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This work presents a comprehensive theoretical investigation of key isomers of C2H4N2 using state-of-the-art quantum
chemical methods. The objective is to characterize their molecular structures, spectroscopic constants, and electronic
energies, and elucidate plausible formation and destruction pathways, providing data critical for astrochemical and
atmospheric detection. High-accuracy ab initio methods were employed, notably CCSD(T)-F12/cc-pVTZ-F12 for
optimized geometries. Additional calculations were performed at the CCSD(T)/aug-cc-pVTZ, CCSD(T)/cc-pVTZ,
MP2/aug-cc-pVTZ, and CIS levels. Intrinsic reaction coordinate (IRC) calculations were performed at the B3LYP /
6-31G(d, p) level to explore reaction pathways. The ZPE-corrections were determined for all of the isomers consid-
ered. Six low-energy C2H4N2 isomers were identified, all within 1 eV of the global minimum. Among them, methyl-
cyanamide (MCA) exhibits the lowest relative energy (∼0.2 eV) and a significant electric dipole moment of 5.00 D,
making it a strong candidate for detection in the gas phase environments. The rotational constants for MCA, computed
at the level of CCSD(T)-F12/cc-pVTZ-F12, are Ae = 34,932.44 MHz, Be = 4,995.31 MHz and Ce = 4,520.30 MHz. The
V3 torsional barrier was found to be 631.19 cm−1. Centrifugal distortion constants were computed up to sextic order
for all isomers. Formation pathways for MCA —such as CH3N + HCN → CH3NHCN— and related isomers were
characterized. The combination of large dipole moments and distinct rotational signatures supports the detectability
of methylcyanamide and related C2H4N2 isomers via radioastronomy, IR and MW spectroscopy. Isomerization and
reaction pathways involving radical neutral and neutral neutral processes were found to be key to their formation in the
gas phase environments. These results offer a robust foundation for future observational and modeling efforts.

I. INTRODUCTION

In the atmosphere, N-bearing molecules such as amines
(R−NH2) and nitriles (R−C≡N) either in the gas phase or
particle-phase find their ways into the atmosphere via sources
such as industrial wastes, biomass burning, vehicle exhaust
fumes, carbon capture and storage (CCS) technologies, agri-
cultural waste, animal husbandry, etc.1. Measurements in-
dicate that the amount of amines in the Earth’s atmosphere
has increased over the years enhancing aerosol formation and
growth rates, aerosol hygroscopicity, and the activation of
cloud condensation nuclei2 It is now known that these sources
cause amine emissions that lead to rich chemistry in the gas
phase, which produces intermediates and conversion prod-
ucts converting amines to amides, imines and many other

products known to contribute substantially to global climate
effects, global mortality rate, diminishing agricultural pro-
duction, toxicity, etc.1,3. Under this context, Nielsen, Her-
rmann, and Weller 3 showed that reactions between OH rad-
ical and alkyl amine occur very quickly, with a rate coeffi-
cient > 1011 cm3 molecule−1 s−1. These reactions contribute
to a major sink of alkylamines in the gas phase and typically
they diminish within 6 hours in the atmosphere.

Reactive N-bearing species such as methylamidogen radi-
cal CH3N·H with ·NO and others bring about the formation of
intermediates or products responsible for the cascading effects
of N-bearing species and/or the variation in observed abun-
dances of N-bearing species compared to models4–6.

Beyond Earth atmosphere, N-bearing species are impor-
tant for astrophysical environments as they are very abun-

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

02
94

52
5



2

dant in the Taurus molecular cloud7. Thus, the study of
such molecular species, reaction processes and the spectral
characterization of N-bearing compounds plays an important
role in understanding the formation processes of other pre-
biotic/biological molecules and learn about the physical con-
ditions of the environments where they are formed, such as
exoplanet atmosphere and the interstellar medium (ISM)8–12.
Hence the accurate investigation of their structures, spec-
troscopy, and formation pathways are prerequisites for suc-
cessful research.

In the interstellar medium, most N-bearing compounds
such as hydrogen cyanides (HCN), cyanamide (NH2CN and
its tautomeric form HNCNH) are believed to be precursors
of purines, pyrimidines and nucleobases13. These types of
compounds are very reactive due to the presence of the nu-
cleophillic amine and the electrophillic nitrile groups. Most
of the isomers of the general formula C2H4N2 fall into this
group (amines, nitriles or both).

Apart from the well known isomer aminoacetonitrile
(AAN, NH2CH2CN) which has been studied extensively and
observed in the interstellar medium (ISM)14,15, not much
is known about the isomer methylcyanamide (CH3NHCN,
MCA or C1 hereafter). MCA could be a possible intermediate
species in the formation of other N or CN-bearing compounds.
There is only a spectral measurement published by Bak
and Svanholt 16 although no many assignments are reported.
From the spectral assignments, only the rotational constants
B and C could be determined with 0.07 MHz accuracy
and, therefore, the structure was assumed from other related
molecules such as CH3NHCl. Without a good description of
the structural and spectroscopic parameters, identification is
challenging17. In addition, the vibrational frequencies and
spectroscopic constants of 1,2-diiminoethane (NHCHCHNH)
was recently investigated as promising molecules for astro-
nomical detection18. These species fall under the general for-
mula C2H4N2 as the only known investigated species.

Theoretical ab initio methods become highly pertinent to
describe the rotational structure and the vibrational interac-
tions of these molecules as their anharmonic effects are sig-
nificantly contributing to the observed spectra. According to
Nair et al. 19 , Inostroza and Senent 20 , McCarthy and Lee 21

these constants such as rotational constants, centrifugal dis-
tortion constants, dipole moments, etc. are crucial to achieve
accurate structural description and, in extension, enable po-
tential detection of these species in the gas phase environ-
ments22. Currently, there is dearth of information available
for these species in the literature. In particular, MCA as
an isomer of the family C2H4N2 also exhibits large ampli-
tude motions (LAMs) associated with their lowest vibrational
mode16 and, as such, it is important to investigate MCA and
the other isomers of this family providing parameters that best
describe them. This could be the case of MCA, because it ex-
hibits LAM motions (such as the NH inversion motion and the
methyl rotation) which descriptions constitute a challenge16.

In this contribution, we aimed to carry out high-quality
ab initio molecular structure calculations for all isomers in
their singlet ground electronic state (1A1) as well as elec-
tronic excitation energies for the six most stable isomers. We

investigated the potential energy surface of C2H4N2 includ-
ing several novel isomers and some conformers. All isomers
reported in this work are new additions to the literature ex-
cept for aminoacetonitrile (AAN) and diiminoethane, which
are added to the current work for comparison. We com-
puted spectroscopic constants and pathways of formation for
some key isomers of low energy. We provide, and compare
when available, spectroscopic parameters such as vibrational
frequencies, rotational constants, centrifugal distortions con-
stants, dipole moments, and new pathways of formation and
destruction of the three low energy isomers of close identity.

This paper is organised as follows: Section I is the introduc-
tion of N-bearing species in the atmosphere and the ISM, nar-
rowing down to the C2H4N2 isomers, along with the aims and
motivations for this study. The next section II covers the meth-
ods used. Our findings and discussion are presented in section
III covering structural characterisations, electronic energies,
spectroscopic parameters, reaction pathways, the implications
of the studied molecules and their formation and destruction
pathways in atmospheric and astrophysical contexts, and the
last section IV is the conclusion.

II. COMPUTATIONAL METHODS

The electronic structure and energy calculations of the
molecular species C2H4N2 were carried out with the explic-
itly correlated coupled cluster theory with single and double
substitutions and a perturbative correction for the connected
triple excitations CCSD(T)-F1223,24 using Molpro 2015.1 ver-
sion25. Throughout this paper, all reported CCSD(T)-F12 en-
ergies correspond to the CCSD(T)-F12b.

