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ABSTRACT
A previous theoretical study shows that imine acetaldehyde can be obtained from the reaction
between protonated vinyl alcohol and azanone. Therefore, imine acetaldehyde could be con-
sidered as a good molecule candidate to be found in space and could evolve to more complex
organic molecules of prebiotic interest. In this work, we carried out a computational study
of the different conformers of imine acetaldehyde. To characterize its conformers we apply
a composite approach which considers the extrapolation to the complete basis set limit and
core-valence electron correlation corrections at the couplet clusters level including single and
double excitations and a perturbative treatment of triple excitations. This approach provides
bond distances with an accuracy of 0.001–0.002 Å and angles accurate to 0.05–0.1◦. Vibra-
tional harmonic and anharmonic frequencies and infrared intensities are also reported at the
CCSD level. The most stable structure corresponds to an antiperiplanar disposition of the
oxygen atom and of NH group with the hydrogen atom of the NH group addressed outside
the skeleton. Interconversion processes between the four conformers characterized are stud-
ied. The lowest isomerization barrier is estimated to be around 1.2 kcal mol−1, making these
processes unlikely under low-temperature conditions, such as those reigning in the interstellar
medium. The reported, at ‘spectroscopic’ accuracy, stabilities, molecular structures, as well as
spectroscopic parameters for the four imine acetaldehyde conformers that could help in their
laboratory or astronomical detection.
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1 IN T RO D U C T I O N

Almost 200 molecules have been detected, to date, in the interstel-
lar medium (ISM) or circumstellar shells. Carbon and other bio-
genic elements such as nitrogen, oxygen, and hydrogen are some
of the most abundant in the universe and a large proportion of
the molecules identified in space contain some of these elements.
Formamide, NH2CHO, was the first compound found in the in-
terstellar medium that contains C, N, O, and H all in the same
molecule. It was observed towards Sgr B2 and likely towards Sgr
A in Rubin et al. (1971) and years later was reported the detec-
tion of related transitions (Gottlieb et al. 1973) and isotopic forms
(Lazareff, Lucas & Encrenaz 1978). Since these initial reports, sev-
eral studies have been devoted to interstellar formamide (Halfen,
Ilyushin & Ziurys 2011; Motiyenko et al. 2012; Kahane et al. 2013;
Coutens et al. 2016; Thiel et al. 2017). In addition to the detection
of interstellar formamide, three isomers of isocyanic acid, HCNO
(Snyder & Buhl 1972; Brunken et al. 2009, 2010; Marcelino et al.
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2009), and other relevant prebiotic molecules, containing C, N,
O, and H, as acetamide (Hollis et al. 2006), cyanoformaldehyde
(Remijan et al. 2008), urea (Remijan et al. 2014), methyl iso-
cyanate (Halfen, Ilyushin & Ziurys 2015; Cernicharo et al. 2016),
and N-metylformamide (Belloche et al. 2017), have been also ob-
served. In a parallel way, the interest in the possible processes
of formation in the ISM of these molecules has grown consider-
ably. To know their synthesis paths and the reactions between de-
tected molecules helps to understand the evolution to more complex
systems.

In this context, and in order to study the viability of formation of
complex organic molecules (COMs) through reaction between de-
tected species, we have recently studied the ion-molecule reaction
between azanone, HNO, and protonated vinyl alcohol, CH2CHOH+

2

(Redondo et al. 2017). Azanone or nitroxyl, was the first molecule
with NO bond, detected in the ISM. It was observed in emission
from the directions of Sgr B2 (OH) and NGC 2024 in Ulich, Hol-
lis & Snyder (1977). Some years later, in 1991, the interstellar
HNO identification was confirmed (Hollis et al. 1991) and, in addi-
tion, HNO was observed towards several molecular clouds (Snyder
et al. 1993; Ziurys et al. (1994). Vinyl alcohol (CH2CHOH) was
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detected in emission towards Sagittarius B2 (N) by means of its
millimeter-wave rotational transitions in Turner & Apponi (2001).
The proton affinity of vinyl alcohol is higher than that of azanone
(Grandinetti et al. 1992; Fairley et al. 1996), and in both cases, is
higher than proton affinity of H2 (H+

