
molecules

Article

The Role of State-of-the-Art Quantum-Chemical
Calculations in Astrochemistry: Formation Route and
Spectroscopy of Ethanimine as a Paradigmatic Case

Carmen Baiano 1 , Jacopo Lupi 1 , Nicola Tasinato 1 , Cristina Puzzarini 2,∗ and
Vincenzo Barone 1,∗

1 Scuola Normale Superiore, Piazza dei Cavalieri 7, 56126 Pisa, Italy; carmen.baiano@sns.it (C.B.);
jacopo.lupi@sns.it (J.L.); nicola.tasinato@sns.it (N.T.);

2 Dipartimento di Chimica “Giacomo Ciamician”, Università di Bologna, Via F. Selmi 2, 40126 Bologna, Italy
* Correspondence: cristina.puzzarini@unibo.it (C.P.); vincenzo.barone@sns.it (V.B.)

Academic Editor: Raffaele Saladino
Received: 31 May 2020; Accepted: 18 June 2020; Published: 22 June 2020

����������
�������

Abstract: The gas-phase formation and spectroscopic characteristics of ethanimine have been
re-investigated as a paradigmatic case illustrating the accuracy of state-of-the-art quantum-chemical
(QC) methodologies in the field of astrochemistry. According to our computations, the reaction
between the amidogen, NH, and ethyl, C2H5, radicals is very fast, close to the gas-kinetics limit.
Although the main reaction channel under conditions typical of the interstellar medium leads to
methanimine and the methyl radical, the predicted amount of the two E,Z stereoisomers of ethanimine
is around 10%. State-of-the-art QC and kinetic models lead to a [E-CH3CHNH]/[Z-CH3CHNH] ratio
of ca. 1.4, slightly higher than the previous computations, but still far from the value determined
from astronomical observations (ca. 3). An accurate computational characterization of the molecular
structure, energetics, and spectroscopic properties of the E and Z isomers of ethanimine combined
with millimeter-wave measurements up to 300 GHz, allows for predicting the rotational spectrum of
both isomers up to 500 GHz, thus opening the way toward new astronomical observations.

Keywords: quantum chemistry; spectroscopy; kinetics; ethanimine; prebiotic chemistry

1. Introduction

Until the latter part of the 20th century, it was believed that the vastness of interstellar space
consisted mainly of hydrogen atoms. Apart from molecular hydrogen and a few other simple diatomic
species, the harsh conditions of the interstellar medium (ISM) were thought to be incompatible with
polyatomic molecules exhibiting even a small degree of complexity. This idea began to be questioned
roughly fifty years ago with the discovery of the first ‘complex’ molecules (formaldehyde in 1969 [1],
methanol in 1970 [2], and formic acid in 1971 [3]). Since these first hints, the pace of molecular
detections in space has accelerated. The original paradigm alluded to above has now been completely
erased by the discovery of more than two hundred molecular species in the ISM and circumstellar
shells [4]. Molecules detected in space range from simple hydrides (such as H2, H2O, and NH3),
to hydrocarbon chain species (such as the cyanopolyynes, HC2n+1N), to simple organics (such as
alcohols and aldehydes), to highly reactive species such as ions and radicals (e.g., H2COH+, HC3NH+,
and CH3O), to polycyclic aromatic hydrocarbon molecules (PAHs) [5]. The latter are the most abundant
polyatomic species in space, although no individual PAH has yet been identified. This short and
generic list makes it clear that interstellar chemistry is rich and diverse. Focusing on atomic elements,
the contribution of hydrogen and helium amounts to about 98%; therefore, that of heavier elements
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(such as carbon, nitrogen, and oxygen) is only about 2%. Nevertheless, as mentioned above and in the
following, this small fraction of heavy elements makes possible a great variety of chemical compounds.

Among the molecules identified in the ISM, in the present context, the interest is on the so-called
“interstellar complex organic molecules” (iCOMs), namely C-bearing molecules with at least six
atoms [6], such as glycolaldehyde [7] and acetamide [8]. In this respect, molecular spectroscopy plays
a crucial role in finding out whether a particular molecule is present in an astronomical environment
and, if so, in what abundance (e.g., References [9–14]). Indeed, most of the gas-phase molecules
mentioned above have been discovered thanks to radioastronomy, and thus by means of their rotational
signatures. However, still unassigned features appear in radio-astronomical spectra, thus pointing
out that we are far from a complete census of the interstellar molecules. Even though iCOMs were
first detected decades ago, the processes that lead to their production are still a matter of debate.
While it is nowadays accepted that they can be synthesized either on dust-grain surfaces or by means
of gas-phase chemistry [15–20], the available literature reveals that the understanding of chemical
evolution is at a rather primitive stage and current chemical models still show large deficiencies.
In particular, in the last two decades, we have witnessed the growth of the grain-surface chemistry
and the progressive abandonment of the gas-phase reactivity. However, recent detections of iCOMs in
cold regions [17,21], where the surface chemistry cannot be efficient, have pointed out that gas-phase
chemistry has been overlooked. The idea at the basis of grain-surface chemistry is that radical species
trapped in icy mantles move and encounter a reaction partner, thus giving rise to rich chemistry [22].
This mechanism is called the Langmuir–Hinshelwood mechanism. A second possibility is offered by
gaseous atoms and molecules that directly hit atoms and molecules on dust grains to form products.
This is called the Eley-Rideal mechanism, which is –however– less important in interstellar clouds [22].
It is thus evident that surface mobility is an important factor in grain-surface reactions. While at
temperatures above 30 K all molecular species have a reasonable mobility, at lower temperatures the
mechanisms described above cannot be efficient (in particular, at T = 10 K only hydrogen atoms have a
non-negligible mobility).

On the one hand, the detection of iCOMs reveals an undisputed molecular complexity in the
universe, which is—however—not entirely disclosed. On the other hand, there is still much to be
understood about how iCOMs, and more generally molecules, can be formed in the harsh conditions
typical of the ISM and how they can evolve toward more complex species. It is thus clear that we
are facing two major challenges in astrochemistry, namely the detection of ‘new’ iCOMs and the
understanding of chemical reactivity, and that they are strongly interconnected [23]. For this reason,
we present an integrated experimental and theoretical strategy that address both challenges [24]:
state-of-the-art computational approaches are combined with laboratory spectroscopy. Ethanimine,
a prebiotic iCOM (as will be explained later), has been chosen as case study to illustrate this strategy.

Computational chemistry offers an invaluable aid in providing two main pieces of
information, namely:

(1) The investigation of reactive potential energy surfaces (PESs) from both energetic
(thermochemistry) and kinetic points of view. Two possibilities can be actually envisaged:
(i) starting from purposely chosen precursors the formation route of the sought product
(i.e., a molecule already identified in the ISM) is derived; (ii) starting from small reactive
species the possible pathways are elaborated. In both cases, the harsh conditions of the ISM
(extremely cold—down to 10 K—regions, extremely low density—even 104 particles/cm3) are
used as constraints.

(2) Referring to point (1.ii), the accurate prediction of the spectroscopic parameters of those products
that can be of interest and for which such information is still missing is carried out.
The second piece of information (point (2)) is then used to guide and support laboratory
measurements that, in the field of rotational spectroscopy, are mandatory to further proceed
toward astronomical searches. Finally, astronomical data can confirm the plausibility of the
developed formation pathway. For example, the identification (in astronomical surveys) of the
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sought product of the reaction investigated can provide an indirect confirmation. Astronomical
observations can also be used to support the effectiveness of a gas-phase formation route [25].
Furthermore, as in the case of ethanimine, that is, in the presence of two different isomers,
the computed branching ratios can be compared with the relative astronomical abundance.

As briefly mentioned above, ethanimine has been chosen as a prototypical molecular system for
presenting and discussing our strategy. Its astrophysical relevance is related to its prebiotic potential
as a possible precursor of amino acids [26], like alanine, by reaction with HCN and H2O, or with
formic acid [27–29]. Both isomers of ethanimine have been detected in Sagittarius B2 North, SgrB2 (N),
as a result of the GBT-PRIMOS project (this acronym standing for Green Bank Telescope–PRebiotic
Interstellar MOlecule Survey) [29]. Furthermore, this molecule can also be of interest in the study of
the nitrogen-based Titan atmosphere [30]. As is well known, Titan is considered a good approximation
of the primitive Earth [31,32], thus explaining its relevance in the study of prebiotic chemistry in space.

1.1. The Thermochemistry-Kinetics-Spectroscopy Strategy

As explained above, our strategy can start from a potential iCOM or from a potential gas
phase reaction between two molecules already detected in the ISM. The example addressed in this
contribution belongs to the first case. In any event, the starting point is the design of a feasible
and accessible reactive PES leading to the species of interest in the first case or starting from the
chosen reactants in the latter option. This preliminary investigation is performed at a relatively low
computational level, relying on density functional theory (DFT). Usually, different pathways can be
derived and only those that are feasible in the conditions typical of the astronomical environment
under consideration are further investigated at a higher level [33]. Therefore, the more promising
pathways are re-investigated in order to improve the structural determination of the stationary points
as well as to compute the energetics at the state of the art. To conclude, kinetic calculations are carried
out, these providing the conclusive information on the feasibility of the suggested mechanisms and on
the branching ratios of the reaction products [34,35]. On the spectroscopic side, the target species are
better characterized in terms of structural, molecular and spectroscopic properties in order to provide
reliable predictions for the laboratory spectroscopy studies [24,36]. Finally, astronomical observations
can be performed and might be used to support the outcomes of the theoretical investigation (see e.g.,
Reference [35,37]).

In the case of ethanimine, several pieces of information and reliable data were already available
prior to our investigation. This was indeed the reason why it was chosen as case study to develop and
test our strategy. Ethanimine was already detected in the ISM, but the knowledge on its rotational
spectrum was limited. Possible gas-phase mechanisms were also available in the literature, even if not
entirely satisfactory from an astronomical point of view.

