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ABSTRACT

Ethanimine, a possible precursor of amino acids, is considered an important prebiotic molecule and thus may play

important roles in the formation of biological building-blocks in the interstellar medium. In addition, its identification

in Titan’s atmosphere would be important for understanding the abiotic synthesis of organic species. An accurate
computational characterization of the molecular structure, energetics and spectroscopic properties of the E and Z

isomers of ethanimine, CH3CHNH, has been carried out by means of a composite scheme based on coupled-cluster

techniques, which also accounts for extrapolation to the complete basis-set limit and core-valence correlation correction,

combined with density functional theory for the treatment of vibrational anharmonic effects. By combining the

computational results with new millimeter-wave measurements up to 300 GHz, the rotational spectrum of both isomers

can be accurately predicted up to 500 GHz. Furthermore, our computations allowed us to revise the infrared spectrum

of both E - and Z -CH3CHNH, thus predicting all fundamental bands with high accuracy.
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1. INTRODUCTION

The starting point for the development of astrochem-

ical models is the knowledge whether a molecule is

present in the astronomical environment considered,

with the (radio)astronomical observation of spectro-

scopic signatures providing the unequivocal proof of its

presence (Tennyson 2005). So far, almost 200 molecules

have been detected in the interstellar medium (ISM) and

circumstellar shells (CDMS: Müller et al. 2001, 2005),

and most of them have been identified by means of their

rotational transitions (Herbst & van Dishoeck 2009; Tie-
lens 2013). Indeed, the rotational signatures can be con-

sidered the fingerprints of the molecule under considera-

tion, thus allowing its unequivocal identification, even of

one isotopic species from another (Gordy & Cook 1984).

However, infrared (IR) spectroscopy can play an impor-

tant role because it is suitable for retrieving the chem-

ical composition of planetary atmospheres (e.g. Tinetti
et al. 2013). The required rotational and vibrational

transition frequencies are accurately obtained from lab-

oratory measurements that are increasingly assisted by

quantum-chemical calculations to guide and support the

spectral recording and analysis. On general grounds,

computational chemistry plays a fundamental role in ob-

taining accurate energetic, structural and spectroscopic

parameters (Puzzarini et al. 2010b, 2014; Barone et al.

2015a; Puzzarini 2017). In this work, the rotational

and infrared spectra of both E and Z isomers of etha-

nimine, CH3CHNH, have been accurately characterized

by means of state-of-the-art computational methodolo-

gies, with new millimeter-wave measurements also car-

ried out to further improve the predictive capabilities of

our rotational-spectroscopy characterization.

The importance of ethanimine is related to its pre-

biotic potential as possible precursor of amino acids

(Quan et al. 2016), like alanine, by reaction with HCN

and H2O, or with formic acid (Woon 2002; Elsila et al.
2007; Loomis et al. 2013). From an astrophysical point

of view, CH3CHNH is classified as a complex organic

molecule (COM); the detection of COMs and in par-

ticular those related to the formation of biomolecules

is one of the most important themes in astrochem-

istry (e.g. Herbst & van Dishoeck 2009; Barone et al.

2015b; Puzzarini 2017). Both isomers of ethanimine
have been identified in the survey of Sagittarius B2

North, SgrB2(N), taken in the frame of the Green Bank

Telescope (GBT) PRebiotic Interstellar MOlecule Sur-

vey (GBT PRIMOS) legacy project (Loomis et al. 2013).

Furthermore, a computational work by Balucani et al.

(2010) has foreseen ethanimine as one of the main prod-

ucts of the reaction between ethane, C2H6, and excited
nitrogen atoms, N(2D), in Titan’s atmosphere, which is

mainly composed of nitrogen and in a small percent-
age of methane and other light hydrocarbons, in abun-
dances varying with the altitude (Brown et al. 2010).

In addition, Titan is the only solar system body with a

molecular nitrogen-based atmosphere, like the primitive

Earth (Balucani et al. 2010), which explains its impor-

tance in the study of prebiotic chemistry. Of interest to

the present study, the Composite Infrared Spectrome-

ter (CIRS) and the Ion and Neutral Mass Spectroscopy

(INMS) aboard Cassini have already confirmed the pres-

ence of ethane and methanimine in Titan’s atmosphere

(Shemansky et al. 2005; Brown et al. 2010). In the con-
text of this study, it is important to note that the lat-

ter molecule plus the CH3 radical and ethanimine plus
H are the two main reaction channels of the N(2D) +

C2H6 reactive system (Balucani et al. 2010).

As far as the previous experimental works on

CH3CHNH are concerned, the rotational spectra of

both isomers have already been characterized up to 140
GHz (Loomis et al. 2013; Brown et al. 1980; Lovas et al.

1980). However, extrapolations from low-frequency lab-
oratory measurements usually provide inaccurate pre-

dictions for higher frequencies and, in view of the nowa-

days extended astronomical observatory facilities (e.g.

the Atacama Large Millimeter/submillimeter Array of

radiotelescopes (ALMA) working frequency range is

31–950 GHz), the extension of the investigation of the

rotational spectra for the E and Z isomers of etha-

nimine is warranted. For this reason, our computa-

tional work has been combined with new measurements

in the millimeter-wave regime up to 300 GHz. Concern-

ing vibrational spectroscopy, low-resolution gas-phase

(Hashiguchi et al. 1984) and matrix (Stolkin et al. 1977)

infrared spectra have been experimentally investigated,

with both studies providing either incomplete or con-

tradictory results. From a computational point of view,

fundamental frequencies were only reported at a low

level of theory and within the harmonic approximation

(Durig et al. 2010). Prompted by the limitations of
both experimental and computational previous studies,

in this work we have revised the infrared spectrum at

a higher level of theory, with a complete account of

anharmonicity.