3 is the most abundant proton-
donor species in dense interstellar clouds Lepp, Dalgarno & Stern-
berg (1987)). Therefore, we considered the ion-molecule reaction
between CH2CHOH+

2 and HNO. From this reaction 12 thermody-
namically viable interstellar products were obtained (Redondo et al.
2017). Even though, NH2CHCOOH+ + H2 and NH2CH2CO+ + H2O
were, in principle, the most favourable products (reaction enthalpies
are −93.3 and −81.3 kcal mol−1, respectively, at the CCSD(T)/aug-
cc-pVTZ//MP2/aug-cc-pVTZ level); paths giving cis- and trans-
O-protonated imine acetaldehyde (cis-NHCHCHOH+ and trans-
NHCHCHOH+) were the most plausible from both a thermody-
namic (largest exothermicity) and a kinetic (lowest energy barrier)
point of view. Trans-NHCHCHOH+ is 8.3 kcal mol−1 more stable
than cis-NHCHCHOH+ at the CCSD(T)/aug-cc-pVTZ//MP2/aug-
cc-pVTZ level and the conversion barrier from the cis conformer
into the most stable trans one is only of 0.4 kcal mol−1 (≈200 K).
From these results, the main conclusion of the study (Redondo
et al. 2017) was that imine acetaldehyde, the neutral counterpart
of O-protonated imine acetaldehyde, could be a feasible candidate
molecule to be searched for in space.

Imine acetaldehyde, NHCHCHO, is an isomer of methyl iso-
cyanate, CH3NCO. Methyl isocyanate is one of the most abundant
species detected on the comet surface. It was first identified in the
3 mm segment of a broad-band survey of Sgr B2(N) (Halfen et al.
2015) in 2015 and only one year later a rigorous detection of this
important missing molecule in astrochemical networks interstellar
was carried out (Cernicharo et al. 2016). Imine acetaldehyde con-
tains C, N, O, and H, if it is present in the ISM, could evolve to the
formation of prebiotic molecules.

The main aim of this study is to characterize imine acetaldehyde
conformers at the so-called ‘spectroscopic’ accuracy. To obtain this
accuracy, it is necessary sophisticated quantum chemical models
and taking into account core-valence (CV) correlation contributions
and extrapolation to the complete basis set (CBS) limit (Puzzarini
& Barone 2018 and references therein). When this level is not
computationally affordable (for medium and large size molecules)
composite approaches, which are based on the fact that basis set
and CV correlation effects can be evaluated at low-computational
levels, are employed. The composite approach CCSD(T)/CBS+CV
(Heckert, Kállay & Gauss 2005; Heckert et al. 2006), employed
in this work, considers the extrapolation to the CBS limit and CV
corrections at the couplet clusters level including single and dou-
ble excitations and a perturbative treatment of triple excitations,
CCSD(T), level (Raghavachari et al. 1989). It is shown that this ap-
proach provides bond distances with an accuracy of 0.001–0.002 Å
and angles accurate to 0.05–0.1◦. As an example, this approach has
been employed to characterize the elusive glycine VIp conformer
(Barone et al. 2013), they showed that the obtained accuracy at the
composite level is similar to the best experimental determination
for the most stable conformers.

In this work, we carried out a computational study of imine ac-
etaldehyde low-lying conformers providing information about their
stabilities, molecular structures, as well as spectroscopic parame-
ters, which could help in their laboratory or astronomical detection.
To the best of our knowledge, there have been no previous experi-
mental or theoretical studies on this species.