1.1.1. Formation Pathway

As far as the formation mechanism of ethanimine in the ISM is concerned, among the gas-phase
reactions considered by Quan et al. [26], the NH + C2H5 reaction is certainly the best candidate,
because the analogous NH + CH3 reaction was demonstrated to be the dominant formation route
of methanimine in the model proposed by Suzuki et al. [38]. Recently, Balucani and coworkers [39]
performed an exhaustive search of different possible reaction paths, concluding that only the following
three channels are open in the ISM conditions:

NH + C2H5 −−→ CH3 + CH2NH (R1)

NH + C2H5 −−→ E-CH3CHNH + H (R2a)

NH + C2H5 −−→ Z-CH3CHNH + H. (R2b)
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While the computational level of ref. [39] might not be sufficient to obtain quantitative results,
the computed energy barriers governing the other considered paths are so high that they can be safely
excluded in the present study, with the only exception of channel 3:

NH + C2H5 −−→ C2H4 + NH2. (R3)

The reaction of CH2 with CH2NH was also proposed [40]. However, the computational level
employed to analyze the mechanism was quite low and only the singlet form of CH2 leads to
submerged barriers, thus requiring a spin-orbit coupling mechanism from the more stable triplet
form. Furthermore, the first step of this reaction is the abstraction of one hydrogen atom from CH2NH
by CH2. Therefore, the effective reaction involves the CH3 and CHNH radicals:

CH3 + CHNH −−→ E-/Z-CH3CHNH. (R4)

While the CH3 radical has been detected in several regions of the ISM, only the CHNH+ cation has
been identified so far, the corresponding neutral radical remaining still unobserved. As a consequence
we have not investigated in detail this alternative mechanism.

The rate coefficients employed by Quan et al. [26] in their model are 8.25 Å×10−12 cm3/s for
NH + C2H5→ E-CH3CHNH + H (R2a) and 2.75 Å×10−12 cm3/s for NH + C2H5→ Z-CH3CHNH + H
(R2b) with no temperature dependence. However, in their model, they did not take into consideration
that the channel (R1) consumes a fraction of the reactants, thus reducing the total production rate of
ethanimine. The lack of temperature dependence being quite surprising, the computations of ref. [39]
indeed pointed out that the rate constants for channels R2a and R2b are very similar to one another
and both of them nearly double when increasing the temperature from 10 K to 200 K (i.e., the interval
considered in Reference [26]).

1.1.2. Spectroscopic Characterization

As clear from the preceding section and the literature cited, ethanimine exists in two isomeric
forms, E and Z (see Figure 1), with the former being the most stable. As already mentioned, both
isomers have been detected in the ISM [29]. However, the experimental works on ethanimine
rotational spectrum that allowed such an identification were limited to low frequencies, that is, below
140 GHz [29,41,42]. Since extrapolations from low-frequency laboratory measurements usually provide
inaccurate predictions for higher frequencies and, in view of the extended astronomical observatory
facilities provided by the Atacama Large Millimeter/submillimeter Array (ALMA; working frequency
range: 84–950 GHz), the extension of the investigation of the rotational spectra for both ethanimine
isomers was warranted. To improve the spectroscopic characterization of both isomeric forms of
CH3CHNH, an accurate computational study of the energetics as well as structural and spectroscopic
parameters was performed [43], thereby focusing on the description of the methyl internal rotation
and on the centrifugal distortion terms.

In Reference [43], an accurate characterization of the vibrational (infrared, IR) spectrum
was also provided. Indeed, in view of predicting the gas-phase IR spectrum, the computed
fundamental frequencies of Reference [43] can be considered more accurate and reliable than those
from the low-resolution gas-phase study of Reference [44] and the matrix investigation reported in
Reference [45]. In fact, both studies provided either incomplete or contradictory results. Therefore,
the computational work on the IR spectra of both isomers of ethanimine might be of great help in
future observation of planetary atmospheres (e.g., that of Titan) relying on, for instance, the James
Webb Space Telescope to be launched in 2021.

1.2. Organization of the Paper

In the following section the computational methodology at the basis of both challenges, namely
the investigation of the formation pathway and the spectroscopic characterization, will be described
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in detail. On these grounds, the purpose of the present paper is to provide reliable and accurate rate
constants for the reaction mechanisms considered by exploiting state-of-the-art quantum-chemical (QC)
and kinetic computations. At the same time, we reconsider the spectroscopic parameters of ethanimine,
which were previously reported in Reference [43]. In the subsequent section, the thermochemical,
kinetic and spectroscopic results will be presented and discussed. Finally, concluding remarks will
address the effectiveness of our strategy.

Figure 1. Structures and selected geometrical parameters of all stationary points on the ethanimine PES
optimized at the B2 level. Bond lengths are in Å, whereas HNC (ϕ), HCH (ϕ’) or HNH (ϕ”) valence
angles and CCNH (ϑ) dihedral angles are in degrees.

2. Computational Methodology

Our QC strategy relies on a composite scheme in order to obtain high accuracy at an affordable
computational cost. This combines coupled-cluster (CC) techniques with extrapolation to the complete
basis set (CBS) limit and consideration of core-valence (CV) correlation contributions. To account for
vibrational effects, also including anharmonicity, we resort to second-order vibrational perturbation
theory (VPT2) [46]. For the evaluation of kinetic parameters, a master equation (ME) approach based
on ab initio transition state theory (AITSTME) [47] is used.
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2.1. Electronic Structure Calculations

The QC calculations described in the following have been performed with Gaussian 16 [48]
and CFOUR [49] quantum-chemical packages. The former code has been employed for DFT and
VPT2 computations, while the latter for MP2 and CC calculations. Furthermore, the MRCC code [50]
interfaced to CFOUR has been used to perform the CC calculations including quadruple excitations.

2.1.1. Reactive Potential Energy Surface

A preliminary characterization of the reactive PES has been carried out at the
B3LYP-D3/aug-cc-pVTZ level [51–54] (hereafter shortly denoted as B3), with geometry optimizations
combined with harmonic force-field calculations in order to characterize the stationary points. More
generally, for this introductory analysis of the reactive PES, a double-zeta quality basis set can be safely
employed in conjunction with the hybrid B3LYP functional. The results obtained at the B3 level were
found already in agreement with those reported in literature [39].

Since the double-hybrid B2PLYP functional [55] represents a good compromise between accuracy
and computational cost for both structural and spectroscopic properties [56–58] and is able to provide
a reliable description of reactive and non-reactive PESs [34,35,56,57,59–62], our strategy relies on
it in order to provide the final description of the stationary points from a structural point of view.
For this purpose, B2PLYP is usually employed in conjunction with a triple-zeta basis sets incorporating
diffuse functions. In the present case, the aug-cc-pVnZ (n = T,Q) basis sets have been employed.
In addition, different basis sets have been tested. However, these as well as the aug-cc-VQZ set have
not pointed out any substantial modification of either the PES or geometrical parameters with respect
to the combination of B2PLYP and aug-cc-pVTZ. Furthermore, to account for dispersion interactions,
the DFT-D3 scheme [63] has been used coupled to the Becke-Johnson (BJ) damping function [64].
Overall, in the following as well as in Figure 1, we only refer to the B2PLYP-D3(BJ)/aug-cc-pVTZ level
of theory, hereafter simply denoted as B2. The interested reader can find a detailed structural analysis
in the Supplementary Information (SI) material. In passing, it should be noted that the NH species has
been considered only in the most stable triplet state (3Σ−) [65].

The subsequent step of our strategy requires the accurate estimates of reaction energies and
barriers. For this purpose, we rely on composite schemes based on coupled-cluster (CC) theory and
exploited on top of B2 optimized geometries. In particular, two different types of approach have been
employed: (i) schemes entirely based on CC calculations (denoted as “CBS+CV”, “CBS+CV+fT+pQ”,
and “HEAT-like”), and (ii) the so-called “cheap” model, which involves an important reduction of the
computational cost, while keeping high accuracy. All these approaches are detailed in Section 2.1.3.

Finally, the inclusion of zero-point vibrational energies (ZPVEs) is required. These can be
computed both at harmonic and anharmonic levels. In this respect, as briefly mentioned above,
the nature of the stationary points has been checked by the evaluation of analytical Hessians
(harmonic force fields), which –in turn– provide harmonic ZPVEs. Anharmonic force fields
have also been calculated at the B2 level, thus allowing the evaluation of anharmonic ZPVEs by
means of the generalized vibrational-perturbation theory (GVPT2). With respect to standard VPT2,
GVPT2 excludes resonant terms from the perturbative treatment and reintroduces them through a
reduced-dimensionality variational calculation [36,46,66–68].

2.1.2. Spectroscopic Parameters

As mentioned in the Introduction, most of the molecular species detected in the ISM have been
identified thanks to their rotational fingerprints. Indeed, the rotational spectrum of a given molecule
is so characteristic that the observation of its rotational transitions provides an unequivocal proof
of the presence of that species in the environment under consideration. For this reason, rotational
spectroscopy is the spectroscopic technique taken into consideration in our strategy.
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The leading terms of rotational spectroscopy are the rotational constants, the rotational transition
frequencies mainly depending on their values [69]. In general, to provide accurate predictions of
rotational transitions, it is mandatory to go beyond the rigid-rotor approximation, thus accounting for
centrifugal-distortion and vibrational effects. To incorporate the latter in the prediction of rotational
constants, vibrational corrections (∆Bvib) are added to the equilibrium rotational constants (Be). Within
VPT2, the vibrational ground-state rotational constants (B0) are given by the expression [70]:

Bi
0 = Bi

e + ∆Bi
vib = Bi

e −
1
2 ∑

r
αi

r, (1)

with i denoting the inertial axis (i = a, b, c; that is, for instance, Ba
0 = A0). The summation runs over all

vibrational normal modes and the αi
r’s are the vibration-rotation interaction constants.

It is important to note that the vibrational corrections provide a small contribution to B0’s, indeed
accounting only for ∼1–3% of the total value. However, as pointed out in refs. [71,72], the inclusion
of vibrational corrections is fundamental for quantitative predictions. From a computational point
of view, the equilibrium rotational constants are straightforwardly derived from the equilibrium
structure, while vibrational corrections require anharmonic force-field calculations [73]. In view of
the fact that Be provides the largest contribution to B0, the major computational effort is put on
geometry optimizations. To fulfil the accuracy requirements, composite schemes are thus employed.
In particular, the CBS+CV approach mentioned above (detailed in Section 2.1.3) has been chosen.
Vibrational corrections have been determined at the B2 level (however employing a smaller basis set,
namely a modified version of maug-cc-pVTZ [74,75]).

To account for the effect of centrifugal distortion on rotational transitions, the computation of the
corresponding parameters is required. The quartic centrifugal-distortion constants are obtained as
a by product of harmonic force-field computations [73], while the sextic ones are derived from the
knowledge of the cubic force field. Therefore, the latter terms have been evaluated at the B2 level.
In Reference [43], the harmonic force field has been computed at a higher level of theory, thereby
employing the CCSD(T) method in conjunction with the cc-pCVQZ basis set, with all electrons being
correlated (all). The acronym stands for single and double excitations and a perturbative treatment of
triple excitations [76].