In summary, to extend the spectroscopic characteriza-

tion of both isomeric forms of CH3CHNH, an accurate
computational study of the energetics as well as struc-

tural and spectroscopic parameters has been carried out,

complemented by new experimental measurements of

the rotational spectrum. Computationally, a compos-

ite scheme has been employed, which combines coupled-

cluster techniques with extrapolation to the complete

basis-set limit and consideration of core-correlation con-
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tributions. Vibrational effects, including anharmonicity,
have been accounted for by means of density functional

theory. For both isomers, the simulated rotational, up

to 500 GHz, and infrared, including all fundamentals,

spectra are very accurate, thus increasing the opportu-

nity to directly guide astronomical searches.

2. COMPUTATIONAL METHODOLOGY

The quantum-chemical calculations described in the
following have been carried out with the Gaussian16

suite of programs for quantum chemistry (Frisch et al.

2016) and the CFOUR program package (Stanton et al.

2008), with the former employed for the density func-

tional theory (DFT) computations and the latter for the

coupled-cluster (CC) ones.
The first step for obtaining a reliable simulation of

the rotational spectra of both ethanimine isomers is the

accurate determination of their equilibrium structures.

For this purpose, the well-tested “CCSD(T)/CBS+CV”

energy-gradient composite scheme (Heckert et al. 2005,

2006), for which the expected accuracy for bond lengths

and angles is 0.001-0.002 Å and 0.05-0.1 degrees, respec-
tively (see Heckert et al. 2005, 2006; Puzzarini et al.

2008, 2010b; Barone et al. 2013), has been employed.

This scheme is based on coupled-cluster techniques,

in detail, on the CC singles and doubles approxima-

tion (CCSD) augmented by a perturbative treatment

of triples (CCSD(T)) (Raghavachari et al. 1989). It ac-

counts for the following contributions: (i) the Hartree-
Fock self-consistent field (HF-SCF) energy gradient ex-

trapolated to the complete basis-set (CBS) limit by

means of the 3-point formula by Feller (1993), with

the cc-pVTZ, cc-pVQZ and cc-pV5Z basis sets (Dun-

ning 1989) considered; (ii) the valence CCSD(T) corre-

lation energy gradient extrapolated to CBS limit using

the 2-point n�3 extrapolation formula (Helgaker et al.
1997) employing the cc-pVnZ basis sets, with n = T, Q;

(iii) the core-valence (CV) correlation energy gradient

correction obtained as difference of all electrons (all-)

and frozen core (fc-) CCSD(T) calculations using the
cc-pCVTZ basis set (Woon & Dunning 1995; Dunning

1989).
The vibrational ground-state rotational constants,

needed for the prediction of the rotational spectrum,

have been obtained by combining the equilibrium ro-

tational constants, straightforwardly derived from the

CCSD(T)/CBS+CV geometries, with the correspond-

ing vibrational corrections, computed using the double

hybrid B2PLYP functional (Grimme 2006) augmented
for dispersion corrections according to the DFT-D3

scheme (Grimme et al. 2011) with Becke-Johnson damp-

ing (Goerigk & Grimme 2011), namely B2PLYP-D3BJ,

in conjunction with the maug-cc-pVTZ basis set (Pa-
pajak et al. 2009) in which d functions on hydrogen

atoms were removed (this basis set will be referred to in

the following as maug-cc-pVTZ-dH). Vibrational cor-

rections to rotational constants require the evaluation
of a cubic force field, which - as a byproduct - gives

access to the computation of the sextic centrifugal dis-
tortion constants. The quartic ones require instead
the determination of a harmonic force field, which has
been evaluated at a higher level of theory, i.e. em-

ploying the CCSD(T) method in conjunction with the

cc-pCVQZ basis set (Woon & Dunning 1995; Dunning
1989), with all electrons correlated. 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 elec-

tric field gradient (EFG) tensor has been evaluated for

both isomers at the CCSD(T)/cc-pCVQZ level using

the CCSD(T)/CBS+CV geometry and augmented by

vibrational corrections at the B2PLYP-D3BJ/maug-cc-
pVTZ-dH level. For all details related to the conversion

of the EFG elements to the nuclear quadrupole cou-

pling constants, the reader is for example referred to

Puzzarini et al. (2010b); Puzzarini (2013).
The characterization of the methyl internal rotation

requires first of all an accurate evaluation of the en-

ergetics of the system. For this purpose, the poten-

tial energy surface (PES) has been investigated at the

B2PLYP-D3BJ/maug-cc-pVTZ-dH level, thus locating

the two minima, the E -Z isomerization transition state

(TSE�Z), and for each isomer, the transition state for
the methyl internal rotation (TSE and TSZ for the