The F12 approach accelerates basis-set convergence, pro-
viding near-CBS energies without requiring augmented F12
basis sets26, thus explicitly correlated Dunning basis set27 cc-
pVTZ-F12 was employed in this work as it provides a more
efficient, lower-cost option that still offers good accuracy for
many ground-state calculations and designed for CCSD(T)-
F1228. Other levels of theory were also considered, taking
into account the required accuracy and the available com-
putational resources. All other theoretical calculations, i.e.,
MP229 and CCSD(T)30, were performed using both Gaussian
09 and Gaussian 16 suites of programs Frisch et al. 31,32 as
well as Automaton33, which was used to search for the local
minima of isomers (and conformers) along the C2H4N2 po-
tential energy surface (PES). Vertical excitation calculations
were conducted using single excitation configuration interac-
tion (CIS)34 to analise the excitation energies of the first six
(6) most stable isomers.

Vibrational analysis, including anharmonic correction
terms, of the fundamental frequencies of the molecular
species C2H4N2 was performed at CCSD(T)/cc-pVTZ35

and MP2/aug-cc-pVTZ levels of theory29 for low-lying
isomers. PES of the large amplitude motions of the
methylcyanamide (MCA, CH3NHCN) was characterised at
MP2/aug-cc-PVTZ level of theory. Rotational constants
and dipole moments (µ) of C2H4N2 isomers (and conform-
ers) were calculated at corresponding equilibrium geome-
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tries with CCSD(T)-F12/cc-pVTZ-F12, CCSD(T)/cc-pVTZ
and MP2/aug-cc-pVTZ methods.

Reactions leading to the formation and destruction of MCA
and other close-lying isomers were investigated within the
framework of the Intrinsic Reaction Coordinate (IRC)36–39 ap-
proach using the default settings in Gaussian 09 and Gaussian
16. B3LYP/6-31G(d,p) level of theory was used to compute
the IRC pathways due to its good compromise between ac-
curacy and computational cost40. Single-point energy calcu-
lations of the transition states were performed with the high-
level coupled cluster CCSD(T) and MP2 levels of theory us-
ing a large augmented correlation-consistent polarised valence
triple-zeta aug-cc-pVTZ basis set41. The structures at the
minima and transition states were investigated using vibra-
tional analysis obtained by B3LYP using analytical second-
order derivative along the path connecting the transition state
to intermediate, reactants, and products37.

III. RESULTS AND DISCUSSION

A. Electronic energies of C2H4N2 family

In Fig. 1 structures of eighteen isomers of the chemical for-
mula C2H4N2 are presented with their equilibrium geome-
tries, energies relative to the most stable isomer Erel(cm−1),
zero-point vibrational energies ZPVE(cm−1), relative ener-
gies corrected with ZPVE, E+ZPVE

rel (cm−1), and their dipole
moments µ(D). All these quantities are calculated using the
level of theory CCSD(T)-F12/cc-pVTZ-F12, except the zero-
point vibrational energy corrections, which is obtained from
the CCSD(T)/cc-pVTZ. In fact, the E+ZPVE

rel presented in
Fig. 1 are calculated using the following approximate ap-
proach which provides accurate corrections for the energies42:

E+ZPVE
rel = ∆ECCS D(T )−F12+∆ECCS D(T )

ZPVE , (1)

where the energies are computed at the higher-level explicitly
correlated coupled-cluster CCSD(T)-F12/cc-pVTZ-F12, and
the zero-point vibrational corrections are obtained from the
CCSD(T)/cc-pVTZ level.

Some of the characteristic features of the compounds
presented in Fig. 1 include structural and geometric iso-
merism. All these structures are singlet electronic ground
states deduced from the molecular orbitals and the spin
multiplicity. The point groups (P.G.) of these isomers are
also given. The isomers in Fig. 1 are labeled as An
and Cn (n=1, 2, 3, . . . ), when they are aminoacetonitrile
derivatives and cyanomethylamine derivatives, respectively:
aminoacetonitrile (AAN or A1), methylcyanamide (MCA or
C1), methylcarbodiimide (C2), diiminoethane (A2), trans-
diiminoethane (A3), methanimidoylformimidamide (C3),
aminoethanimine (A4), 2-aminomethylidenaziridine (C4),
2H-azirine (C5), bent-1,2-diazabutadiene (C6), ethynedi-
amine (A5), trans-ethenediazine (C7), cis-ethenediazine (C8),
3-Methyl-3H-diazirine (C9), trans-hydrazinylethyne (C10),
hydrazonoethene (C11), linear-1,2-diazabutadiene(C12), and
trans-hydrazinylethyne (C13).

The relative energy Erel of the molecular species of C2H4N2
at the CCSD(T)-F12/cc-pVTZ-F12 level of theory are given
in Fig. 1. They are relevant to predict the potentially observ-
able isomers under different sources. Here it can be noted
that the isomer AAN (also named A1), of which the spectrum
has been recorded43 is in fact the only isomer from C2H4N2
family that has been observed in the ISM15. The next isomer
in energy, MCA or C1, is only at 0.27 eV from A1 isomer.
According to the minimum energy principle, the most stable
isomer is usually the most abundant one44,45. Thus, in line
with our calculations, we expect that MCA ( or C1), the sec-
ond most stable, should also be observed in the ISM. In ad-
dition, we also present other isomers, An and Cn with lower
Erel. The relative energies (Erel) of six lowest-energy isomers
sorted based on increasing order: C2 (0.43 eV) < A2 (0.54
eV) < A3 (0.61 eV) < C3 (0.81 eV), placing all four struc-
tures within the 0.4–0.8 eV energy range above the global
minimum.

From the family of C2H4N2, we can distinguish, among all
the molecular structures shown in Fig. 1, the pairs A2 and A3,
C7 and C8 as conformers, while C6 is stable but the matching
pair C12 is a transition state, C10 is stable whereas the match-
ing pair C13 is a transition state. The energy gaps between the
pairs of conformers C6 and C12 and C10 and C13 are large
enough and, hence, other structures are found in-between.

In Fig. 1 we showcase the relative electronic energies with
ZPVE corrections (E+ZPVE

rel ) for the isomers excluding the
Transition State structures (C12 and C13). With the inclu-
sion of ZPVE correction, isomer A1, with absolute energy
E+ZPVE=-187.726045 Eh, is the most stable structure of the
family with a difference of 0.25 eV with respect to C1. The
isomers in Fig. 1 are sorted by their relative energy Erel but
it can be noted that the order of C5 and C6 and A5 and C7
are interchanged when considering E+ZPVE

rel . This is due to the
close energy of these two isomers and the effect of the ZPVE.
The absolute energies E+ZPVE of isomers A1, C1, C2, A2, A3
and C3 are within the energy range from -187.73 to -187.69 Eh
(around 0.79 eV) showing their potential proton transfer inter-
convertibility (hydrogen shift) from A1 and C1 to their corre-
sponding derivatives at higher energy, respectively. The possi-
ble proton transfer reactions from the two most stable isomers,
AAN and MCA, to the isomers subsequent in energy are ex-
hibited in Fig. 2. In this diagram we show that a relatively
low energy, computed using the CCSD(T)-F12/cc-pVTZ-F12
(see Fig. 1), is needed to isomerise the species A1 and C1
via a proton transfer reaction. The isomerisation energy from
A1 to A2 and from A1 to A3 are 52.10 kJ/mol (0.54 eV)
and, 58.86 kJ/mol (0.61 eV), respectively. For the methyl-
cyanamide derivatives, the formation of isomer C3 proceeds
through two sequential steps: C1→ C2 (first proton transfer)
and C2→ C3 (second proton transfer). The isomerization en-
ergies associated with these transformations are 15.44 kJ/mol
(0.16 eV) and 52.10 kJ/mol (0.54 eV), respectively.
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Label A1 C1 C2 A2 A3 C3
Elec. g.s. (P.G.) 1A′ (Cs) 1A (C1) 1A (C1) 1Ag (C2h) 1A′ (Cs) 1A′ (Cs)
Erel (cm−1) 0.00 2177.7 3468.2 4392.5 4920.0 6533.1
ZPVE (cm−1) 13979.87 13796.61 13524.24 13817.02 13728.13 13644.07
E+ZPVE

rel (cm−1) 0.00 1994.44 3012.57 4229.64 4668.26 6197.30
µ (D) 2.85 5.00 3.40 0.00 3.00 3.58