In the specific case of ethanimine, to complete the characterization of the rotational spectrum, nitrogen
quadrupole coupling constants and the spectroscopic parameters related to the methyl internal rotation
are needed. To evaluate the former constants, the electric field gradient (EFG) tensor is required and it
has been evaluated, for both isomers, at the all-CCSD(T)/cc-pCVQZ level using the CBS+CV reference
geometry. These have been further augmented by vibrational corrections at the B2 level. For all details
related to the conversion of the EFG elements to the nuclear quadrupole coupling constants, interested
readers are –for example– referred to Reference [73]. To model the methyl internal rotation, the barrier for
the hindered rotation has been derived as energy difference between the E-/Z-CH3CHNH minima and
the corresponding transition state (see Figure 2 and Reference [43] for details).

E
TSE

V3

Figure 2. Methyl internal rotation in E-ethanimine
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2.1.3. Composite Schemes

The composite schemes described in the following rely on or start from the CCSD(T) method.
The coupled cluster T1 diagnostic [77] has been found to be smaller than 0.02 for closed-shell
molecules and smaller than 0.04 for open-shell species (see Table S3 in the Supplementary Materials),
thus confirming that the non-dynamical correlation is negligible for all the systems investigated.

The CC-Based Approaches

The composite scheme denoted as CBS+CV accounts for the extrapolation to the CBS limit and
CV corrections at the CCSD(T) level. Within this approach, electronic energies are obtained as follows:

ECBS+CV = EHF−SCF
∞ + ∆Ecorr

∞ + ∆E(CV). (2)

The terms on the right-hand side correspond, respectively, to: (1) the Hartree-Fock (HF-SCF)
electronic energy extrapolated to the CBS limit using the exponential form proposed by Feller [78]
combined with the cc-pVnZ basis sets [54] (n = T,Q,5); (2) the frozen-core (fc) CCSD(T)
correlation energy extrapolated to the CBS limit employing the two-point n−3 formula proposed
by Helgaker et al. [79] in conjunction with the cc-pVnZ sets, with either the n = T,Q or n = Q,5
combination of bases; (3) the CV correlation correction is calculated as energy difference between all
and fc CCSD(T), both with the same basis set. The cc-pCVTZ and cc-pCVQZ [80] bases have been
employed depending on whether the extrapolation to the CBS limit has been done using the n = T,Q or
n = Q,5 combinations of basis sets, respectively.

To further improve the energetics, a HEAT-like approach can be (and indeed has been) exploited,
the reference of this scheme being the HEAT protocol [81]. The latter is known to provide sub-kJ mol−1

accuracy. The HEAT-like model is obtained by incorporating additional terms into Equation (2):

Etot = ECBS+CV + ∆EfT + ∆EpQ + ∆EREL + ∆EDBOC, (3)

where ECBS+CV is the CBS+CV energy (Equation (2)). Similarly to the CV contribution, corrections
due to the full treatment of triple excitations, ∆EfT, and the perturbative description of quadruples,
∆EpQ, are computed as energy differences between CCSDT [82–84] and CCSD(T) and between
CCSDT(Q) [85–87] and CCSDT (all of them within the fc approximation) employing the cc-pVTZ and
cc-pVDZ basis sets, respectively. Inclusion of fT and pQ contributions leads to the definition of the
CBS+CV+fT+pQ scheme. The diagonal Born-Oppenheimer correction [88–91], ∆EDBOC, and the scalar
relativistic contribution to the energy, ∆EREL, [92,93] are also included in the HEAT-like approach.
The former corrections are usually computed at the HF-SCF/aug-cc-pVnZ level [53], with n = D,T, and
the relativistic corrections are obtained at the all-CCSD(T)/aug-cc-pCVnZ level (n = D,T) and include
the (one-electron) Darwin and mass-velocity terms. In the present study, the last two corrections have
been obtained using double-zeta basis sets, even if their convergence with respect to contributions
calculated with triple-zeta basis sets has been checked for a few stationary points.

To exploit the high accuracy of the CBS+CV energy approach (Equation (2)) for molecular
structure determinations, the energy-gradient composite scheme introduced in refs. [94,95] can be
employed. The resulting energy gradient to be employed in geometry optimizations is given by the
following expression:

dECBS+CV

dx
=

dEHF−SCF
∞
dx

+
d∆Ecorr

∞
dx

+
d∆E(CV)

dx
, (4)

where the terms on the right-hand side are defined as in Equation (2). Analogously to Equation (3),
the energy gradient of Equation (4) can be further improved by including the contributions due to full
treatment of triples and quadruple excitations.
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The ChS Approach

In the present work, electronic energies have also been computed by resorting to a computationally
less demanding strategy, the so-called “cheap” scheme (hereafter denoted as ChS). Our strategy relies
on this model when larger systems are involved. In the present context, it has been employed to further
demonstrate its high accuracy and reliability, which was already pointed out in References [24,33,61].

This approach has been originally developed for the determination of accurate
structural parameters [96,97] and then extended to energy evaluations [98]. In this scheme,
the fc-CCSD(T)/cc-pVTZ energy is taken as the starting point and augmented by contributions
accounting for the extrapolation to the CBS limit and CV correlation. To keep the computational
cost limited, contrary to the CBS+CV approach, these terms are computed using second-order
Møller-Plesset perturbation theory (MP2) [99]:

EChS = ECCSD(T)/VTZ + ∆EMP2/CBS + ∆EMP2/CV. (5)

The second term on the right-hand side is the contribution due to the extrapolation to the CBS
limit, which is performed in two steps (i.e., by separating the HF-SCF and correlation contributions)
as in the CBS+CV scheme, and employing the same extrapolative formulas. MP2 calculations are
carried out in conjunction with the cc-pVTZ and cc-pVQZ basis sets. The third term is evaluated, as in
Equation (2), as ‘all-fc’ energy difference at the MP2/cc-pCVTZ level.

2.2. Kinetic Models

Phenomenological rate coefficients have been obtained within the AITSTME approach using
the Rice-Ramsperger-Kassel-Marcus (RRKM) 1D master equation system solver (MESS) code [100].
For channels possessing a distinct saddle point, rate coefficients have been determined by conventional
transition state theory (TST) within the rigid-rotor harmonic-oscillator (RRHO) approximation. Instead,
rate constants for barrierless elementary reactions have been computed employing phase space theory
(PST) [101,102], again within the RRHO assumption, and including tunneling as well as non classical
reflection effects by using the Eckart model [103].

For what concerns PST, it provides a useful, and easily implemented, reference theory for
barrierless reactions, and it is largely used in computational kinetics applied to astrochemistry (see, for
example, References [35,37,104,105]). Its assumption is that the interaction between the two reacting
fragments is isotropic and does not affect the internal fragment motions. This approximation is
especially valid if the dynamical bottleneck lies at large separations where the interacting fragments
have free rotations and unperturbed vibrations. This is generally true for low temperature phenomena,
as is the case for the ISM. The isotropic attractive potential is assumed to be described by the
functional form − C

R6 , where the coefficient C is obtained by fitting the electronic energies obtained at
various long-range distances of fragments. To be more precise, we performed a relaxed scan of the
HN-CH2CH3 distance and then fitted the corresponding minimum energy path to a f (x) = f0 − C

x6

function, thus obtaining a C value of 118.86 a0
6 Eh.

3. Results and Discussion

The thermochemical aspects of the gas-phase reaction between the ethyl and imidogen radicals
are first discussed, and then the attention is focused on the results of RRKM kinetic simulations.
Subsequently, the spectroscopic characterization of ethanimine is addressed.

3.1. The NH + C2H5 Reaction: Thermochemistry

As described in the Introduction, we have characterized the most favorable reaction channels
following the addition of NH to C2H5, namely (R1), (R2a), (R2b) and (R3). The resulting pathways are
presented in Figure 3.
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The initial association of reactants leading to the M1 intermediate is highly exothermic, with
M1 easily interconverting to M2 through a small energy barrier (TS1). Since the channel leading
to CH3 + CH2NH requires the smallest number of steps and the lowest barrier (TS2; breaking of
the C – C bond), thermodynamic considerations should favor this process. The evolution of M1 to
E-CH2CHNH + H and of M2 to Z-CH2CHNH + H requires overcoming the transition states TS3
and TS4, respectively, which imply the breaking of one C – H bond and are less than 10 kJ mol−1

higher in energy than TS2. This means that multiple competitive pathways can come into play.
Since the E ←−→ Z isomerization involves a high energy transition state, that is, TS-isom, once
ethanmine is formed, the direct interconversion of the two isomers in the gas phase is very unlikely.
As expected, the predicted stability of E-CH3CHNH by 2.84 kJ mol−1 with respect to the Z isomer is
in agreement with the value of 2.77 kJ mol−1 by Melli et al. [43], the level of theory being nearly the
same. Analogously, the E −−→←−− Z isomerization barrier of 115.7 kJ mol−1 (calculated with respect to
E-CH2CHNH) matches that of ref. [43], while the CCSD(T)/aug-cc-pVTZ value reported in ref. [39]
results to be overestimated. Besides leading to methanimine or ethanimine, M1 could potentially
undergo multiple hydrogen transfers, according to the path reported in green in Figure 3, to end up
with the release of NH2 and C2H4. However, the multiple rearrangements and the relatively high
barrier associated to the M3 - M4 conversion make this process the less feasible in the harsh conditions
of the ISM.

The electronic energies of all the species involved in the paths shown in Figure 3, referred to the
isolated reactants, are collected in Table 1, where harmonic and anharmonic ZPVE corrections are also
given. In addition to CBS+CV, CBS+CV+fT+pQ, HEAT-like and ChS energies, Table 1 also reports B2
results and, for the sake of comparison, the results from Reference [39].

Figure 3. Reaction mechanisms for the NH + C2H5 reaction: complete basis set (CBS)+core-valence
(CV) energies augmented by B2 anharmonic zero-point vibrational energies (ZPVEs).

From the inspection of Table 1, it is evident that the CBS+CV energies obtained by extrapolating
the correlation energy using either cc-pVTZ/cc-pVQZ or cc-pVQZ/cc-pV5Z are in close agreement,
the largest difference being around 0.4 kJ mol−1 for TS7. Incorporation of the fT and pQ contributions
provides negligible effects, the only exceptions being TS2, TS3 and TS4, for which deviations of about
2–3 kJ mol−1 are noted. As expected from our previous experience [24,33,61], the results obtained by
using the ChS model are accurate. In fact, they are within 2.5 kJ mol−1 from the corresponding CBS+CV
values, and within 2 kJ mol−1 with respect to CBS+CV+fT+pQ results. Finally, by incorporating the
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DBOC and relativistic corrections, the HEAT-like values have been obtained. These negligibly differ
from the corresponding CBS+CV+fT+pQ results, the sum of the two contributions being on the order
of 0.1–0.2 kJ mol−1.