E and Z isomers, respectively). The internal rota-

tion of the -CH3 group relative to the -CHNH frame

leads to three equivalent configurations; the potential

energy along the torsional angle (∠ H8-C1-C2-N3 =

ϕ) has thus periodicity 3 and can be simply written

as V3cos(3ϕ), where V3 is the energy barrier. The
B2PLYP-D3BJ/maug-cc-pVTZ-dH level of theory has

been chosen because it has proven to provide accurate

reference structures for energetic calculations (see, for

example, Barone et al. 2015a; Vazart et al. 2016; Spada

et al. 2017). On top of B2PLYP-D3BJ/maug-cc-pVTZ-

dH equilibrium and transition-state geometries, the en-
ergetics has been evaluated at the CCSD(T)/CBS+CV

level, with the relative energy values then augmented by

zero-point energy (ZPE). The latter has been obtained

at the anharmonic level using the non-resonant formu-

lation of second-order vibrational perturbation theory,

VPT2 (Mills 1972; Schuurman et al. 2005; Piccardo

et al. 2015), based on B2PLYP-D3BJ/maug-cc-pVTZ-
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dH data. Hence, the barrier governing the E-Z iso-
merization and the V3 barrier have been calculated as

energy differences between the transition states and the

corresponding minima. To complete the description of

the parameters involving the internal rotation, the mo-

ment of inertia of the methyl rotor, Iα, has been eval-

uated. In analogy to rotational constants, the equi-

librium moment of inertia, straightforwardly derived

from the CCSD(T)/CBS+CV geometry, has been cor-

rected for the vibrational contribution at the B2PLYP-

D3BJ/maug-cc-pVTZ-dH level. More precisely, in or-
der to obtain the effective Iα corresponding to the vi-

brational ground state, a least-squares fit of the mo-

ments of inertia of all mono-substituted isotopic species

of CH3CHNH, evaluated by combining the equilibrium
and vibrational contributions, has been carried out with

the MSR software (Mendolicchio et al. 2017). The ef-
fective Iα corresponds to the so-called vibrationally av-

eraged structure r0 (Gordy & Cook 1984).

Table 1. Observed Transition Frequencies of E - and Z -ethanimine.

Isomer A/E J 0 K0

a K0

c J 00 K00

a K00

c Obs. frequency Uncertainty Obs-calc

(MHz) (MHz) (MHz)

(E) A 15 0 15 14 1 14 257731.650 0.040 −0.039

(E) E 15 0 15 14 1 14 257755.704 0.040 0.010

(E) E 15 0 15 14 0 14 268872.179 0.040 −0.057

(E) A 15 0 15 14 0 14 268879.762 0.040 −0.025

(E) A 16 0 16 15 1 15 276962.242 0.040 −0.052

(E) E 16 0 16 15 1 15 276981.826 0.040 0.042

(Z ) E 15 1 15 14 1 14 265661.991 0.040 0.006

(Z ) A 15 1 15 14 1 14 265666.519 0.040 −0.036

(Z ) E 15 0 15 14 0 14 267268.829 0.040 0.056

(Z ) A 15 0 15 14 0 14 267278.988 0.040 −0.073

(Z ) E 17 0 17 16 0 16 301598.448 0.040 0.069

(Z ) A 17 0 17 16 0 16 301607.845 0.040 −0.022

Note—This table is available in its entirety in machine-readable form.

Ethanimine is a non-planar molecule of Cs sym-

metry, with the c axis being perpendicular to

the symmetry ab plane. Its fundamental vibra-

tions therefore belong to the A0 (ν1 - ν12) or A00

(ν13 - ν18) irreducible representations. The inves-
tigation of the IR spectrum is based on harmonic and

anharmonic force-field determinations. To provide ac-

curate predictions, we relied on a hybrid CC/DFT ap-

proach, which is well documented in the literature and

is expected to predict fundamental transitions with an

accuracy of about 5-10 cm�1 (see, for example, Puz-

zarini et al. 2010a, 2011; Barone et al. 2013, 2014,

2015a). This approach combines the all-CCSD(T)/cc-

pCVQZ harmonic component with anharmonic contri-

butions evaluated at the DFT level. As implemented

in CFOUR, the harmonic part has been obtained using

analytic-second derivatives of the energy (Gauss & Stan-

ton 1997). The cubic and semi-diagonal quartic force

constants have been evaluated by numerical differentia-

tion of analytical second-order derivatives (Schneider &

Thiel 1989) at the B2PLYP-D3BJ/maug-cc-pVTZ-dH

level of theory. The vibrational spectra have then been
simulated beyond the double-harmonic approximation,
making use of VPT2 applied to the hybrid force field.

For IR intensities beyond the double harmonic approx-

imation, second- and semi-diagonal third-order deriva-

tives of the electric dipole moment surface have been

calculated by numerical differentiation of analytic first

derivatives of the electric dipole moment. These have
been employed within a general formulation to compute
anharmonic vibrational averages and transition proper-

ties at the second-order of perturbation theory (Barone

2005; Bloino & Barone 2012). To tackle the problem

of resonances present within the VPT2 approach, the
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GVPT2 (Generalized VPT2) protocol has been adopted
(Barone 2005; Bloino et al. 2016). According to it, the

(near-)singular terms are first removed from the per-

turbative expressions (DVPT2) and the interaction be-

tween the involved states reintroduced in a second step

by means of a variational approach applied to a small

effective Hamiltonian (Bloino et al. 2012; Piccardo et al.
2015). All VPT2 computations have been carried out

with the Gaussian suite of quantum chemical programs

(Frisch et al. 2016).

3. EXPERIMENTAL DETAILS

Ethanimine is an unstable molecule that belongs to
the family of imines. In the present work, it was pro-

duced through pyrolysis of a commercial sample of iso-

propylamine, (CH3)2CHNH2, as previously suggested

by Lovas et al. (1980). The vapours of the precur-

sor were flowed inside a quartz tube heated by a 30

cm long tube furnace, within the same apparatus em-
ployed in the production of other unstable molecules
(see, for example, Dore et al. (2012); Degli Esposti et al.