Label A4 C4 C5 C6 A5 C7
Elec. g.s. (P.G.) 1A (C1) 1A (C1) 1A (C1) 1Ag (C2h) 1A (C1) 1A′ (Cs)
Erel (cm−1) 10001.3 10323.9 12293.4 12297.5 14025.9 14356.7
ZPVE (cm−1) 13603.47 13795.29 13842.91 13439.30 13449.18 13432.06
E+ZPVE

rel (cm−1) 9624.90 10139.32 12156.67 11756.93 13889.17 13808.89
µ (D) 2.60 3.87 3.31 Nonpolar 1.70 3.22

Label C8 C9 C10 C11 C12 C13
Elec. g.s. (P.G.) 1A (C1) 1A (C1) 1A (C1) 1A (C1) 1Ag (D2h) 1A′ (Cs)
Erel (cm−1) 15283.2 18389.4 21634.6 31939.5 51780.8 54684.4
ZPVE (cm−1) 13465.86 13355.03 13609.84 12846.72 - -
E+ZPVE

rel (cm−1) 14769.19 17764.56 21264.57 30806.35 - -
µ (D) 3.13 4.01 0.92 2.38 Nonpolar 3.99

Figure 1. Isomers of the formula C2H4N2, ranked by increasing relative energy Erel (in cm−1), referred to the most stable isomer (A1). Their
electronic ground states (g.s.), point groups (P.G.), zero-point vibrational energies ZPVE (in cm−1), relative energies including the ZPVE
corrections E+ZPVE

rel (in cm−1), and dipole moments µ (in Debye) are also shown. These calculations were carried out with the level of theory
CCSD(T)-F12/cc-pVTZ-F12. The pairs A2 & A3, C6 & C12, C7 & C8, and C10 & C13 are conformers of the same isomer. Transition state
structures are highlighted in dotted frames as C12 and C13.

1. Comparison among the levels of theory

To evaluate the performance of the three computational
methods—MP2/aug-cc-pVTZ, CCSD(T)-F12/cc-pVTZ-F12,
and B3LYP/6-31G(d,p)—introduced in Section II, we com-
pare the relative energies of the eighteen C2H4N2 isomers un-
der investigation with respect to the lowest-energy structure
A1, the only one characterized spectroscopically and observed
in the ISM, e.g., in Sgr B2(N)14,46. As shown in Figure 3, all
three levels of theory yield consistent energy hierarchy, with
only minor variations among them, highlighting their overall
agreement in predicting the relative stabilities of the isomers.

In general, B3LYP provides the lowest energy values
and the results of MP2 are closer to the ones obtained by

CCSD(T)-F12. In particular, for the species C1, a good agree-
ment is observed between the two levels of theory CCSD(T)-
F12/cc-pVTZ-F12 and MP2/aug-cc-pVTZ resulting in a rela-
tive energy of 0.27 eV and 0.28 eV, respectively.

MP2 provides results comparable to the higher level
method CCSD(T)-F12, showing the effectiveness of MP2
level. Furthermore, when MP2 has a divergent behaviour,
it can be corrected by including excitation correction terms
as they are implemented in the more robust coupled-cluster
approach47. Particularly, the triple substitutions treated per-
turbatively in the coupled cluster (CCSD(T)) was considered
a gold standard in quantum chemical calculations due to its
high accuracy30. However, the method with the highest ac-
curacy adopted in this study is the explicitly correlated (F12)
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Isomeric species

0.00

0.27
0.43
0.61
0.81
1.00
1.20

E R
el

(e
V)

Htransfer

E = 0.54 eV

E = 0.54 eV E = 0.61 eV
E = 0.16 eV

C1
C2

C3

A1

A2 A3

Figure 2. Proton transfer energy diagram of the two most stable isomers of C2H4N2 with their relative energies obtained from CCSD(T)-
F12/cc-pVTZ-F12. Aminoacetonitrile derivatives are labeled as An while cyanomethylamine derivatives as Cn.

coupled cluster (CCSD(T)-F12). This method is based on the
gold standard and includes germinal basis functions, i.e., a
small set of two-particle basis functions that depends explic-
itly on the inter-electronic distances and looks almost like the
correlation holes. CCSD(T)-F12 has the advantage of requir-
ing not so large basis sets than for the CCSD(T) as well as it
is relatively faster and can be used to predict energy and other
chemical properties with a high accuracy48,49.

In general, MP2 slightly overestimates the energies with
respect to those of CCSD(T)-F12 whereas B3LYP underes-
timates them. From now on, CCSD(T)-F12 and MP2 will be
used, besides estimating the energies, to determine the struc-
ture of the isomers especially when high accuracy is needed.

A1 C1 C2 A2 A3 C3 A4 C4 C5 C6 A5 C7 C11 C8 C9 C10 C12 C13
Isomeric species

0

1

2

3

4

5

6

7

E R
el

(e
V)

A1: Observed
Species

MP2/aug-cc-pVTZ
CCSD(T)-F12/cc-pVTZ-f12
B3LYP/6-31G(d,p)

Figure 3. Comparison of the relative energies Erel (in eV) cal-
culated with MP2/aug-cc-pVTZ, CCSD(T)-F12/cc-pVTZ-F12, and
B3LYP/6-31G(d,p) methods across 18 isomeric species. The relative
energies are given with respect to the value of the most stable isomer
A1.

B. Structural and Spectroscopic parameters

1. Structural parameters

Table 1 presents the equilibrium structural parameters of
selected C2H4N2 isomers optimized at the CCSD(T)-F12/cc-
pVTZ-F12 level of theory. Reported values include bond
lengths (in Å) and bond angles (in degrees) for the global min-
imum structure A1, as well as for the two next-lowest-energy
aminoacetonitrile derivatives, A2 and A3.

We have calculated the equilibrium internal coordinates for
A1 to validate the ab initio level of theory used here by com-
paring them with the experimental and other ab initio results.
It can be noted that the agreement is rather good except for
the bond angles ∠(C1-C5≡N8) and ∠(H2-C1-H3). On the
one hand, the value of ∠(C1-C5≡N8) has a discrepancy of
about 5◦ in comparison with the CBS+CV result. Its ex-
perimental value was assumed to be fixed at 180◦. On the
other hand, angle ∠(H2-C1-H3) differs from the experimental
value around 5◦. This last difference can be explained because
its experimental determination assumed the interbond angle
∠(C1-C5≡N8) as 180◦. In Table 2, the geometry of the three
lowest energy cyanomethylamine derivatives C1, C2 and C3
are given. The geometry of the most stable cyanomethylamine
derivative C1 is compared with the available experimental in-
terbond angles, which were determined assuming the equi-
librium bond lengths r(C7≡N8) and r(N5-C7) from another
molecule with a similar configuration16. To provide a further
comparison, we have also included in Table 2 the equilibrium
bond lengths and interbond angles, computed at the level of
theory B3LYP/aug-cc-pVTZ, of the molecule CH3NH2CN at
the electronic state 2A, which is prone to lose one hydrogen of
radical NH2

50. For this latter case, there is only inconsistency
for the ∠(N5-C7≡N8). In general, there is a good agreement
of our calculated parameters with the experimental and theo-
retical work. In addition, we include the equilibrium structure
of the other isomers with higher electronic energy in supple-
mentary information tables: (see Tables S1 and S2).

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

02
94

52
5



6

Table 1. Equilibrium geometric parameters (bond lengths in Å and bond angles in degrees) computed at the CCSD(T)-F12/cc-pVTZ-F12 level
for the first A1, A2, and A3 isomers of C2H4N2.