2 C O M P U TAT I O NA L ME T H O D S

We have used several methodological approaches with different ba-
sis sets running from density functional theory (DFT) to coupled
cluster (CC) calculations. Equilibrium structures of the different
conformers of imine acetaldehyde were preliminary optimized at
the DFT level using the B3LYP hybrid exchange correlation func-
tional (Becke 1986, 1988a), which includes the Lee–Yang–Parr
(Lee, Yang & Parr 1988) correlation functional and the Becke hy-
brid exchange functional (Becke 1988b). Within this approach the
triple split-valence 6-311+G(d,p) basis set of Pople Krishnan et al.
(1980) was used. This basis set includes diffuse functions for car-
bon, nitrogen, and oxygen atoms, as well as polarization functions
for both hydrogen and heavy atoms. Subsequent optimizations us-
ing the second order Moller–Plesset theory (MP2; Moller & Plesset
1934) were carried out. In this case, the correlated consistent polar-
ized valence triple-ζ augmented with diffuse function basis sets of
Dunning, namely aug-cc-pVTZ (Dunning 1989; Kendall, Dunning
& Harrison 1992) was employed.

We have also performed geometry optimizations at the CC
level including single and double excitations (CCSD; Raghavachari
et al. 1989) in conjunction with the standard triple-ζ correlated-
consistent cc-pVTZ (Dunning 1989) basis set of Dunning as
well as the triple-ζ aug-cc-pVTZ (Dunning 1989; Kendall et al.
1992) basis set augmented by diffuse functions. CCSD calcula-
tions were performed assuming the frozen-core (fc) approxima-
tion. Thus to account for core-correlation effects, we have used
the CV correlation-consistent cc-pCVTZ basis set (Dunning 1989;
Woon & Dunning 1995). To improve the electron-correlation treat-
ment, the CCSD approximation augmented by a perturbative treat-
ment of triple excitations, CCSD(T), (Raghavachari et al. 1989)
method was also used together with the triple- and quadruple-ζ
correlated-consistent basis sets of Dunning, cc-pVTZ, and cc-pVQZ
(Dunning 1989).

Energetic data were computed using the same levels of theory
as those employed in geometry optimizations. It should be noted
that in the CCSD(T) calculations, we used the T1 diagnostic (Lee
& Taylor 1989) to check the possible multireference character. It
was found to be below the 0.01 value (Martin et al. 1992) indicating
that, in all cases, a multiconfigurational procedure was not neces-
sary. In addition, the intrinsic reaction coordinate (IRC) formalism
(Gonzalez & Schelegel 1990) was used to check the connections
between the transition-state structures and minima.

Harmonic vibrational frequencies were computed on the opti-
mized geometries at the CCSD/cc-pVTZ level using analytic sec-
ond derivatives of the energy. To help in the possible experimental
detection of these conformers by infrared (IR) spectroscopy, we also
computed anharmonic vibrational frequencies. Anharmonic correc-
tions were calculated at the CCSD/cc-pVTZ level of theory within
a second-order perturbation treatment (VPT2; Barone 2005) based
on a full cubic force field (CFF) and semidiagonal quartic force
constants. Vibration-rotation interaction constants were also evalu-
ated from the CFF calculations, allowing for correction of rotational
constants, including vibrational effects.

Geometrical parameters, equilibrium rotational constants, and
electronic energies were refined through a composite procedure
(Heckert et al. 2005, 2006; Huang & Lee 2008). Within this scheme,
assuming additivity, the different contributions are evaluated sepa-
rately at the highest possible level. The estimated properties, namely,
geometrical parameters, equilibrium constants, and electronic en-
ergies, computed applying the composite scheme, which we will
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Figure 1. Structure of the four conformers located for imine acetaldehyde
on the 1A′ potential energy surface

denote as P(comp), are obtained using the following expression
(Barone et al. 2013):

P (comp) = P (CBS) + �P (CV) + �P (aug). (1)

The first term, P(CBS) accounts for basis-set truncation effects
and corresponds to the CBS limit. It was evaluated through the
n−3 extrapolation formula (Helgaker et al. 1997) applied to the
case n = 3 and 4, that is employing the CCSD(T)/cc-pVTZ and
CCSD(T)/cc-pVQZ data. The second term, �P(CV), accounts for
the CV electron correlation correction and is obtained by the fol-
lowing difference:

�P (CV) = P (CVTZ, all) − P (CVTZ, fc), (2)

where P(CVTZ, all) and P(CVTZ, fc) correspond to the considered
property evaluated at the CCSD/cc-pCVTZ level correlating all
(full) and only valence electrons, (fc), respectively. The last term
in equation (1), �P(aug), accounts for the correction due to the
inclusion of diffuse functions (aug) in the basis set and is computed
as:

�P (aug) = P (augVTZ) − P (VTZ), (3)

where P(augVTZ) and P(VTZ) represent the considered property
computed at the CCSD level using the aug-cc-pVTZ and cc-pVTZ
basis sets, respectively, within the fc approximation.

All calculations were carried out with the GAUSSIAN 09 (Frisch at
al. 2010) and CFOUR (Stanton et al. 2013) packages.

3 R ESULTS AND DISCUSSION

We have found four low-lying conformers for imine acetaldehyde,
which are collected in Fig. 1. All of them have Cs symmetry with 1A′

electronic ground states. As can be seen in Fig. 1, in the conformer 1,
the oxygen atom and the NH group lie on opposite sides of the plane,
containing the C–C bond, which is perpendicular to the molecular
plane, and the hydrogen atom of the NH group is addressed outside
the skeleton of the molecule (out). This conformation, taking as
reference the C–C bond, can be described as antiperiplanar (ap) and
we denote as out-ap-imine acetaldehyde. Conformer 2 corresponds
to the antiperiplanar conformer containing the hydrogen atom of the

Table 1. Relative energies, in kcal mol−1, for the four conformers of imine
acetaldehyde computed at different levels of theory (ZPV energies included).

Level
Conformer

1
Conformer

2
Conformer

3
Conformer

4

B3LYP/6-311+G(d,p) 0.00 1.60 2.35 5.64
MP2/aug-cc-pVTZ 0.00 1.21 2.02 5.59
CCSD/cc-pVTZ 0.00 1.32 1.90 5.52
CCSD/aug-cc-pVTZ 0.00 1.41 2.33 5.70
CCSD(Full)/cc-pCVTZ 0.00 1.31 1.90 5.54
CCSD(T)/cc-pVTZ 0.00 1.10 1.57 5.35
CCSD(T)/cc-pVQZ 0.00 1.15 1.83 5.48
Composite 0.00 1.30 2.46 5.77

NH group addressing in the direction of the skeleton of the molecule
(in) and it is named as in-ap-imine acetaldehyde. Conformers 3 and
4, with the oxygen atom and the NH group lying on the same side of
the plane, containing the C–C bond, which is perpendicular to the
molecular plane, are described as synperiplanar (sp) when the C–C
bond is taken as reference. Of them, conformer 3, which includes
the H atom of the NH group pointing in the direction of the main
skeleton of the molecule, is denoted as in-sp-imine acetaldehyde.
Finally, conformer 4, with the hydrogen atom of the NH group
addressing outside the skeleton of the molecule, is named as out-
sp-imine acetaldehyde.

3.1 Energetic

The relative energies of the low-lying conformers (see Fig. 1) com-
puted at different levels of theory are collected in Table 1. An-
tiperiplanar conformers, structures 1 and 2, are more stable than
synperiplanar ones, structures 3 and 4. Regardless of the level of
theory used, the most stable conformer of imine acetaldehyde cor-
responds to structure 1. Following in energy is structure 2, which
lies only 1.30 kcal mol−1 higher in energy than conformer 1 at
composite level. Of the two synperiplanar conformers, structure 3,
which includes the H atom of the NH group pointing in the di-
rection of the main skeleton of the molecule, is located 2.46 kcal
mol−1 above the most stable conformer. Finally, structure 4 with
the hydrogen atom of the NH group addressing outside the skeleton
of the molecule lies 5.77 kcal mol−1 (at the composite level) above
the lowest lying conformer. In the synperiplanar conformers, the
interaction between the hydrogen atom of the group NH and the
oxygen one favours the in structure, conformer 3, over the out one,
conformer 4.