(2014); Melosso et al. (2017)). The highest yield of

production for both isomers was attained by setting

the oven temperature at about 1150 �C and by flow-
ing the vapours of isopropylamine at a pressure of 100

mTorr through the quartz tube, which corresponds to
a pressure of 15 mTorr in the free-space glass absorp-
tion cell. The rotational spectra were recorded around

92 GHz and in the 250-302 GHz spectral window using

a millimeter/submillimeter-wave frequency-modulation

spectrometer (Degli Esposti et al. 2017). The radiation

sources were either a Gunn diode operating in the 85-

115 GHz range or a passive multiplier (frequency tripler,

VDI) driven by the Gunn diode. The stability of the out-

put frequency was ensured by a phase-lock loop (PLL)

system with a reference signal frequency modulated at

6 kHz and referred to a rubidium atomic clock. Phase-

sensitive detection at twice the frequency-modulation is

employed, so that the second derivative of the spectrum
is displayed. A Schottky barrier Millitech detector was
used for recording the spectra at 92 GHz, while a VDI
detector was employed at higher frequencies. The exper-

imental uncertainties of our measurements mainly de-

pend on the signal-to-noise ratio (S/N) of the spectra

and were estimated to be 40-60 kHz. For both isomers,

a selection of newly recorded transitions is listed in Ta-
ble 1, while the complete list together with all previous

frequency values included in the fits and the correspond-

ing residuals (i.e., the observed - calculated differences)

are included in the online machine readable version of

this table. The fits are discussed in Section 4. It has to
be noted that, the V3 barrier being finite, a tunneling

effect occurs, which leads to a splitting of the threefold

degeneracy into two levels, a nondegenerate A level and

a doubly-degenerate E level. As a consequence, in the

rotational spectrum, rotational transitions in the A and

E torsional sublevels are observed. Figure 1 provides
an example of the A/E splittings observed in the

rotational spectrum. The effect of the barrier

height on them can be expressed by means of a

perturbative approach. A complete description

of the treatment being too long to be summa-

rized here, the reader is referred to (Gordy &

Cook 1984).

4. RESULTS AND DISCUSSION

The equilibrium CCSD(T)/CBS+CV (re) and vibra-
tionally averaged (r0) geometrical parameters for the Z

and E isomers are reported in Table 2. It is first of all
noted that small differences in bond lengths and angles

are generally observed between the two isomers, with

the only noticeable exception for the ∠ N3-C2-C1 an-

gle, which increases by about six degrees when moving

from E to Z. This discrepancy is ascribable to the plau-
sible formation of a weak intramolecular C-H· · ·N hy-

drogen bond in the E isomer, where one C-H bond of
the methyl group is directed toward the lone pair of the

nitrogen atom. For the same angle, a nearly three times

smaller difference has been observed in the case of the Z

to E isomerism of cyanomethanimine (Puzzarini 2015),
for which, however, the former isomer is the most stable

one by about 161.2 cm�1 (at the CCSD(T)/CBS+CV

level corrected for anharmonic ZPE at the CCSD(T)/cc-

pVTZ level, see Puzzarini (2015)). In contrast, the

Z isomer of ethanimine is ∼231.5 cm-1 higher in en-

ergy than the E form at the CCSD(T)/CBS+CV level

corrected for the anharmonic ZPE at the B2PLYP-
D3BJ/maug-cc-pVTZ-dH level. The two isomers of

ethanimine are separated by an interconversion barrier

that is as high as 9677 cm-1 with respect to the E iso-

mer (at the CCSD(T)/CBS+CV level, with the ZPE ob-

tained at the B2PLYP-D3BJ/maug-cc-pVTZ-dH level).

The corresponding transition state shows an almost lin-

ear arrangement of the H4-N3-C2 angle (179.3 degrees at

the B2PLYP-D3BJ/maug-cc-pVTZ-dH level), which is

similar to what was found for cyanomethanimine (179.1

degrees at the fc-CCSD(T)/cc-pVTZ level).
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Z isomer

146,8 – 136,7
146,9 – 136,8

E EA

*
146,8 – 136,7
146,9 – 136,8

***

Figure 1. Small portion (∼270 MHz) of the rotational spectrum recorded at ∼259 GHz. In the inset, the assignment

of a couple of A/E splittings for the Z isomer is shown in detail; the asterisks denote non assigned transitions due to

pyrolysis byproducts or vibrational excited states.

231.5 (0)

239.1 (0) 

754.8 (523.3)

671.4 (432.3)

563.1

475.0

E

Z

TSE

TSZ

Figure 2. Equilibrium (CCSD(T)/CBS+CV, in black) and ZPE-corrected (B2PLYP-D3BJ/maug-cc-pVTZ-dH, in blue) energies for the

Z isomer minimum and methyl internal rotation transition states (TSE, TSZ) with respect to E -CH3CHNH. Values in parentheses are

referred to the Z isomer.
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Table 2. Equilibrium CCSD(T)/CBS+CV (re) and vibrationally averaged (r0) struc-

tures.

E -ethanimine Z -ethanimine

re r0 re r0

C1-C2 1.4915 1.4999 1.4988 1.5057

N3-C2 1.2723 1.2778 1.2705 1.2772

H4-N3 1.0175 1.0212 1.0219 1.0303

H5-C2 1.0936 1.0978 1.0903 1.0931

H7/H6-C1 1.0905 1.0884 1.0910 1.0879

H8-C1 1.0864 1.0917 1.0889 1.0935

∠ N3-C2-C1 121.37 121.47 127.77 127.64

∠ H4-N3-C2 110.33 110.79 110.57 109.99

∠ H5-C2-C1 116.40 115.68 115.70 116.08

∠ H7/H6-C1-C2 110.28 110.96 110.20 110.88

∠ H8-C1-C2 110.02 110.19 111.42 111.38

∠ H6-C1-C2-N3 −120.97 −120.35 −121.13 −120.42

∠ H7-C1-C2-N3 120.97 120.35 121.13 120.42

∠ H4-N3-C2-C1 180.0 180.0 0.0 0.0

∠ H5-C2-C1-N3 180.0 180.0 180.0 180.0

∠ H8-C1-C2-N3 0.0 0.0 0.0 0.0

Note—Bond lengths in Å, angles in degrees.