A1 A2 A3
Description This work Exp.a CBS+CVb Description This work Description This work
R(C5≡N8) 1.171 1.1594(44) 1.156 R(H3N1) 1.020 R(H3N1) 1.024
R(C1C5) 1.474 1.4611(40) 1.476 R(N1C2) 1.281 R(N1C2) 1.281
R(C1H2) 1.089 1.0940(48) 1.088 R(C2H4) 1.098 R(C2H4) 1.087
R(C1H3) 1.089 R(C2C5) 1.477 R(C2C5) 1.474
R(N4H6) 1.013 1.0138(30) 1.010 R(C5H6) 1.098 R(C5H6) 1.095
R(N4-H7) 1.013 R(C5N7) 1.276 R(C5N7) 1.279
R(C1N4) 1.456 1.4760(40) 1.452 R(N7H8) 1.024 R(N7H8) 1.020
∠(C1-C5≡N8) 177.39 180.0 182.2 ∠(H3N1C2) 110.5 ∠(H3N1C2) 109.82
∠(N4-C1-C5) 114.79 114.54(28) 114.80 ∠(H4C2C5) 114.77 ∠(H4C2C5) 115.77
∠(C1N4H6) 110.24 109.6(5) 110.5 ∠(H6C5C2) 114.8 ∠(H6C5C2) 116.12
∠(C1N4H7) 110.24 ∠(H8N7C5) 110.50 ∠(H8N7C5) 110.49
∠(H2C1H3) 107.06 102.4(19) ∠(C2C5N7) 119.40 ∠(C2C5N7) 119.53
∠(H6N4H7) 106.76 107.3(14) ∠(H4C2N1) 125.90 ∠(H4C2N1) 119.09

a Experimental structural parameters for A 143 has been included for validating our results. We have considered the largest uncertainties
determined, The angle given without uncertainty is assumed.
b Ab initio geometric parameters obtained at the Complete Basis Set (CBS) limit including the core-valence correlation (CV)51. The
extrapolation was carried out using the levels of theory fc-CCSD(T)/cc-pVnZ level, with n = T and Q, and CCSD(T)/cc-pCVTZ within the fc
approximation and correlating all electrons.

Table 2. Equilibrium geometric parameters (bond lengths in Å and bond angles in degrees) computed at the CCSD(T)-F12/cc-pVTZ-F12 level
for the first C1, C2, and C3 isomers of C2H4N2.

C1 C2 C3
Description This work Exp.a Description This work Description This work
R(C7≡N8) 1.175 R(C2N3) 1.453 R(H1C2) 1.093
R(N5C7) 1.344 R(N3C4) 1.218 R(H3C2) 1.417
R(C1N5) 1.467 R(C4N7) 1.237 R(N3N4) 1.279
R(N5H6) 1.009 R(N7H8) 1.012 R(C4H5) 1.094
R(C1H3) 1.009 R(C2H1) 1.089 R(C4H6) 1.084
R(C1H2) 1.086 R(C2H5) 1.087 R(N7C2) 1.271
R(C1H4) 1.086 R(C2H6) 1.088 R(N6H8) 1.023
∠(N5C7≡N8) 176.85 179.92 ∠(C2N3C4) 128.05 ∠(H1C2N3) 116.95
∠(C1N5C7) 116.18 112.90 ∠(N3C4N7) 170.39 ∠(H1C2N7) 119.34
∠(N5C1H4) 108.21 ∠(C4N7H8) 117.23 ∠(C2N3C4) 114.84
∠(H4C1H3) 109.68 ∠(N3C2H1) 112.22 ∠(N3C2N7) 123.70
∠(H6N5C7) 112.69 ∠(H1C2H6) 109.33 ∠(H8N7C2) 108.37
∠(H6N5C1) 114.54 ∠(N3C2H5) 108.66 ∠(N4C5H7) 119.09

a Experimental coordinates determined assuming r(C7≡N8)=1.160 Å and r(N5C7)=1.400 Å16.

2. Harmonic and Anharmonic vibrational Frequencies

The fundamental frequencies of isomers C2H4N2 from A1
to C11, ruling out the transition states C12 and C13, have been
calculated using two levels of theory, CCSD(T)/cc-pVTZ and
MP2/aug-cc-pVTZ. The harmonic frequencies are computed
in this work at the level of theory CCSD(T)/cc-pVTZ. The
anharmonic vibrational frequencies are obtained using

E =
∑

i

ωCCSD(T)
i

(
νi+

1
2

)
+

∑
i≥ j

xMP2
i j

(
νi+

1
2

)(
ν j+

1
2

)
(2)

where ωi are the harmonic fundamentals, νi and ν j are vibra-
tional quanta, and xi j are the anharmonic parameters. The har-
monic contribution at CCSD(T)/cc-PVTZ level is corrected

with the anharmonic constants derived using MP2/AVTZ
force field, as implemented in Refs.52,53

In Table 3 we present the harmonic CCSD(T)/cc-pVTZ fun-
damentals and the anharmonic ones calculated with Eq. (2)
of aminoacetonitrile (A1), with their vibrational mode de-
scriptions, and of its derivatives A2 and A3. Isomer A1
has been included here as a benchmark of the values com-
puted for the new species in this work. The results ob-
tained for A1 are compared with the experimental vibrational
frequencies and the theoretical anharmonic frequencies, de-
noted as CBS+CV/MP2, obtained at the complete basis set
(CBS) limit including the core-valence correlation (CV) and
corrected with anharmonic contributions at the ae-MP2/cc-
pCVTZ level51. The structure of isomer A1 has a point group
Cs. This group characterises the first 11 vibrational modes
with an irreducible representation A′ and the other 7 modes
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with a symmetry A′′. From the experimental data, seven of
the lowest fundamental frequency have been measured with
high resolution techniques14,51 and low resolution experimen-
tal data of other 10 fundamental frequencies were also re-
ported54. In general, our anharmonic frequencies calculated
with Eq. (2) have a good agreement (within a few cm−1) with
their corresponding experimental values and CBS+CV/MP2
results. Nevertheless, large discrepancies with respect to the
experimental frequencies are found between 40-90 cm−1 for
the modes ν2, ν3, ν4 and ν9. Interestingly, the harmonic
frequencies ω3, ω4, and ω9 at CCSD(T)/cc-PVTZ level are
closer to the experimental frequencies than the anharmonic
ones.

The low-lying A2 conformer belongs to the C2h point
group. Thus, the A2 conformer exhibits nine Raman-active
modes (7Ag + 2Bg) and nine IR-active modes (3Au + 6Bu) as
arranged in descending order on the tables. The Au modes cor-
respond to dipole oscillations along the z-axis, whereas the Bu
modes involve dipole components in the molecular xy plane.
All irreducible representations of C2h are one-dimensional;
therefore, all vibrational modes are nondegenerate. These
symmetry assignments were confirmed by inspection of the
computed normal mode displacements. A comparison of the
A2 vibrational modes analyzed, (ν1, ν3, ν4, ν5, ν13, ν15, ν16,
ν17) show excellent agreement (within 10 cm−1) between the
anharmonic (this work) and F12–TcCR+DZ levels18, all other
modes have very good consistency. Low-frequency bending
or torsional modes (<600 cm−1)) exhibit larger relative devi-
ations, typical of floppy or coupled vibrations.The A3 con-
former adopts Cs symmetry, leading to two irreducible rep-
resentations: A′ (symmetric with respect to the mirror plane)
and A′′ (antisymmetric). Accordingly, the first eleven modes
are of A′ symmetry, whereas modes 12–18 correspond to A′′.
Both representations are IR and Raman active, with A′ modes
polarized in the molecular plane and A′′ modes polarized per-
pendicular to it. A comparison of our vibrational frequen-
cies of A2 and A3 with other ab initio calculations, corre-
sponding to the conformers anti-(E,E) and anti-(E,Z), respec-
tively18, shows a good agreement. The calculations given in
Ref.18 resulted from a harmonic frequency analysis computed
at CCSD(T)-F12b/cc-pCVTZ-F12 level of theory with rela-
tivistic corrections and the anharmonic analysis at CCSD(T)-
F12/cc-pVDZ18.