In Table 1, the ∆H0
0 values (second last column) correspond to the CBS+CV energies augmented by

anharmonic B2 ZPVEs. It is noted that they are in agreement with those calculated in Reference [39] at
the W1 level (last column), even if the latter are available for a reduced number of species. On the other
hand, the CCSD(T)/aug-cc-pVTZ level (last column), employed in Reference [39] for all stationary
points, shows deviations as large as 19 kJ mol−1 with respect to our CBS+CV results, with an average
overestimation of about 14.5 kJ mol−1. It is particularly interesting that the B2 model chemistry
performs better than CCSD(T)/aug-cc-pVTZ computations, indeed the largest deviation of the former
from CBS+CV data is 9 kJ mol−1, systematically overestimating the latter results.

Table 1. Relative electronic energies together with ZPVE corrections. Values in kJ mol−1.

B2 CBS+CV a CBS+CV+fT+pQ b HEAT-Like b ChS Harm-ZPE c Anharm-ZPE c ∆H0
0

d ∆H0
0

e

NH + C2H5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

M1 −345.16 −352.10 −351.92 −352.09 −352.82 28.40 28.13 −323.97 −311
(−352.01) (−351.83) (−352.00) (-323)

M2 −342.24 −349.43 −349.27 −349.44 −350.28 28.94 28.59 −320.84 −308
(−349.33) (−349.18) (−349.35) (−320)

M3 −382.90 −388.91 - - −390.12 31.07 30.08 −358.83 −340
(−388.89) (−357)

M4 −336.75 −345.98 - - −347.39 28.74 28.30 −317.68 −301
(−345.71) -

TS1 −338.10 −345.27 −345.11 −345.28 −346.14 28.51 28.17 −317.10 −304
(−345.20) (−345.04) (−345.21) (−316)

TS2 −223.85 −226.32 −229.11 −229.22 −227.56 18.47 18.43 −207.89 −197
(−226.58) (−229.37) (−229.48) (−211)

TS3 −195.51 −202.17 −203.93 −204.09 −202.88 9.31 8.85 −193.32 −180
(−202.41) (−204.18) (−204.34) (−197)

TS4 −192.92 −199.72 −201.47 −201.62 −200.42 9.48 9.07 −190.65 −177
(−199.95) (−201.70) (−201.85) (−194)

TS-isom −94.55 −98.47 −98.17 −98.40 −100.55 −4.13 −4.00 −102.47 −84
(−98.81) (−98.51) (−98.74) (−101)

TS5 −190.43 −197.33 - - −199.01 18.79 18.19 −179.14 −165
(−197.27) -

TS6 −176.42 −182.49 - - −184.40 17.70 16.87 −165.62 −146
(−182.51) -

TS7 −236.01 −237.83 - - −238.77 20.67 20.63 −217.20 −207
(−238.27) -

CH2NH + CH3 −245.85 −251.18 −251.36 −251.34 −253.69 7.24 7.47 -243.71 -230
(−251.38) (−251.57) (−251.55) (−243)

E-CH3CHNH + H −213.82 −222.30 −221.99 −221.92 −224.10 4.00 4.14 −218.16 −202
(−222.65) (−222.34) (−222.27) (−217)

Z-CH3CHNH + H −210.94 −219.52 −219.22 −219.13 −221.31 4.06 4.20 −215.32 −199
(−219.85) (−219.55) (−219.46) (−214)

C2H4 + NH2 −242.67 −248.70 - - −250.94 8.26 8.64 -240.06 −228
(−248.78) (−241)

a CBS+CV scheme: the n = T,Q set of bases for the extrapolation to the CBS limit and cc-pCVTZ for the the CV
contribution. Within parentheses, the results for the n = Q,5 set (CBS) and cc-pCVQZ (CV). b CBS+CV: n = T,Q set
(CBS) and cc-pCVTZ (CV). Within parentheses, n = Q,5 (CBS) and cc-pCVQZ (CV). c Relative ZPVE corrections
at the B2 level. d CBS+CV electronic energies augmented by anharmonic ZPVE corrections. e Data from ref. [39]:
values at the CCSD(T)/aug-cc-pVTZ level, within parentheses W1 values. ZPVE corrected values.

3.2. The NH + C2H5 Reaction: Rate Coefficients

As described in Section 2.2, for the reaction paths shown in Figure 3, channel specific rate
constants have been computed using AITSTME. For these calculations, the CBS+CV energies, corrected
by anharmonic ZPVEs, have employed for all intermediate and transition states of the PES. The rate
coefficients have been evaluated in the 10–300 K temperature range and at pressure of 1× 10−12 atm,
the results being collected in Table 2. The corresponding temperature dependence plots are shown in
Figure 4.
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Figure 4. Rate coefficients as a function of temperature for the four products.

The kinetic analysis shows that, in agreement with previous computations, only the
channels leading to methanimine (R1), E-ethanimine (R2a), and Z-ethanimine (R2b) are significant.
The contribution of the channel leading to C2H4 + NH2 is indeed negligible because of the limitations
explained above. Focusing on the temperature dependence of the rate constant, an interesting feature
can be noted at very low temperature (i.e., 10 K). In fact, at such low temperatures, the trend of k for
the channel leading to C2H4 + NH2 shows a larger variation with temperature than the other paths.
This can be explained as a quantum tunneling effect because the TSs of this path are higher in energy
and the rearrangements involve H transfer.

As mentioned in Section 2.1.1, the two reactants, CH3CH2 and NH, are in a spin-doublet and a
spin-triplet state, respectively. As a consequence, this results in a total of six spin-microstates, which
can be classified in reactive (overall: spin-doublet state) and non-reactive (overall: spin-quartet state).
Since the number of the reactive spin-microstates is 2 and that of the non-reactive ones is 4, a statistical
factor of 1/3 must be applied to the total reaction rate constant in order to account for this ratio.
This has been indeed taken into account in our calculations.

The branching ratios at selected temperatures are shown in Table 3. Is clear that, at all the
temperatures considered, the channel leading to CH3 + CH2NH is by far the dominant one, indeed
accounting for more than 87% of the total yield. The ratio between the E- and Z- isomers of
ethanimine spans from 1.3 to 1.4 in the entire analyzed range. Even if this value is greater than
that obtained by Balucani et al. [39], it is still underestimated with respect to the factor of ca. 3 derived
from the observation of Loomis et al. [29]. While our theoretical estimate is difficult to improve
(because already at the state of the art), this discrepancy deserves to be addressed in some details.
First of all, the astronomical value is affected by a large uncertainty mostly due to the fact that,
for the analysis of E-ethanimine features, the authors had to fix its excitation temperature to that
derived for Z-CH3CHNH, this resulting in an approximate value of the column density of the E
species (see Reference [29] for a thorough account). Second, a non negligible contribution of dust-grain
chemistry to the production of ethanimine cannot be excluded.
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Table 2. Product-formation rate constants (in cm3 molecule−1 s−1) at 1× 10−12 atm as a function of
the temperature.

T (K) CH3 + CH2NH E-CH3CHNH Z-CH3CHNH C2H4 + NH2

10 1.13× 10−10 8.87× 10−12 6.29× 10−12 7.19× 10−13

20 1.28× 10−10 8.45× 10−12 6.35× 10−12 5.98× 10−13

30 1.38× 10−10 8.64× 10−12 6.61× 10−12 5.90× 10−13

40 1.45× 10−10 8.91× 10−12 6.85× 10−12 6.00× 10−13

50 1.50× 10−10 9.18× 10−12 7.08× 10−12 6.14× 10−13

60 1.55× 10−10 9.41× 10−12 7.27× 10−12 6.27× 10−13

70 1.59× 10−10 9.67× 10−12 7.47× 10−12 6.45× 10−13

80 1.63× 10−10 9.90× 10−12 7.64× 10−12 6.61× 10−13

90 1.66× 10−10 1.01× 10−11 7.80× 10−12 6.76× 10−13

100 1.69× 10−10 1.03× 10−11 7.95× 10−12 6.90× 10−13

110 1.71× 10−10 1.05× 10−11 8.08× 10−12 7.03× 10−13

120 1.74× 10−10 1.07× 10−11 8.21× 10−12 7.16× 10−13

130 1.76× 10−10 1.08× 10−11 8.33× 10−12 7.28× 10−13

140 1.78× 10−10 1.10× 10−11 8.44× 10−12 7.39× 10−13

150 1.80× 10−10 1.11× 10−11 8.55× 10−12 7.50× 10−13

160 1.82× 10−10 1.12× 10−11 8.65× 10−12 7.60× 10−13

170 1.84× 10−10 1.14× 10−11 8.75× 10−12 7.70× 10−13

180 1.86× 10−10 1.15× 10−11 8.84× 10−12 7.80× 10−13

190 1.87× 10−10 1.16× 10−11 8.93× 10−12 7.90× 10−13

200 1.89× 10−10 1.18× 10−11 9.02× 10−12 7.99× 10−13

210 1.90× 10−10 1.19× 10−11 9.11× 10−12 8.09× 10−13

220 1.92× 10−10 1.20× 10−11 9.19× 10−12 8.18× 10−13

230 1.93× 10−10 1.21× 10−11 9.27× 10−12 8.26× 10−13

240 1.94× 10−10 1.22× 10−11 9.35× 10−12 8.35× 10−13

250 1.96× 10−10 1.23× 10−11 9.42× 10−12 8.44× 10−13

260 1.97× 10−10 1.24× 10−11 9.49× 10−12 8.52× 10−13

270 1.98× 10−10 1.25× 10−11 9.57× 10−12 8.61× 10−13

280 1.99× 10−10 1.26× 10−11 9.64× 10−12 8.69× 10−13

290 2.00× 10−10 1.27× 10−11 9.71× 10−12 8.78× 10−13

300 2.01× 10−10 1.28× 10−11 9.77× 10−12 8.86× 10−13

Table 3. Product branching ratios at various temperatures.

Branching Ratios CH3 + CH2NH E-CH3CHNH + H Z-CH3CHNH + H C2H4 + NH2

10 K 87.7% 6.9% 4.9% 0.6%
100 K 89.9% 5.5% 4.2% 0.4%
300 K 89.6% 5.7% 4.3% 0.4%

Finally, kinetic calculations have also been performed using the CBS+CV+fT+pQ energies,
corrected by anharmonic B2 ZPVEs. In these calculations, the reaction channel R3 has been excluded,
since it has been demonstrated that it gives non relevant contribution to the total reactive flux.
The results are almost identical to those obtained exploiting CBS+CV energies. For the sake of
completeness, they are only reported in the Supplementary Materials.