To simulate the rotational spectra of both isomers,

the effect of internal rotation needs to be taken into ac-
count. This requires the determination of the methyl

internal rotation barrier V3, which has been obtained,

for each isomer, as the energy difference between the

transition state (∠ H8-C1-C2-N3 = 60�, see Figure 2)

and the minimum. The equilibrium and ZPE-corrected

energies relative to the E isomer are reported in Fig-

ure 2. The computed values of V3 are given in Table 3,
and are found in excellent agreement with those exper-

imentally evaluated, the discrepancy being well within

2%. The larger value of V3 for the E isomer compared

to Z -CH3CHNH (563.1 cm-1 vs 523.3 cm-1) supports

the aforementioned hypothesis that a weak C-H· · ·N hy-

drogen bond is established in the E isomer. To fully
characterize the methyl internal rotation in ethanimine,

the moment of inertia of the methyl group around its

C3 axis (Iα) has been calculated, resulting in an almost

identical value (E : 3.122 uÅ2 vs Z : 3.123 uÅ2) for both
isomers (see Table 3), able to well reproduce the data

derived from experiment.

For the fitting procedure, the XIAM package (Hartwig

& Dreizler 1996; Hansen et al. 1999) in conjunction with

Watson’s A reduced Hamiltonian (Watson 1977) has

been used and applied to the newly determined tran-

sition frequencies together with the available previous

data. The results are collected in Table 3. In addi-

tion to the aforementioned Iα and V3 values, in this

Table, the rotational, quartic and sextic centrifugal dis-

tortion, and nuclear quadrupole coupling constants are

reported together with the computed dipole moment

components along the principal axes of inertia. To be
directly compared with experiment, the equilib-

rium values of nuclear quadrupole coupling con-
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stants and dipole moment components have been
augmented by vibrational corrections. The lat-

ter have been obtained by means of perturbation

theory according to Barone (2005). As evident

from Table 3, there is an excellent agreement between
the computed and experimental rotational constants,

with the maximum discrepancy, 0.1% in relative terms,
observed for the A constant. Even if larger discrep-

ancies are noted for the quartic centrifugal distortion

constants, dipole moment components, and quadrupole

coupling constants, we anyway note a quantitive agree-

ment between theory and experiment. The calculated

sextic centrifugal distortion constants have been kept

fixed in the fitting procedure because they were found
not determinable. Interested readers are referred

to Puzzarini et al. (2008) for a statistical analy-

sis of the accuracy of different levels of theory in

the determination of rotational constants and to
Puzzarini et al. (2012) for their performance in

the prediction of centrifugal distortion constants.

Even if not explicitly reported in Table 3, it is inter-
esting to discuss the comparison with the parameters

obtained by Lovas et al. (1980), while no comparison

can be performed with the most recent study by Loomis

et al. (2013) because the details of their fits were not re-
ported. We note that our new measurements did not

allow the determination of additional centrifugal dis-
tortion constants, but indeed they permit the improve-
ment of all parameters. Particularly noticeable is the

revision of the nuclear quadrupole coupling constants of

Z -ethanimine. By using the newly determined param-

eters combined with the computed sextic centrifugal-

distortion constants, the rotational spectra of both E

and Z isomers have been simulated in the 0-500 GHz
range at T = 30 and 100 K, as shown in Figure 3. In

the derivation of the rotational transition intensities, the

Boltzmann distribution of populations has been consid-

ered, with the energy difference between the E and Z

isomers taken from Figure 2. These spectral simula-
tions have been carried out using the recently developed

rotational spectroscopy module of the Virtual Multifre-

quency Spectrometer, VMS-ROT (Licari et al. 2017).

4.1. Infrared Spectroscopy

Fundamental band frequencies of both isomers have

been calculated as described in section 2. The results are
collected in Table 4, where they are compared with the

available experimental data from gas-phase (Hashiguchi
et al. 1984) and matrix infrared (Stolkin et al. 1977)

spectra. This comparison is graphically summa-

rized in Figure 4. In some cases, the original assign-

ments were corrected on the basis of our new computed
results.

First of all, it is interesting to note that gas-phase and

Ar-matrix vibrational frequencies present some impor-
tant differences. A shift of about 10 cm�1 can be ob-
served for the ν3 and ν17 bands of the E isomer, while

for ν14 the disagreement is as large as 19 cm�1. These
differences can be explained by the fact that the mea-

surements performed by Stolkin et al. (1977) may be

affected by the presence of the noble gas matrix. The

latter is expected to produce even more important shifts

with respect to gas-phase values for the N-H stretching

vibrations, therefore in the following the comparison be-

tween theory and experiment will be limited to the spec-
tral region below 3000 cm�1, for which gas-phase data

are available as well. In this respect, it should be also re-
called that the computed values actually refer to the iso-

lated gas-phase molecule. While a detailed assignment

of the vibrational spectrum of ethanimine is beyond the

aim of the present work, the theoretical results obtained

here show significant disagreements with previous works,
and suggest a reassignment of some fundamental bands.
In particular, according to Stolkin et al. (1977), the ab-

sorptions at 1412 cm�1 and 1392 cm�1 were assigned

as the ν7 band of E- and Z-ethanimine, respectively.
However, on the basis of the CC/DFT predictions, the