Table 4 presents the harmonic CCSD(T)/cc-pVTZ fun-
damentals and the anharmonic frequencies calculated with
Eq. (2) of methylcyanamide (C1), along with their vibrational
mode descriptions, as well as those from its derivatives C2
and C3. The structures of C1 and C2 have a point group,
C1 and, therefore, all their vibrational modes are totally sym-
metric. Isomer C3 has a symmetry, Cs and their first 13 vibra-
tional modes are A′ and other 5 (from 14th to 18th) vibrational
modes are A′′. For C1 conformer, Bak and Svanholt reported
an "approximate" experimental frequency of 105 cm−1 for ν18
mode, closer to the theoretical frequency of 95 cm−1 in our
work. The harmonic (ωi) and anharmonic (νi) fundamental
frequencies for the 6 lowest energy isomers A1, A2, A3, C1,
C2 and C3 computed at MP2/aug-cc-pVTZ level of theory are
given in Table 5. Resonances in Tables 3, 4, and 5 were de-

termined from the energy separations between anharmonic vi-
brational states within about 30±5 cm−1 following Ref.55.

In the supplementary information, the harmonic vibrational
frequencies at the level of theory CCSD(T)/cc-pVTZ with the
anharmonic MP2/aug-cc-pVTZ corrections calculated with
Eq. (2), and the harmonic and anharmonic fundamentals at
the level of theory MP2/aug-cc-pVTZ are provided for the
isomers with higher electronic energy from A4, omitting the
transition states C12 and C13. In Tables S3 and S4, the
CCSD(T)/cc-pVTZ harmonic frequencies and the anharmonic
fundamentals calculated with Eq. (2) are reported. Table S5
presents the harmonic and anharmonic fundamentals at the
level of theory MP2/aug-cc-pVTZ of A4, C4, C5, C6, A5,
C7, C8, C9, C10 and C11 isomers.

3. Spectroscopic parameters and dipole moments

The spectroscopic constants of the family of isomers
C2H4N2 are also made available. In this section, we pay
special attention to the spectroscopic constants of the en-
ergy lowest aminoacetonitrile derivatives A1, A2 and A3
and cyanomethylamine derivatives C1, C2 and C3 as well
as providing their dipole moments. The C2N2H4 is a po-
lar molecule and exhibits closely spaced conformers, dif-
fuse functions35 may influence geometries and relative ener-
gies. Due to this, geometry optimizations and harmonic fre-
quencies were performed at the MP2/aug-cc-pVTZ level to
include diffuse functions for structural description and ZPE
corrections. Electronic reference energies were computed at
the CCSD(T)-F12/cc-pVTZ-F12 level; the F12 approach ac-
celerates basis-set convergence, providing near-CBS energies
without requiring augmented F12 basis sets, which are less
standardized and can introduce numerical issues26. Selected
CCSD(T)/cc-pVTZ single-points were employed to validate
the protocol. A first comparison of the equilibrium rota-
tional constants and the total dipole moments of the six low-
est energy isomers is showed in Table 6 using three ab ini-
tio levels of theory MP2/aug-cc-pVTZ, CCSD(T)/cc-pVTZ
and CCSD(T)-F12/cc-pVTZ-F12. It can be noted that, in
general, the equilibrium rotational constants obtained from
MP2/aug-cc-pVTZ and CCSD(T)/cc-pVTZ using Gaussian
are closer for some species like A2, C1. The values obtained
from CCSD(T)-F12/cc-pVTZ-F12 using Molpro was added
for qualitative comparison even though computationally its
convergence thresholds differ. However, the general agree-
ment shows how reliable these methods are in computing ge-
ometric parameters for similar molecular species.

In Table 6 we also present the ground vibrational state
rotational constants. These were computed using the equi-
librium rotational constants from CCSD(T)-F12/cc-pVTZ-
F12 and the vibrational contribution ∆Bvib derived from the
vibration-rotation interaction parameters determined from the
MP2/AVTZ force field:

B0 = Be(CCSD(T)-F12/VTZ-F12)+∆Bvib(MP2/AVTZ) ,
(3)
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Table 3. Harmonic fundamental vibrational frequencies at the CCSD(T)/cc-pVTZ level of theory and the anharmonic frequencies calculated
with Eq. (2) (both in cm−1) for the isomers A1, A2 and A3.
Vib.
Mode

A1 A2 A3

This Work
Harm. Fr

This work
Anharm. Exp. Freq.a

CBS +
CV/MP2d Description

Type of
Vibration (Γvib)

Harm
Freq

Anharm
Freq Exp.e

F12-
TcCR+DZ f Γvib

Harm
Freq

Anharm
Freq

F12-
TcCR+
DZ f

Γvib

ν1 3518 3377 3367(1) 3378 H6-N4-H7 Sym. stre (A′) 3465 3301 3303 Ag 3417 3252 3303 A′

ν2 3092 2993 2950(1) 2952 H2-C1-H3 Sym. stre (A′) 3101 2948 2925 Ag 3339 3169 3239 A′

ν3 2228 2185 2236(1) 2254 C5≡N8 Stretching (A′) 1700 1652 1652 Ag 3157 3023 2992 A′

ν4 1673 1549 1642(1) 1617 H6-N4-H7 Bending (A′) 1428 1392 1386 Ag 3014 2857 2881 A′

ν5 1478 1451 1444(1) 1446 H2-C1-H3 Bending (A′) 1276 1249 1248 Ag 1684 1638 1645 A′

ν6 1369 1334 1348(1) 1338 H2-C1-H3 Wagging (A′) 1021 997 975 Ag 1625 1601 1616 A′

ν7 1126 1086 1077(1) 1086 C1-N4 Stretching (A′) 586 578 565 Ag 1406 1371 1381 A′

ν8 946 910 901.4(1)b 898 C1-C5 Stretching (A′) 1128 1099 1083 Au 1379 1347 1361 A′

ν9 846 719 790.95908(7)b 811 H6-N4-H7 Wagging (A′) 651 634 646 603 Au 1278 1249 1259 A′

ν10 571 566 556.56467(2)b 559 C1-C5-N8 Bending (A′) 169 165 78 Au 1171 1146 1159 A′

ν11 235 235 210.575841(5)c 211 N4-C1-C5 Bending (A′) 1103 1081 1056 Bg 1029 1004 996 A′

ν12 3604 3437 3431(1) 3448 H6-N4-H7 Asym. stre (A′′) 909 891 878 Bg 573 566 558 A′

ν13 3136 2994 2975(1) 2991 H2-C1-H3 Asym. Stre (A′′) 3465 3301 3301 Bu 350 353 348 A′

ν14 1395 1355 1331(1) 1360 H2C1-H2N4 Twisting (A′′) 3101 2985 3114 2928 Bu 1151 1124 1107 A′′

ν15 1200 1174 1160(1)b 1173 H2-C1-H3 Twisting (A′′) 1640 1612 1604 1613 Bu 1112 1092 1074 A′′

ν16 890 881 —- 884 H2-C1-H3 Rocking (A′′) 1377 1350 1345 Bu 918 905 895 A′′

ν17 392 385 368.104656(3)c 370 C1-C5-N8 Bending (A′′) 1176 1152 1155 1149 Bu 668 652 628 A′′

ν18 261 254 244.891525(3)c 248 H6-N4-H7 Torsion (A′′) 337 339 324 Bu 186 186 148 A′′

a Low resolution data of the experimental fundamental frequencies54. When available, high resolution experimental frequencies are given
instead.
b High resolution experimental fundamentals measured by Jiang et al. 51 .
c High resolution experimental fundamentals obtained by Melosso et al. 14 .
d Ab initio anharmonic frequencies, denoted as CBS + CV/MP2, obtained at the Complete Basis Set (CBS) limit including the core-valence
correlation (CV) and corrected with anharmonic contributions at the ae-MP2/ cc-pCVTZ level51. The CBS extrapolation was carried out
using the levels of theory fc-CCSD(T)/cc-pVnZ level, with n = T and Q, and CCSD(T)/cc-pCVTZ within the fc approximation and
correlating all electrons.
e Experimental Ar-matrix results from Ref.56
f Calculations from Ref.18, named as F12-TcCR+DZ, resulted from a harmonic contribution computed at the level of theory
CCSD(T)-F12b/cc-pCVTZ-F12 with relativistic corrections and the anharmonic one at CCSD(T)-F12/cc-pVDZ.
Only interactions between the anharmonic vibrational bands whose energy separation is within about 30±5 cm−1 were treated as significant.
; A1: ν15↔ ν8 + ν18, A2: ν14↔ ν16 + ν3, ν15↔ ν18 + ν5, ν16↔ ν18 + ν6. A3: ν6↔ ν9 + ν13.