All different levels of theory used in this work provide the
same stability order of conformers. The relative energies calcu-
lated at the different levels of theory are similar in all cases. How-
ever, it should be noted that at the MP2 level of theory, the Cs-
symmetry conformer corresponding to structure 4 has an imagi-
nary frequency of 54i cm−1 (a‘ symmetry) towards breaking out
of the planar structure. We found a true minimum on the corre-
sponding Potential Energy Surface (PES) with C1-symmetry (1A
electronic state) almost isoenergetic to the Cs-conformer reflecting
the extremely flatness of the PES along the out-of-plane mode. It
should be pointed out that relative energies obtained at the B3LYP
level (Table 1) for all conformers are similar to the composite
ones.

In addition to the relative stability of the different conform-
ers, it could be also important to study the possible interconver-
sion processes between conformers. The transition states for the
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Figure 2. Interconversion barrier between the four conformers located for imine acetaldehyde. Relative energies, in kcal mol−1, are calculated respect to
conformer 1 at the CCSD(T)/aug-cc-pVQZ//CCSD/cc-pVTZ level (ZPV energies are included).

isomerization processes between conformers are depicted in Fig. 2.
At the CCSD(T)/aug-cc-pVQZ//CCSD/cc-pVTZ level the barrier
for the interconversion between the two most stable conformers,
which only differs in the CNH angle, conformer 2 −→ conformer
1, is about 25.85 kcal mol−1 (≈13008 K). A similar barrier was
found for the interconversion process between conformer 4 −→
conformer 3 which also differ in the CNH angle. In this case the
transition state structure (TS43) connecting both conformers is lo-
cated 25.29 kcal mol−1 (≈12726 K) above conformer 4. These high
barriers indicate that both interconversion processes should have
very slow rates. We also consider the interconversion process be-
tween synperiplanar ↔ antiperiplanar conformations, which differ
in the relative orientation of the oxygen atom, and the NH group.
The interconversion barrier for the conformer 4 −→ conformer 1
process is 1.17 kcal mol−1 (≈589 K) whereas for the inverse pro-
cess is 6.70 kcal mol−1 (≈3372 K). Hence, conformer 4 could more
easily convert into the lowest lying conformer. In the case of the
interconversion process between conformer 3 −→ conformer 2,
the corresponding transition state structure (TS32) lies 4.93 kcal
mol−1 (≈2481 K) higher in energy than conformer 3. This barrier
suggests that the interconversion process between these two con-
formers should have a relatively slow rate. The transition states
for the different interconversion processes, TS21, TS32, TS41, and
TS43, computed at the B3LYP levels are located 24.78 kcal mol−1,
7.23 kcal mol−1, 6.70 kcal mol−1, and 28.53 kcal mol−1, above the
conformer 1, respectively. We can see that the B3LYP methodol-
ogy gives a good agreement for relative energies of the conformers
but isomerization barriers differs significantly with respect to these
calculations at the CCSD(T) level.

3.2 Structure

The equilibrium geometries for the imine acetaldehyde conform-
ers obtained at the CCSD/cc-pVTZ and composite levels are given
in Table 2. Geometrical parameters of the transition state struc-
tures for interconversion processes between conformers, computed
at the CCSD/cc-pVTZ level, are also included in Table 2. All
the confomers display similar structural characteristics, and these
similarities are much more pronounced between the two conforma-
tions either with an antiperiplanar disposition (conformers 1 and
2) or with synperiplanar orientation (conformers 3 and 4). In all
the conformers, the CO bond lengths are very close to the typical
C–O double bond value (1.205 Åin formaldehyde Gurvich; Veyts
& Alcock 1989), 1.216 Å in acetaldehyde (Hollenstien & Gunthard
1971). The C–N bond distances values are compatible with a typi-
cal C–N double bond (i.e. 1.273 Å in methanimine; Harmony et al.
1979). For all the isomers, the computed C–C bond distances and
the CCO angles are not far from the corresponding ones found in
acetaldehyde (Hollenstien & Gunthard 1971; 1.501 Å and 123.9◦,
respectively).