3.3. E-/Z-CH3CHNH: Spectroscopic Characterization

In Reference [43], an integrated experimental-theoretical strategy for the spectroscopic
characterization required for guiding astronomical searches of molecular signatures in space has
been presented together with its application to ethanimine. To exploit the interplay of experiment and
theory, we have relied on the VMS-ROT software [106].

Despite the fact that state-of-the-art QC computations are able to provide predictions for rotational
transitions with an accuracy better than 0.1% (see, e.g., Reference [71] and Table 4), this is not
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generally sufficient for guiding astronomical searches and/or assignments, thus requiring experimental
determinations of the corresponding spectroscopic parameters. In fact, when dealing with broadband
unbiased astronomical surveys, rotational transition frequencies need to be known with an accuracy
preferably better than 100 kHz, an accuracy that can be easily obtained from experimental studies.

Table 4. Computed and experimental rotational parameters (values in MHz) of ethanimine.

E-CH3CHNH Z-CH3CHNH

Theory
Experiment a

Theory
Experiment a

Best Estimates b B2 c Best Estimates b B2 c

A0 53178.26 53398.97 53120.561(30) 50002.63 50288.21 49964.87(93)
B0 9780.14 9744.02 9782.7720(47) 9831.98 9781.22 9832.4823(96)
C0 8702.82 8679.22 8697.0263(46) 8652.81 8621.21 8646.0305(94)
∆J 6.48×10−3 6.39×10−3 6.4641(49)×10−3 6.99×10−3 6.96×10−3 6.938(13)×10−3

∆K 0.568 0.575 0.5763(34) 0.468 0.480 0.468 d

∆JK −0.0165 −0.0165 −0.01403(21) -0.0163 −0.0182 −0.01219(23)
δJ 1.09×10−3 1.06×10−3 1.1033(19)×10−3 1.25×10−3 1.24×10−3 1.2657(65)×10−3

δK −0.0535 −0.0518 −0.06709(59) −0.0522 −0.0464 −0.0642(19)

V3
e 563.1 488.8 566.37(20) 523.3 446.4 517.41(33)

a Watson A-reduction. Values in parenthesis denote one standard deviation and apply to the last digits of the
constants. b Equilibrium CBS+CV rotational constants augmented by B2 vibrational corrections. Quartic centrifugal
distortion constants at the CCSD(T)/cc-pCVQZ level. For details, see [43]. c This work. d Fixed at the best-estimated
theoretical value. e V3 values in cm−1.

The spectroscopic parameters of the two isomers of ethanimine have been computed as explained
in Section 2.1.2 and, in more details, in Reference [43]. Table 4 collects a selection of computed
spectroscopic parameters, which are compared with their experimental counterparts (see ref. [43] for
an extended version of this table). In order to improve the prediction of the rotational spectrum,
the computed rotational constants have been replaced by those available from Reference [42].
The resulting simulated spectra, shown in Figure 5, have then used to guide rotational spectrum
measurements, thus leading to a straightforward assignment of the rotational transitions up to 300
GHz [43].

Back to Table 4, there is excellent agreement between the computed and experimental rotational
constants, with the maximum discrepancy (i.e., 0.1%) noted for the A0 constant. For quartic centrifugal
distortion constants, a quantitative agreement between theory and experiment is apparent as well.
In Table 4, the determination of the V3 term is also reported. As briefly mentioned in Section 2.1.2,
this is due to the internal rotation of the – CH3 group (see Figures 2 and 5), which leads to a periodic
potential energy along the torsional angle, with V3 being the energy barrier (the reader is referred to
Reference [43] for a detailed account). This parameter is important in the prediction and analysis of
the rotational spectrum because, the V3 barrier being finite, a tunneling effect occurs. This leads to a
splitting of the threefold degeneracy into two levels, a nondegenerate A level and a doubly degenerate
E level. As a consequence, rotational transitions in the A and E torsional sublevels are observed, and
their separation depends on the value of V3.

In Table 4, for comparison purposes, the results at the B2 level are also reported. Despite the
reduced computational cost, the B2 parameters are accurate: the discrepancies for the rotational
constants range, in relative terms, from 0.2% to 0.5%. The worsening in the prediction of the centrifugal
distortion constants (with respect to the all-CCSD(T)/cc-pCVQZ level) is nearly negligible and, for the
V3 barrier, the disagreement is well within 1 kJ mol−1. These results are particularly significant for the
study of larger systems, which are currently not amenable to the most accurate computations reported
in the present study.
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Figure 5. Simulation of the rotational spectra of E- (top panel) and Z-CH3CHNH (bottom panel) at
T = 100 K obtained with the VMS-ROT software. The absolute values of the dipole moment components
are also reported. The red circles highlight the frequency ranges for which measurements were available
prior to the investigation of Reference [43].

4. Conclusions

Astrochemistry is an interdisciplinary field involving chemistry, physics, and astronomy, and is
strongly interconnected to astrobiology. The main aim of astrochemistry is to understand the chemical
evolution of the universe, thus investigating the formation and destruction of molecules in space,
but also their interaction with radiation and their feedback on physics of the environments. In the
present contribution, the paradigmatic case of ethanimine has been used to drive the readers in a
fascinating journey among the different computational tools presently available to investigate two
major challenges in astrochemistry—the discovery of new molecules in space and the understanding
of how they can be formed. Ethanimine has been chosen because of its prebiotic potential, thus being a
first step toward the demonstration of the presence of biological building-block molecules in the ISM.

Because of difficulties in experimentally mimicking the extreme conditions that characterize
the interstellar medium, accurate state-of-the-art computational approaches play a fundamental role.
We have demonstrated how state-of-the-art QC methodologies are able to accurately describe reactive
PESs, to be complemented by kinetic calculations, and predict the spectroscopic parameters of the
reaction products. Even if our state-of-the-art investigation on the gas-phase formation of ethanimine
is not able to perfectly reproduce the [E-CH3CHNH]/[Z-CH3CHNH] ratio of ca. 3 issuing from
astronomical observations, the result obtained (1.4) is of the correct order of magnitude and it can
be considered as a satisfactory value in view of the complexity of the chemistry in space, involving
several reactions at the same time both in the gas phase and on dust-grains. From a spectroscopic
point of view, it has been shown how state-of-the-art QC methodologies can guide, support and
complement rotational spectroscopy studies, the latter providing the rest frequencies required by
astronomical searches.
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Supplementary Materials: The following are available online, Figure S1: Structures of the species appearing in
the formation pathway of ethanimine as obtained at B2PLYP-D3(BJ)/aug-cc-pVTZ level of theory. Numeric labels
are used for structural analysis in Table S1, Figure S2: Product branching ratios at various temperatures, Table S1:
Structural parameters of the stationary points of the NH + C2H5 reaction at different levels of theory. Distances
are in Å, angles in ◦, Table S2: Energies are in Eh. Reference geometries at B2PLYP-D3(BJ)/aug-cc-pVTZ level of
theory, Table S3: Coupled-cluster T1 diagnostic for all the species considered.

Author Contributions: Conceptualization, C.P. and V.B.; Data curation, C.B. and J.L.; Formal analysis, C.B. and
J.L.; Funding acquisition, N.T., C.P. and V.B.; Methodology, C.P. and V.B.; Supervision, N.T.; Writing–original draft,
C.B. and J.L.; Writing–review and editing, N.T., C.P. and V.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Italian MIUR grant numbers 2017A4XRCA (PRIN 2017) and 2015F59J3R
(PRIN 2015), by the University of Bologna (RFO funds), and by Scuola Normale Superiore (Grant number
SNS18_B_TASINATO).

Acknowledgments: The SMART@SNS Laboratory (http://smart.sns.it) is acknowledged for providing high-
performance computer facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Snyder, L.E.; Buhl, D.; Zuckerman, B.; Palmer, P. Microwave detection of interstellar formaldehyde.
Phys. Rev. Lett. 1969, 22, 679. [CrossRef]

2. Ball, J.A.; Gottlieb, C.A.; Lilley, A.E.; Radford, H.E. Detection of Methyl Alcohol in Sagittarius. Astrophys. J.
Lett. 1970, 162, L203. [CrossRef]

3. Zuckerman, B.; Ball, J.A.; Gottlieb, C.A. Microwave detection of interstellar formic acid. Astrophys. J. 1971,
163, L41. [CrossRef]

4. McGuire, B.A. Census of Interstellar, Circumstellar, Extragalactic, Protoplanetary Disk, and Exoplanetary
Molecules. Astrophys. J. Suppl. Ser. 2018, 239, 17. [CrossRef]

5. Tielens, A.G.G.M. The molecular universe. Rev. Mod. Phys. 2013, 85, 1021–1081,
doi:10.1103/RevModPhys.85.1021. [CrossRef]

6. Herbst, E.; Dishoeck, E. Complex Interstellar Organic Molecules. Annu. Rev. Astron. Astrophys. 2009, 47, 427.
[CrossRef]

7. Hollis, J.M.; Vogel, S.N.; Snyder, L.E.; Jewell, P.R.; Lovas, F.J. Interstellar glycolaldehyde: The first sugar.
Astrophys. J. 2000, 540, L107. [CrossRef]

8. Hollis, J.M.; Lovas, F.J.; Remijan, A.R.; Jewell, P.R.; Ilyushin, V.V.; Kleiner, I. Detection of Acetamide
(CH3CONH2): The Largest Interstellar Molecule with a Peptide Bond. Astrophys. J. 2006, 643, L25. [CrossRef]

9. Jørgensen, J.K.; Favre, C., Bisschop, S.E.; Bourke, T.L.; van Dischoek, E.F.; Schmalzl, M. Detection of the
Simplest Sugar, Glycolaldehyde, in a Solar-type Protostar with ALMA. Astrophys. J. 2012, 757, L4. [CrossRef]

10. Zaleski, D.P.; Seifert, N.A.; Steber, A.L.; Muckle, M.T.; Loomis, R.A.; Corby, J.F.; Martinez, O.J.; Carbtree, K.N.;
Jewell, F.R.; Hollis, J.M.; et al. Detection of E-Cyanomethanimine Toward Sagittarius B2(N) in the Green
Bank Telescope PRIMOS Survey. Astrophys. J. 2013, 765, L10. [CrossRef]

11. Barone, V.; Biczysko, M.; Puzzarini, C. Quantum Chemistry Meets Spectroscopy for Astrochemistry:
Increasing Complexity toward Prebiotic Molecules. ACC Chem. Res. 2015, 48, 1413. [CrossRef] [PubMed]