which is applied for the three rotational constants A0, B0 and
C0. To assess these results, next we compare the theoreti-
cal rotational constants from Eq. (3) with the available ex-
perimental ground state rotational constants, i.e., those from
aminoacetonitrile A1 and methylcyanamide C1. The experi-
mental ground state rotational constants of aminoacetonitrile
A1 are A0=30246.4909(9) MHz, B0=4761.0626(1) MHz and
C0=4310.7486(1) MHz51. Our calculations provided the dif-
ferences about 247 MHz, 26 MHz and 26 MHz, respectively.
For methylcyanamide C1 (or MCA), the experimental ground
state rotational constants fitted for the transitions with sym-
metry a+ are A0=36090(156) MHz, B0=4977.13(7) MHz and
C0=4505.13(7) MHz16. Our calculations from Eq. (3) differ
to be about 1109 MHz, 16 MHz and 20 MHz, respectively.
It should be noted that the experimental-calculated difference
of ∆A is very large. Nevertheless, the comparison of the the-
oretical with the experimental value of A0 is less definitive
because its experimental rotational constant has a substantial
uncertainty whereas B0 and C0 are well determined. In addi-
tion, this large difference can also arise from the fact that the
experimental rotational constants were estimated only from a
fit of a few transitions with symmetry either a+ or a−16. MCA

has two large amplitude motions which splits each rotational
transition into four, labeled as a+, a−, e+ and e−. The values
of B0 and C0 for both symmetries a+ and a− are similar but
the values of A0 are rather different. According to this com-
parison, a new measurement of the experimental spectrum of
MCA would be convenient to determine the constant A0 with
accuracy.

Concerning the results of the total dipole moments given in
Table 6, the two methods (MP2 and CCSD(T) ) are in good
accordance, with dipole moment predictions. For instance,
A1 has 2.54 and 2.85 D at MP2/AVTZ and CCSD(T)/cc-
pVTZ respectively while experimentally it was determined to
be 2.64 D. The A2 isomer has a dipole moment of 0.00 D
due to its molecular symmetry. In contrast, the MCA iso-
mer exhibits a dipole moment of 5.04 D at the MP2 level,
in close agreement with the CCSD(T). MP2 values are gen-
erally lower compared to CCSD(T), widely considered gold
standard in quantum chemical calculations30. The dipole mo-
ments of these five isomers (A1, A3, C1, C2 and C3) are rela-
tively large and, according to these values, they are potentially
observable species either in the atmosphere or the interstel-
lar medium. The isomer A2 does not have dipole moment.
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Table 4. Harmonic vibrational frequencies at the CCSD(T)/cc-pVTZ level of theory and the anharmonic frequencies computed with Eq. (2)
(both in cm−1) for the isomers C1, C2 and C3.

Vib.
Mode

MCA(C1) C2 C3
Harm.
Freq

Anharm
Freq Description

Type of
vibration

Harm
Freq

Aharm
Freq

Harm
Freq

Aharm
Freq

ν1 3594 3436 N5-H6 Stretching 3575 3412 3435 3269
ν2 3176 3038 H2-C1-H4 Asym. str. 3129 2991 3183 3047
ν3 3144 3008 CH3 Asym. str. 3120 2981 3070 2910
ν4 3060 2937 CH3 Sym. str. 3040 2981 3036 2890
ν5 2245 2210 N5-C7-N8 Stretching 2202 2149 1684 1646
ν6 1526 1480 CH3 Asym. bending 1516 1506 1667 1624
ν7 1501 1471 CH3 Asym. bending 1501 1472 1485 1451

ν8 1469 1452 N5-H6
Twisting/
bending 1454 1436 1413 1380

ν9 1457 1416 CH3 Sym. bending 1367 1344 1281 1250
ν10 1196 1177 CH3 Wagging 1144 1116 1213 1188
ν11 1165 1139 C7-N5 Stretching 1143 1119 985 957
ν12 1146 1132 CH3 Rocking 981 908 605 594
ν13 936 926 H4-C1-N5 Bending 905 880 364 362
ν14 656 602 N5-C7-N8 Bending 644 636 1107 1083
ν15 544 516 N5-C7-N8 Bending 586 568 1070 1054
ν16 443 420 N5-H6 Inversion 473 459 920 903
ν17 227 224 C1-N5-C7 Bending 197 193 647 626
ν18 110 95 CH3 Torsion 74 61 123 118

Only interactions between the anharmonic vibrational bands whose energy separation is within about 30±5 cm−1 were treated as significant:
C1: ν4↔ 2ν6, ν8↔ ν13 + ν15, ν12↔ ν13 + ν17. C2: ν4↔ 2ν6, ν7↔ ν8 + ν18, ν12↔ 2ν16, ν2↔ ν3, ν10↔ ν11. C3: ν14↔ ν11 + ν18.

We should highlight that our results are comparable with oth-
ers available in the literature18. For A1 species, the experi-
mental dipole moment is 2.640(7) D43, akin to the calcula-
tions obtained for MP2/aug-cc-pVTZ, to be 2.54 D, and the
coupled cluster methods CCSD(T)/cc-pVTZ and CCSD(T)-
F12/cc-pVTZ-F12 to be 2.85 D and 2.86 D, respectively. A2
with 0.00 D agrees with previous work18. For A3 isomer,
the dipole moment was recently computed via B3LYP/aug-cc-
pVTZ to be 2.78 D18 while our calculations resulted in 2.83 D
at MP2/aug-cc-pVTZ and 3.00 D at CCSD(T)/cc-pVTZ. The
good agreement in these comparisons supports the reliability
of our results.

According to the accuracy provided by the level of the-
ory MP2/aug-cc-pVTZ in Table 6, we have also provided the
rotational and centrifugal distortion (quartic and sextic) con-
stants of the S-reduced Watson Hamiltonian at MP2/aug-cc-
pVTZ level of theory. In Table 7 we report their values of
the isomers A1, A2 and A3 and in Table 8 their values of iso-
mers C1, C2 and C3. On the one hand, a comparison with
the available experimental parameters is relevant to estimate
the degree of accuracy of the calculations. For aminoacetoni-
trile (A1 or AAN) species, we obtained A0=29965.759 MHz,
B0=4739.798 MHz, and C0=4287.742 MHz and the differ-
ence with the experimental parameters51 are ∆A ≈ 281 MHz,
∆B ≈ 21 MHz, and ∆C ≈ 23 MHz. For species C1, the
experimental-MP2 differences for the rotational constants are
∆A ≈ 1099 MHz, ∆B ≈ 14 MHz, and ∆C ≈ 18 MHz (see the
experimental rotational constants fitted for the transitions with
symmetry a+16). As for the results given by the Eq. (3), the
experimental-calculated difference of∆A is very large. In both

cases, for A1 and C1, the differences of our MP2 calculations
with respect to the experimental values of the rotational con-
stants B0 and C0 are between 14 to 23 MHz, close to those ob-
tained with Eq. (3), whereas the differences for A0 are larger,
as it happens in other works57,58.

On the other hand, comparison of our MP2 spectroscopic
parameters with higher-level theoretical results18 is also valu-
able. McKissick et al. computed the rotational constants as
well as the quartic and sextic distortion constants for isomers
A2 and A3 at the F12-TcCR+DZ QFF and F12-TcC QFF lev-
els of theory. For isomer A2, the differences between our
MP2 parameters and those reported by McKissick et al. are
less than 0.5% for the ground-state rotational constants and
approximately 2%, 5%, and 0.2% for the quartic distortion
constants DJ , DJK , and DK , respectively. For A3 species, the
differences of the ground state rotational constants are of 1.0%
for A0, 0.1% for B0 and of 0.3% for C0, and about 3%, 0.3%,
and 0.08% for DJ , DJK , and DK .

Results from other isomers with higher electronic energies
(A4-C11) are provided in table S6 of the supplementary mate-
rial. For those, we provided the rotational and centrifugal dis-
tortion (quartic and sextic) constants of the S-reduced Watson
Hamiltonian, calculated at MP2/aug-cc-pVTZ level of theory.

