of CH2NH are fast even in the ISM con-
ditions, thus further pointing out HNCHCP
and HNCHC3N species might be present in
the ISM and only laboratory characterization

might be missing for their observation. Even if
the work here discussed employs statistical ap-
proached to obtain reaction rates, it should be
mentioned that other routes are available to de-
rive the rate coefficients. Among them, quan-
tum dynamics is the reference strategy if one
aims at experimental accuracy based on theo-
retical means. However, this method can only
be used for systems with a reduced dimension,
like the destruction of CH+(Bovino et al. 2015)
or the reaction H + H2 (Ghosh et al. 2021).

4. Conclusions

In this chapter, an overview of the role of ab
initio strategies as a support of gas-phase as-
trochemical investigations is presented, from
the prediction of the spectroscopic parameters
to assist the experimental characterization of
interstellar molecules, to reactivity and colli-
sion dynamics calculations. Specifically, the
authors brought into focus the latter two topics
and the results presented during the “Second
Italian National Congress on Proto(-planetary)
Astrochemistry”. First, a description of the var-
ious steps required to compute the collisional
coefficients and derive non-LTE abundances
of interstellar molecules has been outlined.
Secondly, we have discussed how the investi-
gation of general mechanisms might be useful
to describe interstellar chemistry and suggest
new interstellar molecules to observe. In doing
so, the need for accurate ab initio methodolo-
gies to derive reliable kinetics rate coefficients
was mentioned.
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