12. Garrod, R.T.; Belloche, A.; Müller, H.S.P.; Menten, K.M. Exploring molecular complexity with ALMA
(EMoCA): Simulations of branched carbon-chain chemistry in Sgr B2(N). Astron. Astrophys. 2017, 601, A48.
[CrossRef]

13. Melosso, M.; Melli, A.; Puzzarini, C.; Codella, C.; Spada, L.; Dore, L.; Esposti, C.D.; Lefloch, B.;
Bachiller, R.; Ceccarelli, C.; et al. Laboratory measurements and astronomical search for cyanomethanimine.
Astron. Astrophys. 2018, 609, A121. [CrossRef] [PubMed]

14. Belloche, A..; Garrod, R.T.; Müller, H.S.P.; Menten, K.M.; Medvedev, I.; Thomas, J.; Kisiel, Z. Re-exploring
Molecular Complexity with ALMA (ReMoCA): Interstellar detection of urea. Astron. Astrophys. 2019,
628, A10. [CrossRef]

15. Garrod, R. T..; Herbst, E. Formation of methyl formate and other organic species in the warm-up phase of
hot molecular cores. Astron. Astrophys. 2006, 457, 927–936. [CrossRef]

http://smart.sns.it
http://dx.doi.org/10.1103/PhysRevLett.22.679
http://dx.doi.org/10.1086/180654
http://dx.doi.org/10.1086/180663
http://dx.doi.org/10.3847/1538-4365/aae5d2
https://doi.org/10.1103/RevModPhys.85.1021
http://dx.doi.org/10.1103/RevModPhys.85.1021
http://dx.doi.org/10.1146/annurev-astro-082708-101654
http://dx.doi.org/10.1086/312881
http://dx.doi.org/10.1086/505110
http://dx.doi.org/10.1088/2041-8205/757/1/L4
http://dx.doi.org/10.1088/2041-8205/765/1/L10
http://dx.doi.org/10.1021/ar5003285
http://www.ncbi.nlm.nih.gov/pubmed/25894724
http://dx.doi.org/10.1051/0004-6361/201630254
http://dx.doi.org/10.1051/0004-6361/201731972
http://www.ncbi.nlm.nih.gov/pubmed/30078846
http://dx.doi.org/10.1051/0004-6361/201935428
http://dx.doi.org/10.1051/0004-6361:20065560


Molecules 2020, 25, 2873 17 of 21

16. Garrod, R.T.; Weaver, S.L.W.; Herbst, E. Complex Chemistry in Star-forming Regions: An Expanded
Gas-Grain Warm-up Chemical Model. Astrophys. J. 2008, 682, 283–302. [CrossRef]

17. Balucani, N.; Ceccarelli, C.; Taquet, V. Formation of complex organic molecules in cold objects: The role of
gas-phase reactions. Mon. Not. R. Astron. Soc. 2015, 449, L16–L20. [CrossRef]

18. Linnartz, H.; Ioppolo, S.; Fedoseev, G. Atom addition reactions in interstellar ice analogues. Int. Rev.
Phys. Chem. 2015, 34, 205–237. [CrossRef]

19. Vazart, F.; Calderini, D.; Puzzarini, C.; Skouteris, D.; Barone, V. State-of-the-Art Thermochemical and Kinetic
Computations for Astrochemical Complex Organic Molecules: Formamide Formation in Cold Interstellar
Clouds as a Case Study. J. Chem. Theory Comput. 2016, 12, 5385–5397. [CrossRef]

20. Rimola, A.; Skouteris, D.; Balucani, N.; Ceccarelli, C.; Enrique-Romero, J.; Taquet, V.; Ugliengo, P.
Can Formamide Be Formed on Interstellar Ice? An Atomistic Perspective. ACS Earth Space Chem. 2018,
2, 720–734. [CrossRef]

21. Vastel, C.; Ceccarelli, C.; Lefloch, B.; Bachiller, R. The origin of complex organic molecules in prestellar cores.
Astrophys. J. 2014, 795, L2. [CrossRef]

22. Yamamoto, S. (Ed.) Introduction to Astrochemistry (Chemical Evolution from Interstellar Clouds to Star and Planet
Formation); Springer Japan KK: Tokyo, Japan, 2017.

23. Puzzarini, C. Grand Challenges in Astrochemistry. Front. Astron. Space Sci. 2020,
7, 19.10.3389/fspas.2020.00019. [CrossRef]

24. Puzzarini, C.; Barone, V. The challenging playground of astrochemistry: An integrated rotational
spectroscopy–quantum chemistry strategy. Phys. Chem. Chem. Phys. 2020, 22, 6507–6523. [CrossRef]
[PubMed]

25. Codella, C.; Ceccarelli, C.; Caselli, P.; Balucani, N.; Barone, V.; Fontani, F.; Lefloch, B.; Podio, L.; Viti, S.;
Feng, S.; et al. Seeds of Life in Space (SOLIS): II. Formamide in protostellar shocks: Evidence for gas-phase
formation. Astron. Astrophys. 2017, 605, L3. [CrossRef]

26. Quan, D.; Herbst, E.; Corby, J.F.; Durr, A.; Hassel, G. Chemical simulations of prebiotic molecules: Interstellar
ethanimine isomers. Astrophys. J. 2016, 824, 129. [CrossRef]

27. Woon, D.E. Pathways to Glycine and Other Amino Acids in Ultraviolet-irradiated Astrophysical Ices
Determined via Quantum Chemical Modeling. Astrophys. J. 2002, 571, L177–L180. [CrossRef]

28. Elsila, J.E.; Dworkin, J.P.; Bernstein, M.P.; Martin, M.P.; Sandford, S.A. Mechanisms of amino acid formation
in interstellar ice analogs. Astrophys. J. 2007, 660, 911. [CrossRef]

29. Loomis, R.A.; Zaleski, D.P.; Steber, A.L.; Neill, J.L.; Muckle, M.T.; Harris, B.J.; Hollis, J.M.; Jewell, P.R.;
Lattanzi, V.; Lovas, F.J.; et al. The detection of interstellar ethanimine (CH3CHNH) from observations taken
during the GBT PRIMOS survey. Astrophys. J. Lett. 2013, 765, L9. [CrossRef]

30. Balucani, N.; Leonori, F.; Petrucci, R.; Stazi, M.; Skouteris, D.; Rosi, M.; Casavecchia, P. Formation of nitriles
and imines in the atmosphere of Titan: Combined crossed-beam and theoretical studies on the reaction
dynamics of excited nitrogen atoms N(2D) with ethane. Faraday Discuss. 2010, 147, 189–216. [CrossRef]

31. Clarke, D.; Ferris, J.P. Chemical evolution on Titan: Comparisons to the prebiotic Earth. Orig. Life Evol. Biol.
1997, 27, 225–248. [CrossRef]

32. Raulin, F.; McKay, C.; Lunine, J.; Owen, T., Eds. Titan from Cassini-Huygens; Springer: Dordrecht,
The Netherlands, 2009.

33. Salta, Z.; Tasinato, N.; Lupi, J.; Boussessi, R.; Balbi, A.; Puzzarini, C.; Barone, V. Exploring the Maze of
C2N2H5 Radicals and Their Fragments in the Interstellar Medium with the Help of Quantum-Chemical
Computations. ACS Earth Space Chem. 2020, 4, 774–782. [CrossRef]

34. Barone, V.; Latouche, C.; Skouteris, D.; Vazart, F.; Balucani, N.; Ceccarelli, C.; Lefloch, B. Gas-phase formation
of the prebiotic molecule formamide: Insights from new quantum computations. Mon. Not. R. Astron.
Soc. Lett. 2015, 453, L31–L35. [CrossRef]

35. Skouteris, D.; Balucani, N.; Ceccarelli, C.; Vazart, F.; Puzzarini, C.; Barone, V.; Codella, C.; Lefloch, B.
The Genealogical Tree of Ethanol: Gas-phase Formation of Glycolaldehyde, Acetic Acid, and Formic Acid.
Astrophys. J. 2018, 854, 135. [CrossRef]

36. Puzzarini, C.; Bloino, J.; Tasinato, N.; Barone, V. Accuracy and Interpretability: The Devil and the Holy
Grail. New Routes across Old Boundaries in Computational Spectroscopy. Chem. Rev. 2019, 119, 8131–8191.
[CrossRef] [PubMed]

http://dx.doi.org/10.1086/588035
http://dx.doi.org/10.1093/mnrasl/slv009
http://dx.doi.org/10.1080/0144235X.2015.1046679
http://dx.doi.org/10.1021/acs.jctc.6b00379
http://dx.doi.org/10.1021/acsearthspacechem.7b00156
http://dx.doi.org/10.1088/2041-8205/795/1/L2
https://doi.org/10.3389/fspas.2020.00019
http://dx.doi.org/10.3389/fspas.2020.00019
http://dx.doi.org/10.1039/D0CP00561D
http://www.ncbi.nlm.nih.gov/pubmed/32163090
http://dx.doi.org/10.1051/0004-6361/201731249
http://dx.doi.org/10.3847/0004-637X/824/2/129
http://dx.doi.org/10.1086/341227
http://dx.doi.org/10.1086/513141
http://dx.doi.org/10.1088/2041-8205/765/1/L9
http://dx.doi.org/10.1039/c004748a
http://dx.doi.org/10.1023/A:1006582416293
http://dx.doi.org/10.1021/acsearthspacechem.0c00062
http://dx.doi.org/10.1093/mnrasl/slv094
http://dx.doi.org/10.3847/1538-4357/aaa41e
http://dx.doi.org/10.1021/acs.chemrev.9b00007
http://www.ncbi.nlm.nih.gov/pubmed/31187984


Molecules 2020, 25, 2873 18 of 21

37. Skouteris, D.; Vazart, F.; Ceccarelli, C.; Balucani, N.; Puzzarini, C.; Barone, V. New quantum chemical
computations of formamide deuteration support gas-phase formation of this prebiotic molecule. Mon. Not.
R. Astron. Soc. Lett. 2017, 468, L1–L5. [CrossRef]

38. Suzuki, T.; Ohishi, M.; Hirota, T.; Saito, M.; Majumdar, L.; Wakelam, V. Survey observations of a possible
glycine precursor, methanimine (CH2NH). Astrophys. J. 2016, 825, 79. [CrossRef]

39. Balucani, N.; Skouteris, D.; Ceccarelli, C.; Codella, C.; Falcinelli, S.; Rosi, M. A theoretical investigation of the
reaction between the amidogen, NH, and the ethyl, C2H5, radicals: A possible gas-phase formation route of
interstellar and planetary ethanimine. Mol. Astrophys. 2018, 13, 30–37. [CrossRef]