C. Methylcyanamide (MCA or C1) molecule

The isomer MCA (or C1 in fig. 1) is the second one in en-
ergy and has the largest dipole moment among all the isomers
of C2H4N2 presented in this work (see Fig.1). .
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Table 5. Harmonic (ω) and anharmonic (ν) fundamental vibrational
frequencies (in cm−1) for selected isomers of C2H4N2 at MP2/aug-
cc-pVTZ level of theorya

.

Vibrat.
modes A1 A2 A3 C1 C2 C3

ω1 3532 3485 3484 3606 3602 3460
ω2 3108 3116 3429 3199 3175 3220
ω3 2180 1684 3168 3166 3166 3091
ω4 1666 1409 3070 3075 3074 3064
ω5 1490 1277 1673 2229 2219 1674
ω6 1369 1015 1624 1539 1528 1659
ω7 1123 585 1405 1516 1516 1486
ω8 941 1129 1381 1470 1463 1403
ω9 842 658 1282 1463 1386 1268
ω10 562 165 1177 1200 1153 1201
ω11 209 1102 1023 1165 1146 989
ω12 3625 910 573 1152 937 603
ω13 3159 3485 334 938 898 364
ω14 1395 3117 1145 657 641 1103
ω15 1203 1628 1098 532 564 1074
ω16 894 1364 919 436 466 920
ω17 374 1169 655 214 188 644
ω18 255 338 151 167 64 115
ν1 3391 3320 3320 3448 3440 3294
ν2 3010 2962 3260 3062 3037 3084
ν3 2138 1636 3036 3031 3027 2931
ν4 1542 1372 2913 2951 3015 2918
ν5 1463 1250 1626 2195 2166 1635
ν6 1333 991 1582 1493 1519 1617
ν7 1083 577 1371 1486 1486 1452
ν8 905 1101 1349 1453 1445 1370
ν9 715 641 1253 1421 1362 1237
ν10 557 161 1152 1181 1125 1176
ν11 209 1080 998 1138 1121 962
ν12 3458 902 566 1138 864 592
ν13 3018 3320 337 929 873 362
ν14 1356 3001 1118 603 633 1078
ν15 1178 1600 1078 504 546 1059
ν16 885 1337 906 413 451 903
ν17 367 1145 639 212 185 623
ν18 248 340 149 153 50 109

Only interactions between the anharmonic vibrational bands whose
energy separation is within about 30±5 cm−1 were treated as
significant: A1 ν7↔ 2ν10, ν15↔ ν8 + ν18.
A2: ν16↔ ν6 + ν18, ν15↔ ν5 + ν18, ν14↔ ν3 + ν16.
A3: ν6↔ ν9 + ν13.
C1: ν4↔ 2ν6, ν8↔ ν13 + ν15, ν12↔ ν13 + ν17.
C2: ν7↔ ν8 + ν18, ν4↔ 2ν6, ν2↔ ν3, ν10↔ ν11.
C3: ν14↔ ν11 + ν18,

MCA is a near prolate asymmetric top with an asymmetry
parameter κ = 2B0−A0−C0

A0−C0
=-0.969 computed with the ground

state rotational constants reported in Table 6. Its equilibrium
structure at the level of theory CCSD(T)-F12/cc-pVTZ-F12 is
given in Table 2, and illustrated in Fig. 4. The total dipole
moment of MCA, computed at the level of theory CCSD(T)-
F12/cc-pVTZ-F12, is the largest one (5.04 D) of the family
C2H4N2 and its dipole components were computed to be µa =

4.85 D, µb = −1.08 D, and µc = 0.89 D, in good agreement
with the two available experimental components µa=4.72 D

Table 6. Comparison of the equilibrium rotational constants (in
MHz) and total dipole moments µ (in Debye) of the isomers A1, A2,
A3, C1, C2, and C3 among the three ab initio methods MP2/aug-cc-
pVTZ, CCSD(T)/cc-pVTZ and CCSD(T)-F12/cc-pVTZ-F12

Para.
MP2/
AVTZ

CCSD(T)
/cc-pVTZ

CCSD(T)-F12
/cc-pVTZ-f12

Ground
State
rotational
constants

Previous
studies

A1

Ae 30063.98 30109.31 30097.70 29999.50
A0 = 30248.57(70) a

30246.49(9) d

Be 4764.54 4761.76 4760.24 4735.50
B0 = 4760.93(60) a

4761.06(1)d

Ce 4314.79 4313.45 4311.99 4284.94
C0 = 4310.77(60) a

4310.75(1)d

µ 2.54 2.85 2.64a

A2
Ae 51213.62 51213.62 51352.20 50603.54 A0 = 50971.20b

Be 4686.86 4686.86 4669.43 4658.24 B0 = 4674.90b

Ce 4293.90 4293.90 4280.23 4265.92 C0 = 4282.5b

µ 0.0 0.00 0.00b

A3
Ae 48828.47 49369.58 48807.93 48261.72 48398.40b

Be 4682.14 4647.39 4680.73 4650.73 4677.10b

Ce 4272.45 4247.60 4271.12 4242.75 4265.70b

µ 2.83 3.00 2.78b

C1
Ae 34943.27 34943.27 34932.44 34980.64 A0 =36090.00(156)c

Be 4997.71 4997.71 4995.31 4960.74 B0 =4977.13(7)c

Ce 4522.44 4522.44 4520.30 4485.15 C0 = 4505.13(7)c

µ 5.04 5.00
C2

Ae 54322.08 53951.25 54307.01 55229.14
Be 4477.51 4403.89 4475.39 4441.88
Ce 4296.35 4228.78 4294.32 4237.00
µ 2.37 3.40

C3
Ae 50149.97 49861.33 50131.85 49594.88
Be 5072.00 5061.12 5069.54 5028.51
Ce 4606.15 4594.74 4603.97 4569.51
µ 3.09 3.58

a Experimental ground state rotational constants by Ref.43.
b Calculated rotational constants and dipole moments for A2 and

A3 computed using the F12-TcCR+DZ and F12-TcC QFFs, respec-
tively by Ref.18.

c Experimental rotational constant of MCA (a+ symmetry) with
assumed geometry from a related molecule with similar skeleton
(CH3NHCl).

d Experimental ground state rotational constants by Ref.51

and µb=1.30 D16.
MCA has 18 vibrational modes, of which at least two of

them are large amplitude motions: the methyl internal rota-
tion (ν18) and the inversion motion H6-N5 (ν16). The Table 4
shows the harmonic and anharmonic contributions obtained at
CCSD(T)/cc-PVTZ and MP2/AVTZ force field, respectively.
The methyl group is an internal rotor with a frequency of
95 cm−1 and the inversion mode has a frequency of 420 cm−1.
These two large-amplitude modes split each rotational transi-
tion into four, hindering spectral characterization (see Ref.16).
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Table 7. Rotational and centrifugal distortion (quartic and sextic)
constants of A1, A2, and A3 calculated at MP2/aug-cc-pVTZ level
of theory

Mol.
Sym

Rotational
Constants (MHz)

Centrifugal Distortion
Constants

Watson S reductions

Equilibrium g.s.
Quartic terms

(kHz)
Sextic terms

(Hz)

A1

Ae=30063.977 A0=29965.759 DJ=3.1319 HJ=0.0105
Be=4764.538 B0=4739.798 DJK=-60.2600 HK=-83.7900
Ce=4314.793 C0=4287.742 DK=723.1999 HJK=-0.9714

d1=-0.6935 HKJ=14.7300
d2=-0.02732 h1=0.0036

h2=-0.0003
h3=0.0000

A2 Ae=51213.618 A0=50626.262 DJ=0.0009 HJ=0.0001
Be=4686.857 B0=4659.622 DJK=-0.0076 HK=4.612
Ce=4293.897 C0=4267.255 DK=0.3581 HJK=-0.0254

d1=-0.0001 HKJ=-0.1639
d2=-0.4568D-05 h1=0.0000

h2=0.0000
h3=h3=0.0000

A3 Ae=48828.471 A0=48282.260 DJ=0.9608 HJ=0.00009
Be=4682.136 B0=4652.139 DJK=-6.8340 HK=4.7610
Ce=4272.453 C0=4244.087 DK=312.8000 HJK=-0.0149

d1=-0.1089 HKJ=-0.3547
d2=-0.0054 h1=0.0000

h2=0.0000
h3=0.0000

An analysis of the torsional potential surface and its correla-
tion with the N-H inversion angles is critical to determine the
torsional and inversion barriers to quantify the splittings over
the energy levels59.