With regard to the geometrical parameters for the transition state
structures, we observe that, as expected, for the TS21 and TS43
structures, the HNC angle value (178.50◦ and 179.34◦, respectively,
at the CCSD/cc-pVTZ level) is intermediate between those of the
conformers that connect the transition state structures. In a similar
way, for the transition state structures that connect synperiplanar
and antiperiplanar conformations, namely TS32 and TS41, the di-
hedral angles ( �> (NCCH1) = 89.75◦ and 99.34◦, respectively, at
the CCSD/cc-pVTZ level) are in the middle point between those of
the corresponding conformers (0.◦ and 180.◦, respectively).
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Table 2. Structural parameters (distances in Angstroms and angles in degrees) of the imine acetaldehyde conformers and the transition state structures.

Parameter Level
Conformer

1
Conformer

2
Conformer

3
Conformer

4 TS21 TS32 TS41 TS43

d(O–C1) CCSD/cc-pVTZ 1.2056 1.2032 1.2051 1.2015 1.2040 1.2049 1.2130 1.2016
Composite 1.2068 1.2043 1.2055 1.2019

d(C1–C2) CCSD/cc-pVTZ 1.4956 1.4988 1.5109 1.5105 1.5140 1.5131 1.5032 1.5294
Composite 1.4906 1.4930 1.5075 1.5070

d(N–C2) CCSD/cc-pVTZ 1.2708 1.2706 1.2685 1.2691 1.2370 1.2680 1.2751 1.2321
Composite 1.2713 1.2713 1.2683 1.2689

d(C1–H1) CCSD/cc-pVTZ 1.1007 1.1064 1.1009 1.1039 1.1038 1.1119 1.1041 1.1063
Composite 1.1009 1.1067 1.1011 1.1039

d(C2–H3) CCSD/cc-pVTZ 1.0900 1.0861 1.0870 1.0924 1.1000 1.0947 1.0937 1.1044
Composite 1.0903 1.0867 1.0874 1.0925

d(N–H2) CCSD/cc-pVTZ 1.0179 1.0228 1.0240 1.0183 0.9870 1.0248 1.0203 0.9865
Composite 1.0176 1.0227 1.0242 1.0178

�>(C2C1O) CCSD/cc-pVTZ 122.62 123.43 121.87 124.07 122.80 122.99 122.58 123.64
Composite 122.27 123.22 121.81 123.99

�>(C1C2N) CCSD/cc-pVTZ 118.01 123.54 122.74 120.35 122.02 124.90 118.79 123.03
Composite 117.65 123.17 122.78 120.29

�>(H1C1C2) CCSD/cc-pVTZ 114.37 114.50 116.73 114.57 114.13 115.78 116.11 114.79
Composite 114.98 114.90 116.96 114.91

�>(H3C2C1) CCSD/cc-pVTZ 116.04 116.36 116.73 117.50 113.47 116.34 116.35 113.18
Composite 116.55 116.69 117.52 115.55

�>(H2NC2) CCSD/cc-pVTZ 110.74 109.85 108.08 110.01 178.50 111.74 110.35 179.34
Composite 111.57 110.84 109.15 110.93

�>(NC2C1H1)
CCSD/cc-pVTZ 0.00 0.00 180.00 180.00 0.00 89.75 99.34 180.00

Composite 0.00 0.00 180.00 180.00

Table 3. Spectroscopic parameters for the imine acetaldehyde conformers (in MHz): Equilibrium (Ae, Be, and Ce) and ground vibrational state (A0, B0, and
C0) Rotational Constants are computed with the composite method and Centrifugal Distortion parameters in the Symmetrically Reduced Hamiltonian (DJ,
DJK, DK, d1, and d2) at the CCSD/cc-pVTZ level. Dipole Moments (μ in Debye) are computed at the CCSD/cc-pVTZ level.