two assignments need to be exchanged. Even more im-

portantly, the spectral feature at 1252 cm�1 was origi-

nally attributed to the ν8 fundamental, while according

to our quantum-chemical calculations it has to be at-

tributed to the ν9 normal modes of both isomers, which

are expected to overlap, thus giving rise to a very strong
band, in agreement with that observed in the Ar-matrix

spectrum. According to the re-assignment, the ν8 fun-
damentals of E- and Z-ethanimine produce the strong

band measured at 1358 cm�1. Stolkin et al. (1977) iden-

tified the bands at 1114 cm�1 and 1106 cm�1 as due to

the ν9 bands of E- and Z-ethanimine, while calculations

indicate that they may arise instead from the ν15 funda-
mentals of the Z and E isomers, respectively. Neverthe-

less, it should be noted that the intensity for ν15 of E-

ethanimine is predicted to be only 0.18 km mol�1, while

the corresponding band is labeled as medium-strong in

the experimental spectrum. Also the assignment of the

ν10 and ν16 fundamentals of the E isomer appears in-
terchanged with respect to Stolkin et al. (1977), while

that for the Z-species has been maintained. However,

this is a tentative assignment, in fact three fundamen-

tal vibrations (i.e. ν16 of E-ethanimine, ν10 and ν16

of Z-ethanimine) are predicted to be nearly degenerate

(within 2 cm�1). These are likely to overlap in the ex-

perimental spectrum, as also suggested by the gas-phase
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Table 3. Computed and experimental rotational parameters (Watson A-reduction, values in MHz).

E -ethanimine Z -ethanimine

best theoreticala this workb best theoreticala this workb

A0 53178.26 53120.561(30) 50002.63 49964.87(93)

B0 9780.14 9782.7720(47) 9831.98 9832.4823(96)

C0 8702.82 8697.0263(46) 8652.81 8646.0305(94)

∆J 6.48× 10�3 6.4641(49)× 10�3 6.99× 10�3 6.938(13)× 10�3

∆K 0.568 0.5763(34) 0.468 0.468d

∆JK −0.0165 −0.01403(21) −0.0163 −0.01219(23)

δJ 1.09× 10�3 1.1033(19)× 10�3 1.25× 10�3 1.2657(65)× 10�3

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

ΦJ 6.18× 10�9 6.18× 10�9 c 6.04× 10�9 6.04× 10�9 c

ΦK 2.48× 10�5 2.48× 10�5 c 2.25× 10�5 2.25× 10�5 c

ΦJK −5.56× 10�7
−5.56× 10�7 c

−6.35× 10�7
−6.35× 10�7 c

ΦKJ −7.42× 10�6
−7.42× 10�6 c

−7.27× 10�6
−7.27× 10�6 c

φJ 2.64× 10�9 2.64× 10�9 c 2.74× 10�9 2.74× 10�9 c

φK −2.43× 10�5
−2.43× 10�5 c

−2.45× 10�5
−2.45× 10�5 c

φJK −1.07× 10�8
−1.07× 10�8 c

−8.14× 10�8
−8.14× 10�8 c

χaa 1.03 0.62(11) −3.62 −3.688(13)

χab −0.46 −0.46c 1.75 1.75c

χbb −4.05 −3.78(12) 0.57 0.548(39)

χcc 3.02 3.16(12) 3.05 3.140(39)

Iα
d 3.122 3.1905(17) 3.123 3.1700(28)

∠(i, a)d,e 23.54 24.50(2) 23.61 24.19(5)

V3
d 563.1 566.37(20) 523.3 517.41(33)

Dpi2J
e 0.480(55)

RMS errorf 0.089 0.039

µa −0.79 0.834(23)g −2.41 2.446(4)g

µb −1.93 1.882(5)g 0.44 0.44c

Note—Values in parenthesis denote one standard deviation and apply to the last digits of the constants.
aEquilibrium CCSD(T)/CBS+CV rotational constants augmented by vibrational corrections at the
B2PLYP-D3BJ/maug-cc-pVTZ-dH level. Quartic and sextic centrifugal distortion constants at the
CCSD(T)/cc-pCVQZ and B2PLYP-D3BJ/maug-cc-pVTZ-dH levels, respectively. Dipole moment com-
ponents (values in debye) and nuclear quadrupole coupling constants at the CCSD(T)/cc-pCVQZ level
augmented by vibrational corrections at the B2PLYP-D3BJ/maug-cc-pVTZ-dH level. The dipole mo-
ment along the c axis is null, hence omitted.

bParameters obtained using the XIAM program (Hartwig & Dreizler 1996; Hansen et al. 1999), the transi-
tions available in literature have been included in the fit.

cFixed at the theoretical value.
dIα values in uÅ2; ∠(i, a) values in degrees; V3 values in cm-1.

e
∠(i, a) is the angle between the inertial axis a and the internal rotation axis i; Dpi2J is an internal rotation
- overall rotation distortion parameter, see Hansen et al. (1999).

fNumber of fitted lines: 105 (26: new measurements) for the E isomer, 110 (44: new measurements) for
the Z isomer.

gLovas et al. (1980). Absolute value.
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(1a) (2a)

(1b) (2b)

Figure 3. Comparison between the simulated rotational spectra for E -ethanimine (1a, 1b) and Z -ethanimine (2a, 2b), obtained
using the rotational parameters of Table 3 and without considering nuclear quadrupole coupling. All spectra are scaled according
to the Boltzmann distribution.
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Table 4. Comparison between the calculated (harmonic ω, anharmonic ν) and the experimental wavenumbers (in cm�1) for the fundamental
bands. Computed intensities (in km/mol) are also provided.