40. Singh, K.K.; Tandan, P.; Misra, A. A quantum chemical study on the formation of ethanimine (CH3CHNH)
in the interstellar ice. Astrophys. Space Sci. 2018, 363, 213. [CrossRef]

41. Brown, D.E.; Godfry, P.D.; Winkler, D.A. The microwave spectrum of (Z)-Ethanimine. Aust. J. Chem. 1980,
33, 1. [CrossRef]

42. Lovas, F.J.; Suenram, R.D.; Johnson, D.R.; Clark, F. O.; Tiemann, F. Pyrolysis of ethylamine. II. Synthesis and
microwave spectrum of ethylidenimine (CH3CH –– NH). J. Chem. Phys. 1980, 72, 4964–4972. [CrossRef]

43. Melli, A.; Melosso, M.; Tasinato, N.; Bosi, G.; Spada, L.; Bloino, J.; Mendolicchio, M.; Dore, L.; Barone, V.;
Puzzarini, C. Rotational and Infrared Spectroscopy of Ethanimine: A Route toward Its Astrophysical and
Planetary Detection. Astrophys. J. 2018, 855, 13. [CrossRef]

44. Hashiguchi, K.; Hamada, Y.; Tsuboi, M.; Koga, Y.; Kondo, S. Pyrolysis of amines: Infrared spectrum of
ethylideneimine. J. Mol. Spectr. 1984, 105, 81–92. [CrossRef]

45. Stolkin, I.; Ha, T.K.; Günthard, H. N-methylmethyleneimine and ethylideneimine: Gas- and matrix-infrared
spectra, Ab initio calculations and thermodynamic properties. Chem. Phys. 1977, 21, 327–347. [CrossRef]

46. Barone, V. Anharmonic vibrational properties by a fully automated second-order perturbative approach.
J. Chem. Phys. 2005, 122, 014108 . [CrossRef]

47. Klippenstein, S.J. From Theoretical Reaction Dynamics to Chemical Modeling of Combustion. Proc. Combust. Inst.
2017, 36, 77–111. [CrossRef]

48. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.;
Petersson, G.A.; Nakatsuji, H.; et al. Gaussian 16 Revision C.01; Gaussian Inc.: Wallingford, CT, USA, 2016.

49. Stanton, J.F.; Gauss, J.; Cheng, L.; Harding, M.E.; Matthews, D.A.; Szalay, P.G. CFOUR, Coupled-Cluster
Techniques for Computational Chemistry, a Quantum-Chemical Program Package v2.1 . Available online:
http://www.cfour.de (accessed on 17 January 2020).

50. Kállay, M.; Nagy, P.R.; Rolik, Z.; Mester, D.; Samu, G.; Csontos, J.; Csóka, J.; Szabó, B.P.; Gyevi-Nagy, L.;
Ladjánszki, I.; et al. MRCC, a Quantum Chemical Program Suite. 2018. Available online: http://www.mrcc.
hu (accessed on 17 January 2020).

51. Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional
of the electron density. Phys. Rev. B 1988, 37, 785–789. [CrossRef]

52. Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993,
98, 5648–5652. [CrossRef]

53. Kendall, R.A.; Dunning, T.H.; Harrison, R.J. Electron affinities of the first-row atoms revisited. Systematic
basis sets and wave functions. J. Chem. Phys. 1992, 96, 6796–6806 . [CrossRef]

54. Dunning, T.H. Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through
neon and hydrogen. J. Chem. Phys. 1989, 90, 1007–1023. [CrossRef]

55. Grimme, S. Semiempirical hybrid density functional with perturbative second-order correlation.
J. Chem. Phys. 2006, 124, 034108. [CrossRef]

56. Chen, J.; Zheng, Y.; Melli, A.; Spada, L.; Lu, T.; Feng, G.; Gou, Q.; Barone, V.; Puzzarini, C. Theory meets
experiment for elucidating the structure and stability of non-covalent complexes: Water–amine interaction
as a proof of concept. Phys. Chem. Chem. Phys. 2020, 22, 5024–5032. [CrossRef] [PubMed]

57. Wang, J.; Spada, L.; Chen, J.; Gao, S.; Alessandrini, S.; Feng, G.; Puzzarini, C.; Gou, Q.; Grabow, J.U.;
Barone, V. The Unexplored World of Cycloalkene–Water Complexes: Primary and Assisting Interactions
Unraveled by Experimental and Computational Spectroscopy. Angew. Chem. Int. Ed. 2019, 58, 13935–13941.
[CrossRef] [PubMed]

58. Boussessi, R.; Geselin, G.; Tasinato, N.; Barone, V. DFT meets the segmented polarization consistent basis
sets: Performances in the computation of molecular structures, rotational and vibrational spectroscopic
properties. J. Mol. Struct. 2020, 1208, 127886. [CrossRef]

http://dx.doi.org/10.1093/mnrasl/slx012
http://dx.doi.org/10.3847/0004-637X/825/1/79
http://dx.doi.org/10.1016/j.molap.2018.10.001
http://dx.doi.org/10.1007/s10509-018-3399-6
http://dx.doi.org/10.1071/CH9800001
http://dx.doi.org/10.1063/1.439783
http://dx.doi.org/10.3847/1538-4357/aaa899
http://dx.doi.org/10.1016/0022-2852(84)90105-X
http://dx.doi.org/10.1016/0301-0104(77)85189-6
http://dx.doi.org/10.1063/1.1824881
http://dx.doi.org/10.1016/j.proci.2016.07.100
http://www.cfour.de
http://www.mrcc.hu
http://www.mrcc.hu
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.2148954
http://dx.doi.org/10.1039/C9CP06768J
http://www.ncbi.nlm.nih.gov/pubmed/32073087
http://dx.doi.org/10.1002/anie.201906977
http://www.ncbi.nlm.nih.gov/pubmed/31361384
http://dx.doi.org/10.1016/j.molstruc.2020.127886


Molecules 2020, 25, 2873 19 of 21

59. Spada, L.; Tasinato, N.; Vazart, F.; Barone, V.; Caminati, W.; Puzzarini, C. Noncovalent Interactions and
Internal Dynamics in Pyridine–Ammonia: A Combined Quantum-Chemical and Microwave Spectroscopy
Study. Chem. Eur. J. 2017, 23, 4876–4883. [CrossRef] [PubMed]

60. Spada, L.; Tasinato, N.; Bosi, G.; Vazart, F.; Barone, V.; Puzzarini, C. On the competition between weak O–H···F
and C–H···F hydrogen bonds, in cooperation with C–H···O contacts, in the difluoromethane–tert-butyl alcohol
cluster. J. Mol. Spectrosc. 2017, 337, 90–95. [CrossRef] [PubMed]

61. Lupi, J.; Puzzarini, C.; Cavallotti, C.; Barone, V. State-of-the-art quantum chemistry meets variable reaction
coordinate transition state theory to solve the puzzling case of the H2S + Cl system. J. Chem. Theory Comput.
2020, submitted.

62. Puzzarini, C.; Salta, Z.; Tasinato, N.; Lupi, J.; Cavallotti, C.; Barone, V. A twist on the reaction of the CN
radical with methylamine in the interstellar medium: New hints from a state-of-the-art quantum-chemical
study. Mon. Not. R. Astron. Soc. Lett. 2020, submitted. [CrossRef]

63. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104.
[CrossRef]

64. Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping function in dispersion corrected density functional
theory. J. Comput. Chem. 2011, 32, 1456–1465. [CrossRef]

65. Rajvanshi, J.S.; Baluja, K.L. Electron-impact study of the NH radical using the R-matrix method. Phys. Rev. A
2010, 82, 062710. [CrossRef]

66. Martin, J.M.L.; Lee, T.J.; Taylor, P.R.; François, J. The anharmonic force field of ethylene, C2H4, by means of
accurate ab initio calculations. J. Chem. Phys. 1995, 103, 2589–2602. [CrossRef]

67. Barone, V. Vibrational zero-point energies and thermodynamic functions beyond the harmonic approximation.
J. Chem. Phys. 2004, 120, 3059–3065. [CrossRef] [PubMed]

68. Bloino, J.; Biczysko, M.; Barone, V. General Perturbative Approach for Spectroscopy, Thermodynamics, and
Kinetics: Methodological Background and Benchmark Studies. J. Chem. Theor. Comput. 2012, 8, 1015–1036.
[CrossRef] [PubMed]

69. Gordy, W.; Cook, R.L. Microwave Molecular Spectra, 3nd ed.; John Wiley & Sons: Hoboken, NY, USA, 1984.
70. Mills, I.M. Vibration-Rotation Structure in Asymmetric- and Symmetric-Top Molecules. In Molecular

Spectroscopy: Modern Research; Rao, K.N.; Mathews, C.W., Eds.; Academic Press: New York, NY, USA, 1972;
Chapter 3.2, pp. 115–140.

71. Puzzarini, C.; Heckert, J.; Gauss, J. The accuracy of rotational constants predicted by high-level
quantum-chemical calculations. I. molecules containing first-row atoms. J. Chem. Phys. 2008, 128, 194108.
[CrossRef]

72. Alessandrini, S.; Gauss, J.; Puzzarini, C. Accuracy of Rotational Parameters Predicted by High-Level
Quantum-Chemical Calculations: Case Study of Sulfur-Containing Molecules of Astrochemical Interest.
J. Chem. Theory Comput. 2018, 14, 5360–5371. [CrossRef]

73. Puzzarini, C.; Stanton, J.F.; Gauss, J. Quantum-chemical calculation of spectroscopic parameters for rotational
spectroscopy. Int. Rev. Phys. Chem. 2010, 29, 273–367. [CrossRef]

74. Papajak, E.; Leverentz, H.R.; Zheng, J.; Truhlar, D.G. Efficient Diffuse Basis Sets: cc-pVxZ+ and
maug-cc-pVxZ. J. Chem. Theo. Computat. 2009, 5, 1197–1202. [CrossRef]

75. Fornaro, T.; Biczysko, M.; Bloino, J.; Barone, V. Reliable vibrational wavenumbers for C=O N–H stretchings of
isolated and hydrogen-bonded nucleic acid bases. Phys. Chem. Chem. Phys. 2016, 18, 8479–8490. [CrossRef]

76. Purvis, G.D.; Bartlett, R.J. A full coupled-cluster singles and doubles model: The inclusion of disconnected
triples. J. Chem. Phys. 1982, 76, 1910–1918. [CrossRef]