Conformers Ae Be Ce A0 B0 C0 DJx103 DJKx103 DKx103 d1x106 d2x106 μ

1 53 658.1 4780.0 4389.1 52 765.0 4766.6 4364.4 0.681 120.424 1216.232 30.623 − 33.287 2.52
2 50 670.8 4790.6 4376.8 50 122.9 4762.6 4350.2 1.0665 − 6.591 43 369.886 − 117.951 − 5.813 31 1.75
3 24 049.5 6531.3 5136.3 24 035.1 6448.0 5082.2 5.394 − 27.576 95.733 − 1563.600 − 105.577 2.61
4 25 900.2 6152.6 4971.6 25 980.7 6069.8 4939.9 5.352 44.502 70.047 − 1302.680 233.806 4.55

3.3 Spectroscopic parameters

The relevant spectroscopic parameters to rotational spectroscopy,
together with the dipole moments for the imine acetaldehyde con-
formers are collected in Table 3. The values of equilibrium ro-
tational constants were obtained from the bond distances com-
puted at the composite level showed in Table 2. The correspond-
ing constants for the ground vibrational state were computed from
vibration-rotation coupling constants and degeneracy factors for
the vibrational modes from anharmonic vibrational frequencies at
the CCSD/cc-pVTZ level. The similarities found in structural pa-
rameters between the two conformations either with an antiperi-
planar disposition (conformers 1 and 2) or with synperiplanar ori-
entation (conformers 3 and 4) are reflected in the calculated rota-
tional constants. We can also see in Table 3 that all the conform-
ers have relative high dipole moments (1.75–4.55 D) that should
favour their possible detection provided they can be formed in the
ISM.

The predicted harmonic and anharmonic vibrational frequencies
and the corresponding IR intensities, computed at the CCSD/cc-
pVTZ level, for the imine acetaldehyde conformers, are given in
Table 4. Convergence problems are found in the calculation of

anharmonic contribution at the CCSD/cc-pVTZ level for the con-
former 1, and in this case, the anharmonic contributions are com-
puted at the MP2/cc-pVTZ level. This information could help for an
eventual detection in the gas phase of imine acetaldehyde through
IR spectroscopy. An intense band associated with the C–O stretch-
ing mode dominates the IR spectrum of all conformers. This band
is located at 1798 cm−1, 1815 cm−1, 1799 cm−1, and 1812 cm−1 in
conformers 1, 2, 3, and 4, respectively.

As usual, the comparison between obtained harmonic and anhar-
monic frequencies shows, in general, that harmonic frequencies are
slightly higher than the corresponding anharmonic ones and the ab-
solute differences are more important in the larger frequencies cor-
responding to stretching modes. The only exception is the negative
anharmonicity found in some bending modes as the a′ NCC-bending
mode of conformer 1 located at 344 cm−1. Regarding IR intensities
there are no straightforward variations when passing from the har-
monic to the anharmonic approach. This shows that it is not possible
to found a general scale factor to obtain IR anharmonic intensities
from harmonic ones. Therefore, to describe correctly the intensities
of the IR spectrum is necessary to take into account anharmonic
contributions.
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Table 4. CCSD/cc-pVTZ Harmonic, ω, and Anharmonic, ν, Vibrational Frequencies (cm−1) and IR Intensities, Ihar and Ianhar (km mol−1), for the imine
acetaldehyde conformers.