E -ethanimine Z -ethanimine

Symm./ Approximate Theory Experiment Theory Experiment

Mode description ωa νb Ianh
c Exp. 1d Exp. 2e ωa νb Ianh

c Exp. 1d Exp. 2e

A0

ν1 N-H stretch 3468 3300 1.96 3247(vvw) - 3425 3254 5.63 3264(vvw) -

ν2 CH3 asym. stretch 3156 3015 8.62 3018(m) - 3134 2991 24.79 2990(m) 2988

ν3 CH3 sym. stretch (E) 3048 2941 7.11 2925(ms) 2916 3097 2948 23.71 2954(ms)

CH stretch (Z)

ν4 CH stretch (E) 3039 2881 47.59 2885(m) 2886 3039 2936 4.42 - -

CH3 sym. stretch (Z)

ν5 C=N stretch + C-C stretch 1709 1665 66.81 1652(vs) 1655 1706 1663 62.41 1659(sh) 1651

ν6 CH3 asym. bend 1483 1442 16.70 1438(ms) - 1490 1449 21.18 1438(ms) -

ν7 CNH bend 1436 1395 12.57 1392(m) - 1435 1408 18.43 1412(m) -

ν8 CH3 sym. bend 1395 1362 13.02 1358(s) - 1405 1371 8.34 1358(s) -

ν9 HNCH scissor 1280 1250 28.53 1252(vs) 1250 1285 1251 60.80 1252(vs) 1250

ν10 CNH ip bendf + C-C stretch 1067 1044 32.34 1045(vs) 1045 1075 1051 18.51 1040(s) -

ν11 C-C stretch 933 924 6.88 950(w) - 918 910 3.40 920(wm) -

ν12 NCC bend 488 488 17.24 485(s) - 490 491 7.55 498(wm) -

A00

ν13 CH3 asym. stretch 3109 2967 13.97 - - 3111 2969 11.02 - -

ν14 CH3 asym. bend 1489 1444 8.79 1435(s) 1454 1483 1438 8.82 1435(s) 1454

ν15 HNCH twist (E) 1122 1095 0.18 1106(ms) - 1142 1114 37.22 1114(ms) -

HNCH; oop bend (Z)f

ν16 CH3 asym. bend + N-H oop bend 1081 1050 15.04 1052(wm) - 1077 1049 14.39 1040(s) -

ν17 HNCH oop bend (E)f 680 679 39.69 668(s) 678 691 686 6.77 674(w) 654

HNCH twist (Z)

ν18 CH3 torsion 187 171 2.19 - - 175 158 0.25 - -

Note—Values in cm-1; w: weak, m: medium, s: strong, v: very.
aHarmonic: CCSD(T)/cc-pCVQZ.

bHarmonic: CCSD(T)/cc-pCVQZ; anharmonic: B2PLYP-D3BJ/maug-cc-pVTZ-dH. See text.

cAnharmonic IR intensities at the B2PLYP-D3BJ/maug-cc-pVTZ-dH level.

dStolkin et al. (1977).

eHashiguchi et al. (1984).

f ip: in-plane; oop: out-of-plane.
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measurements which report only one band at 1045 cm�1,
that may be split in the Ar-matrix spectra because of

matrix effects. On the basis of the computed intensi-

ties the bands measured at 668 cm�1 and 674 cm�1

have to be ascribed to the ν17 vibrations of E- and Z-
ethanimine, respectively, again reversed with respect to

the assignment in the original work. The above dis-
cussion clearly suggests that a careful reanalysis of the
experimental infrared spectra of ethanimine is strongly

required, which may be complemented by new measure-

ments to overcome some of the uncertainty raising from

those currently available. For this reason, a more de-

tailed theoretical investigation, also dealing with combi-

nation and overtone bands as well as isotopically substi-
tuted species, will be the subject of a dedicated work.

5. ASTROPHYSICAL IMPLICATIONS

According to the combined crossed-beam and theoret-

ical study on the formation of nitriles and imines in the
atmosphere of Titan reported in Balucani et al. (2010),
ethanimine is expected to be the second most impor-

tant molecular product of the reaction of excited nitro-
gen atoms N(2D) with ethane. CH3CHNH can further

react and be thus a source of nitrogen-rich molecules and

aerosols via addition reactions. It can also undergo UV

photodissociation, thus leading to the formation of reac-

tive radicals that can enhance the formation of nitrogen-

rich complex species. To confirm the reliability of the

suggested formation route of ethanimine in Titan’s at-
mosphere, its detection is decisive. It is in the con-

text of supporting its millimeter/submillimeter-

wave and/or infrared spectral observations that

lies the importance of the present spectroscopic

characterization.

As far as the millimeter/submillimeter-wave

frequency domain is concerned, an opportunity is
offered by the ground-based observatory ALMA that

combines high sensitivity with high spectral and

spatial resolution interferometric observations. The

ALMA’s working frequency range (31-950 GHz) points

out the importance of the accurate predictions for ro-

tational transitions lying at frequencies higher than
150 GHz provided by the present study. Cordiner

et al. (2015) and Palmer et al. (2017) demon-

strated the viability of using data from ALMA

to detect prebiotic species in Titan’s atmosphere

by reporting the first spectroscopic detection

of rotational lines of ethyl cyanide and vinyl

cyanide, respectively, in the 222-240 GHz fre-
quency range. In this frequency range, both iso-
mers of CH3CHNH show some intense lines that

deserve further investigation. By way of exam-

ple, we report below a couple of them for both
isomeric species:

• E isomer

121,12 - 110,11:

232686.59(7) MHz Eu = 40.24 cm�1

140,14 - 131,13:
238199.37(3) MHz Eu = 55.73 cm�1

• Z isomer

131,13 - 121,12:

230701.52(6) MHz Eu = 47.72 cm�1

130,13 - 120,12:

232913.90(5) MHz Eu = 47.31 cm�1

where Eu is the upper state (in emission) energy
level.