77. Lee, T.J.; Taylor, P.R. A diagnostic for determining the quality of single-reference electron correlation methods.
Int. J. Quantum Chem. 1989, 36, 199–207.10.1002/qua.560360824. [CrossRef]

78. Feller, D. The use of systematic sequences of wave functions for estimating the complete basis set,
full configuration interaction limit in water. J. Chem. Phys. 1993, 98, 7059–7071. [CrossRef]

79. Helgaker, T.; Klopper, W.; Koch, H.; Noga, J. Basis-set convergence of correlated calculations on water.
J. Chem. Phys. 1997 , 106, 9639. [CrossRef]

80. Woon, D.E.; Dunning, T.H. Gaussian basis sets for use in correlated molecular calculations. V. Core-valence
basis sets for boron through neon. J. Chem. Phys. 1995, 103, 4572–4585. [CrossRef]

http://dx.doi.org/10.1002/chem.201606014
http://www.ncbi.nlm.nih.gov/pubmed/28186344
http://dx.doi.org/10.1016/j.jms.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28919646
http://dx.doi.org/10.1093/mnras/staa1652
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1002/jcc.21759
http://dx.doi.org/10.1103/PhysRevA.82.062710
http://dx.doi.org/10.1063/1.469681
http://dx.doi.org/10.1063/1.1637580
http://www.ncbi.nlm.nih.gov/pubmed/15268458
http://dx.doi.org/10.1021/ct200814m
http://www.ncbi.nlm.nih.gov/pubmed/26593363
http://dx.doi.org/10.1063/1.2912941
http://dx.doi.org/10.1021/acs.jctc.8b00695
http://dx.doi.org/10.1080/01442351003643401
http://dx.doi.org/10.1021/ct800575z
http://dx.doi.org/10.1039/C5CP07386C
http://dx.doi.org/10.1063/1.443164
https://doi.org/10.1002/qua.560360824
http://dx.doi.org/10.1002/qua.560360824
http://dx.doi.org/10.1063/1.464749
http://dx.doi.org/10.1063/1.473863
http://dx.doi.org/10.1063/1.470645


Molecules 2020, 25, 2873 20 of 21

81. Tajti, A.; Szalay, P.G.; Császár, A.G.; Kállay, M.; Gauss, J.; Valeev, E.F.; Flowers, B.A.; Vázquez, J.; Stanton,
J.F. HEAT: High accuracy extrapolated ab initio thermochemistry. J. Chem. Phys. 2004, 121, 11599–11613.
[CrossRef]

82. Noga, J.; Bartlett, R.J. The Full CCSDT Model for Molecular Electronic Structure. J. Chem. Phys. 1987,
86, 7041–7050. [CrossRef]

83. Scuseria, G.E.; Schaefer, H.F., III. A New Implementation of the Full CCSDT Model for Molecular
Electronic-Structure. Chem. Phys. Lett. 1988, 152, 382–386. [CrossRef]

84. Watts, J.D.; Bartlett, R.J. The Coupled-Cluster Single, Double, and Triple Excitation Model for Open-Shell
Single Reference Functions. J. Chem. Phys. 1990, 93, 6104–6105. [CrossRef]

85. Bomble, Y.J.; Stanton, J.F.; Kállay, M.; Gauss, J. Coupled-cluster methods including noniterative corrections
for quadruple excitations. J. Chem. Phys. 2005, 123, 054101. [CrossRef]

86. Kállay, M.; Gauss, J. Approximate treatment of higher excitations in coupled-cluster theory. J. Chem. Phys.
2005, 123, 214105. [CrossRef]

87. Kállay, M.; Gauss, J. Approximate treatment of higher excitations in coupled-cluster theory. II. Extension to
general single-determinant reference functions and improved approaches for the canonical Hartree–Fock
case. J. Chem. Phys. 2008, 129, 144101. [CrossRef]

88. Sellers, H.; Pulay, P. The adiabatic correction to molecular potential surfaces in the SCF approximation.
Chem. Phys. Lett. 1984, 103, 463. [CrossRef]

89. Handy, N.C.; Yamaguchi, Y.; Schaefer, H.F. The diagonal correction to the Born–Oppenheimer approximation:
Its effect on the singlet–triplet splitting of CH2 and other molecular effects. J. Chem. Phys. 1986, 84, 4481.
[CrossRef]

90. Handy, N.C.; Lee, A.M. The adiabatic approximation. Chem. Phys. Lett. 1996, 252, 425. [CrossRef]
91. Kutzelnigg, W. The adiabatic approximation I. The physical background of the Born-Handy ansatz. Mol. Phys.

1997, 90, 909. [CrossRef]
92. Cowan, R.D.; Griffin, M. Approximate relativistic corrections to atomic radial wave functions. J. Opt.

Soc. Am. 1976, 66, 1010. [CrossRef]
93. Martin, R.L. All-electron relativistic calculations on silver hydride. An investigation of the Cowan-Griffin

operator in a molecular species. J. Phys. Chem. 1983, 87, 750. [CrossRef]
94. Heckert, M.; Kállay, M.; Tew, D.P.; Klopper, W.; Gauss, J. Basis-Set Extrapolation Techniques for the Accurate

Calculation of Molecular Equilibrium Geometries Using Coupled-Cluster Theory. J. Chem. Phys. 2006,
125, 044108. [CrossRef] [PubMed]

95. Heckert, M.; Kállay, M.; Gauss, J. Molecular Equilibrium Geometries Based on Coupled-Cluster Calculations
Including Quadruple Excitations. Mol. Phys. 2005, 103, 2109. [CrossRef]

96. Puzzarini, C.; Barone, V. Extending the molecular size in accurate quantum-chemical calculations:
The equilibrium structure and spectroscopic properties of uracil. Phys. Chem. Chem. Phys. 2011, 13, 7189–7197.
[CrossRef]

97. Puzzarini, C.; Biczysko, M.; Barone, V.; Peña, I.; Cabezas, C.; Alonso, J.L. Accurate molecular structure and
spectroscopic properties of nucleobases: A combined computational–microwave investigation of 2-thiouracil
as a case study. Phys. Chem. Chem. Phys. 2013, 15, 16965–16975. [CrossRef]

98. Puzzarini, C.; Biczysko, M.; Barone, V.; Largo, L.; Peña, I.; Cabezas, C.; Alonso, J.L. Accurate Characterization
of the Peptide Linkage in the Gas Phase: A Joint Quantum-Chemical and Rotational Spectroscopy Study of
the Glycine Dipeptide Analogue. J. Phys. Chem. Lett. 2014, 5, 534–540. [CrossRef] [PubMed]

99. Møller, C.; Plesset, M.S. Note on an Approximation Treatment for Many-Electron Systems. Phys. Rev. 1934,
46, 618–622. [CrossRef]

100. Georgievskii, Y.; Miller, J.A.; Burke, M.P.; Klippenstein, S.J. Reformulation and solution of the master
equation for multiple-well chemical reactions. J. Phys. Chem. A 2013, 117, 12146–12154. [CrossRef]

101. Pechukas, P.; Light, J.C. On detailed balancing and statistical theories of chemical kinetics. J. Chem. Phys.
1965, 42, 3281–3291. [CrossRef]

102. Chesnavich, W.J. Multiple transition states in unimolecular reactions. J. Chem. Phys. 1986, 84, 2615–2619.
[CrossRef]

103. Eckart, C. The penetration of a potential barrier by electrons. Phys. Rev. 1930, 35, 1303. [CrossRef]

http://dx.doi.org/10.1063/1.1811608
http://dx.doi.org/10.1063/1.452353
http://dx.doi.org/10.1016/0009-2614(88)80110-6
http://dx.doi.org/10.1063/1.459002
http://dx.doi.org/10.1063/1.1950567
http://dx.doi.org/10.1063/1.2121589
http://dx.doi.org/10.1063/1.2988052
http://dx.doi.org/10.1016/0009-2614(84)85277-X
http://dx.doi.org/10.1063/1.450020
http://dx.doi.org/10.1016/0009-2614(96)00171-6
http://dx.doi.org/10.1080/00268979709482675
http://dx.doi.org/10.1364/JOSA.66.001010
http://dx.doi.org/10.1021/j100228a012
http://dx.doi.org/10.1063/1.2217732
http://www.ncbi.nlm.nih.gov/pubmed/16942135
http://dx.doi.org/10.1080/00268970500083416
http://dx.doi.org/10.1039/c0cp02636k
http://dx.doi.org/10.1039/c3cp52347k
http://dx.doi.org/10.1021/jz402744a
http://www.ncbi.nlm.nih.gov/pubmed/26276605
http://dx.doi.org/10.1103/PhysRev.46.618
http://dx.doi.org/10.1021/jp4060704
http://dx.doi.org/10.1063/1.1696411
http://dx.doi.org/10.1063/1.450331
http://dx.doi.org/10.1103/PhysRev.35.1303


Molecules 2020, 25, 2873 21 of 21

104. Vazart, F.; Latouche, C.; Skouteris, D.; Balucani, N.; Barone, V. Cyanomethanimine Isomers in Cold
Interstellar Clouds: Insights from Electronic Structure and Kinetic Calculations. Astrophys. J. 2015, 810, 111.
[CrossRef]

105. Skouteris, D.; Balucani, N.; Ceccarelli, C.; Faginas Lago, N.; Codella, C.; Falcinelli, S.; Rosi, M. Interstellar
dimethyl ether gas-phase formation: A quantum chemistry and kinetics study. Mon. Not. R. Astron. Soc.
2018, 482, 3567–3575. [CrossRef]

106. Licari, D.; Tasinato, N.; Spada, L.; Puzzarini, C.; Barone, V. VMS-ROT: A New Module of the Virtual
Multifrequency Spectrometer for Simulation, Interpretation, and Fitting of Rotational Spectra. J. Chem.
Theory Comput. 2017, 13, 4382–4396. [CrossRef]

c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1088/0004-637X/810/2/111
http://dx.doi.org/10.1093/mnras/sty2903
http://dx.doi.org/10.1021/acs.jctc.7b00533
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	The Thermochemistry-Kinetics-Spectroscopy Strategy
	Formation Pathway
	Spectroscopic Characterization

	Organization of the Paper

	Computational Methodology
	Electronic Structure Calculations
	Reactive Potential Energy Surface
	Spectroscopic Parameters
	Composite Schemes

	Kinetic Models

	Results and Discussion
	The NH + C2H5 Reaction: Thermochemistry
	The NH + C2H5 Reaction: Rate Coefficients
	E-/Z-CH3CHNH: Spectroscopic Characterization

	Conclusions
	References