Conformer 1a Conformer 2 Conformer 3 Conformer 4
Mode ω Ihar ν Ianhar ω Ihar ν Ianhar ω Ihar ν Ianhar ω Ihar ν Ianhar

a′ 3503 2.1 3337 0.3 3434 1.2 3270 1.4 3433 2.9 3280 3.4 3496 1.0 3329 0.3
a′ 3121 20.4 2954 26.0 3173 8.7 3052 7.2 3155 26.9 2990 5.7 3085 52.7 2919 42.0
a′ 3017 50.3 2863 46.8 2951 73.5 2812 69.0 3003 87.1 2862 83.6 2967 99.0 2847 50.6
a′ 1831 103.9 1798 91.3 1833 111.2 1815 357.0 1826 66.8 1799 ∗∗∗ 1841 76.0 1812 263.3
a′ 1715 22.3 1683 17.2 1712 17.8 1680 13.7 1714 14.3 1683 6.2 1723 7.7 1691 8.1
a′ 1426 25.3 1393 20.0 1421 8.6 1386 22.8 1458 7.5 1432 6.0 1458 22.4 1426 19.9
a′ 1389 13.2 1354 15.9 1412 23.7 1369 0.0 1416 22.2 1387 17.7 1417 7.1 1389 7.1
a′ 1243 36.8 1220 37.2 1254 25.9 1227 28.3 1257 90.9 1237 36.1 1228 49.5 1207 50.0
a′ 1145 6.6 1116 6.5 1160 61.2 1134 60.1 1176 62.9 1146 61.1 1142 6.6 1116 6.4
a′ 1058 4.5 1037 3.5 1074 58.5 1046 57.7 1057 0.2 1039 0.3 1051 7.5 1034 8.4
a′ 1052 26.0 1026 26.4 1047 0.4 1030 0.6 913 36.0 894 31.3 915 21.8 896 25.0
a′ 717 61.3 690 58.1 730 10.5 793 259.7 790 25.2 770 21.2 775 72.9 804 23.8
a′ 588 1.5 579 1.4 578 2.6 569 2.3 700 10.7 682 11.1 655 46.9 624 36.8
a′ 344 37.6 345 36.0 342 37.0 346 35.7 305 18.3 295 16.5 297 0.2 297 0.2
a′ 155 19.0 154 18.3 145 16.9 144 16.1 189 10.2 181 10.1 53 2.4 104 0.9

Note. aAnharmonic contributions for conformer 1 are computed at the MP2/cc-pVTZ level.

4 C O N C L U S I O N S

We have carried out a theoretical study of imine acetaldehyde con-
formers by means of different quantum chemical approaches. The
composite level employed allows us to obtain equilibrium struc-
tures, rotational parameters, and relative energies with ‘spectro-
scopic’ accuracy. Vibrational harmonic and anharmonic frequencies
and intensities have been computed at the CCSD level.

Four low-lying conformers have been characterized on the 1A′

PES. The most stable conformer of imine acetaldehyde corresponds
to structure 1, out-ap-imine acetaldehyde. In this conformer, the
oxygen atom and the NH group lie on opposite sides of the plane,
containing the C–C bond, which is perpendicular to the molecular
plane, and the hydrogen atom of the NH group is addressed outside
the skeleton of the molecule (out). Conformer 2 with the hydrogen
atom of the NH group addressing in the direction of the skeleton of
the molecule (in) lies only 1.30 kcal mol−1 higher in energy than
conformer 1 at composite level. The two synperiplanar conformers,
structures 3 (in) and 4 (out), with the oxygen atom and the NH group
lying on the same side of the plane, are located 2.46 kcal mol−1 and
5.77 kcal mol−1 above conformer 1, respectively, at the composite
level.

We have also analysed the interconversion processes between
conformers. The more easier process corresponds to the isomeriza-
tion of conformer 4 (the less stable) to conformer 1 (the most stable)
with an interconversion barrier of 1.17 kcal mol−1 (≈589 K). These
results show that at the low temperatures of the interstellar medium
the four conformers could coexist.

The relevant spectroscopic parameters to rotational spectroscopy
and vibrational frequencies are reported for the four conformers.
This information could help in their laboratory or astronomical
detection by radioastronomy or IR spectroscopy.
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