Concerning infrared spectral observations, we note

that the analysis of the IR spectra recorded by Cassini
CIRS instrument (10-1500 cm�1) is not a valuable route

because the strongest vibrational features of ethanimine
potentially present in the spectra are covered by strong
absorptions of ethylene (C2H2) and methane (CH4). We

only point out that the modelling of the CIRS spec-
trum with a radiative transfer model not accounting
for CH3CHNH shows an unassigned transition at ∼680

cm�1 in the residuals, i.e., in the observed-calculated dif-

ferences (Coustenis et al. 2007), which might correspond

to the ν17 band of the E isomer. However, the best
opportunity to clarify this point and to attempt a de-

tection in Titan’s atmosphere by using IR spectroscopy
will be provided by the James Webb Space Telescope
(JWST) that will cover the 0.6-29 µm wavelength range

(16667-345 cm�1). Mention of the high-resolution

EXES instrument mounted on Stratospheric Ob-
servatory for Infrared Astronomy (SOFIA) in
the mid-infrared region (4.5-28.3 µm wavelength

range, 2222-353 cm�1 wavenumber range) is also
here deserved. In this respect, thanks to our revision

of the infrared spectrum of both isomeric species, accu-
rate predictions are now available to guide the search of

ethanimine in Titan’s and other planetary atmospheres.
According to our investigation, the most suit-
able band is the ν5 fundamental lying at 1665

cm�1 for E-CH3CHNH and at 1663 cm�1 for the

Z isomer. The mid-IR instrument (MIRI) on

board the JWST has a resolving power R ranging

from 2400 to 3700 in the 5 to 7.7 µm range, thus

not disentangling the two features. However, at
high resolution the ν5 band is expected to pro-

vide a characteristic feature showing an asym-

metric and partially resolved doublet, where the

asymmetry in intensity is due to the different

population ratio, which in turn is related to the
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Figure 4. Simulated infrared spectra for E-ethanimine (a) and Z-ethanimine (b) obtained with anharmonic
wavenumbers from hybrid CCSD(T)/DFT computations and intensities at the B2PLYP-D3/maug-cc-pVTZ-
dH level. Computed values have been convoluted with a Gaussian function (half-width at half-maximum = 10
cm�1). Stick spectra represent experimental values from Ar-matrix measurements (Stolkin et al. 1977); for the
intensity the following equivalence with respect to the qualitative description was applied: very strong = 1;
strong = 0.9; medium-strong = 0.75; medium = 0.6; weak-medium = 0.45; weak = 0.3; very very weak = 0.15.

atmosphere’s temperature. Other intense fea-
tures are the ν3 band of E-ethanimine at 2881

cm�1 and the ν9 fundamental of the Z isomer,

which is almost overlapped with that of the E

species.
Indeed, astronomical line searches are not only limited

to Titan’s atmosphere, but the potential astrophysical

objects span from protostellar envelopes and protoplan-

etary disks to the atmospheres of exoplanets. As men-

tioned in the Introduction, both isomers of ethanimine

have been identified in a survey of SgrB2(N) in the frame

of the PRIMOS project (Loomis et al. 2013). This de-
tection in the centimeter-wave spectral window calls for

further searches at higher frequencies, in the millimeter-
/submillimeter-wave spectral range, in regions form-
ing future Sun-like stars. Therefore, to detect etha-
nimine in these regions, line emissions in the millimeter-

/submillimeter-wave spectral range are instructive trac-

ers. As mentioned above, Figure 3 provides an overview
of the rotational spectra up to 500 GHz frequency range

for the E and Z isomers, respectively, at two different
temperatures: T = 30 K and 100 K. These have been

chosen as representative temperatures for starless and

dense core regions and for the regions around protostars

and outflow shocks, respectively. It is observed that, for
both E- and Z-CH3CHNH, at T = 30 K the spectra

show the maximum intensity at ∼200 GHz. Moving to

T = 100 K, the maximum shifts at higher frequency,

∼330-350 GHz, with the intensity increasing by one or-
der of magnitude for the E isomer and by four orders

of magnitude for Z-ethanimine. Opportunities can

be provided by spectral surveys like those that

can be collected using single-dish telescopes (like
IRAM 30-m radiotelescope in Pico Veleta) as
well as interferometers (like NOEMA, NOrthern

Extended Millimeter Array on the French Alps,

and ALMA). To give an example in this con-

text, the large program ASAI1 data have been
recently used for searching C-cyanomethanimine

emission toward nearby Sun-like-star forming re-
gions (Melosso et al. 2017). In this respect, the

ASAI data from the 1.3 mm receiver of the Pico

Veleta 30-m single-dish (200-276 GHz) can be

considered a good opportunity for searching the

two isomeric CH3CHNH species, because both

of them present several bright transitions in that

frequency range.

6. CONCLUDING REMARKS

In the present work, aiming at providing useful infor-
mation to guide astronomical searches for ethanimine,

an accurate computational spectroscopy characteriza-

tion, combined with new measurements for the rota-

tional spectra of both isomers, has been accomplished.

1 http://www.oan.es/asai/
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As pointed out along the manuscript, the computational
approaches employed allowed us to complement experi-

ment in the field of rotational spectroscopy and to revise

the infrared spectra assignments, thus providing accu-

rate data to guide detection in space. Ultimately, we

are confident that the present study can provide useful

information for shedding light on prebiotic chemistry in
space or planetary atmospheres.
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