In this work, the torsional potential surface of the large-
amplitude motion of the methyl top of the C1 conformer has
been calculated with respect to the dihedral angle H4C1N5H6
at the MP2/aug-cc-PVTZ level of theory. It has been com-
puted by fixing the angle C7N5H6 at equilibrium, allowing
for the free rotation of the methyl internal rotor. The result-
ing torsional potential, shown in Fig. 5, yields a barrier height
of approximately 631 cm−1. The only experimental estimate
available for this parameter, 262 cm−1 was obtained through
an experimental procedure16, and is significantly lower than
the present theoretical value. This discrepancy is also ev-
ident when compared with the torsional barrier 1322 cm−1

from CH3NHCl, which share a similar molecular framework.
The experimental value showed better agreement with molec-
ular structures, such as CH3 – N –– N+ –– N– with a barrier of
250 cm−1. Further experimental and theoretical investigations
are therefore warranted to establish a more accurate determi-
nation of this barrier.

Table 8. Rotational and centrifugal distortion (quartic and sextic)
constants of C1, C2 and C3 calculated at MP2/aug-cc-pVTZ level of
theory

Mol
sym

Rotational
Constants (MHz)

Centrifugal Distortion
Constants

Watson S reduction

Equilibrium g.s.
Quartic terms

(kHz)
Sextic terms

(Hz)

C1 Ae=34943.268 A0=34991.465 DJ=3.043 HJ=0.9714D-02
Be=4997.712 B0=4963.140 DJK=-73.19 HK=0.7418D+02
Ce=4522.437 C0=4487.285 DK=1219.000 HJK=-0.49919

d1=-0.6842 HKJ=-4.514
d2=-0.01828 h1=0.3963D-02

h2=0.3608D-03
h3=0.1045D-03

C2 Ae=54322.084 A0=55244.215 DJ=2.392 HJ=0.7589D-02
Be=4477.514 B0=4444.001 DJK=-126.9 HK=0.2436D+04
Ce=4296.351 C0=4267.693 DK=6947.000 HJK=-1.572

d1=-0.4241 HKJ=-256.3
d2=0.04162 h1=0.2627D-02

h2=-0.3920D+02
h3=0.1084D+01

C3

Ae=50149.968 A0=49613.003 DJ=1.0530 HJ=-0.1031D-03
Be=5072.001 B0=5030.971 DJK=-6.568 HK=0.5992D+01
Ce=4606.150 C0=4571.691 DK=379.0000 HJK=-0.0175

d1=-0.1258 HKJ= -0.4463
d2=-0.1258 h1=0.1563D-04

h2=0.3651D-05
h3=0.1039D-05

Figure 4. Optimised equilibrium geometry of MCA (bond lengths
(in Å, red) and bond angles (in degrees, black)) calculated using
CCSD(T)-F12/cc-pVTZ-F12

D. Reaction Pathways

In this section, before addressing the calculation of the
reaction pathways, we compute the excitation energies, the
linestrengths and the dipole moments of the isomers A1, A2,
A3, C1, C2 and C3 using the Single Excitation Configura-

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

02
94

52
5



12

150 100 50 0 50 100 150
Dihedral Angle (°)

0

100

200

300

400

500

600

Re
la

tiv
e 

En
er

gy
 (c

m
1 )

Torsional Barrier

631.19 cm 1

Figure 5. Torsional potential energy surface of CH3 top of the species
MCA computed at the MP2/aug-cc-PVTZ level of theory with re-
spect to the dihedral angle H4C1N5H6.

tion Interaction (CIS). Figure 6 shows a simplified comparison
of the trends of the electronic excitation energies, in eV and
wavelength, for the isomers A1-A3, and C1-C3, providing in-
sights on their absorption behaviour. Based on the table 9, it
can be noted in Fig. 6 that the lowest excited electronic states,
at the bottom-left, belong to A3, A2, C3 whereas the high-
est excited state, at the top-right, is from C1. Table 9 reports
the calculated excitation energies, wavelengths and oscillator
strengths of the first three excited states of A1, A2, A3, and
C1, C2 and C3 isomers. It can be highlighted that isomers
A2, C3 and A3 present the highest intensities of the transi-
tions to the excited state, of which the third excited state of
A2 has the highest intensity (0.8495), the third state of C3 has
a linestrength of 0.7883 and the third state of A3 has an inten-
sity of 0.2718. Table 9 also shows the third electronic states
of C3, A2 and A3 have the highest dipole moments with val-
ues of 2.9650 au, 2.1702 au and 1.2932 au, respectively. In
particular, for the first three excited states of C1, C2 and C3
isomers, the energies of the first three excited states of C1 are
computed as 6.48, 7.16, and 7.70 eV, for C2 they are 6.94,
7.11, and 7.31 eV, and for C3 they are 5.39, 6.27, and 7.23 eV.
All these excited states absorb photons in the UV region, with
wavelengths less than 230 nm, corresponding with the vacuum
ultraviolet (VUV) absorption whose wavelengths < 200 nm60.
These underscores possible photochemical dissociation form-
ing reactive species that can recombine or contribute to com-
plex chemical reaction networks via the absorption of vacuum
ultraviolet (VUV) in the ISM or in planetary atmospheres61.
The intensities are weaker for the first two excited states of
all isomers. However, the third electronic transition of A2,
A3, and C3 have relatively high linestrengths. In addition, as
the first excited state of A3 is 5.3589 eV, C3 is at 5.3949 eV,
while A2 is5.5304 eV, A3 has higher probability of absorbing
photon at that energy with oscillator strenght of 0.0027. It is

expected that A2, A3 and C3 are top candidate that are most
likely UV-photochemically active species in the first and third
excited states amongst the 6 isomers.

160170180190200210220230
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Figure 6. Illustration of trends in the electronic excitations between
the first row isomers (A1-A3 and C1-C3)

Table 9. Determination of excitation energies of the first row isomers
(A1, A2, A3, C1, C2, and C3) of C2H4N2 computed using configu-
ration interaction singles (CIS)

Isomer
Excited
State

Elec.
state

Excita.
Energy
(eV)

Wave
length
(nm)

Oscillator
Strength

Dipole
Strength (au)

A1 1 1A′′ 7.0583 175.66 0.0001 0.0003
2 1A′ 7.4726 165.92 0.0106 0.0578
3 1A′′ 7.5419 164.39 0.0007 0.0035

A2 1 1Au 5.5304 224.19 0.0027 0.0200
2 1Bg 5.8190 213.07 0.0000 0.0000
3 1Bu 7.3850 167.89 0.8652 4.7819

A3 1 1A′′ 5.3586 231.37 0.0007 0.0056
2 1A′′ 5.9253 209.25 0.0078 0.0539
3 1A′ 7.3625 168.40 0.8495 4.7096

C1
(MCA) 1 1A 6.4797 191.34 0.0004 0.0023

2 1A 7.1598 173.17 0.0036 0.0206
3 1A 7.6986 161.05 0.0021 0.0113

C2 1 1A 6.9398 178.66 0.0003 0.0020
2 1A 7.1135 174.29 0.0003 0.0739
3 1A 7.3065 169.69 0.0092 0.0511

C3 1 1A′′ 5.3949 229.82 0.0003 0.0023
2 1A′′ 6.2688 197.78 0.0029 0.0188
3 1A′ 7.2263 171.57 0.7883 2.9650

Next, we studied the formation and dissociation pathways
using the intrinsic reaction coordinate (IRC). We have ensured
that every transition state is a first-order saddle point, whose
reaction coordinate ρ is characterised by

∂2W
∂ρ2

< 0, for transition states
> 0, for all other points (initial and final)

(4)

where W is the potential energy37. The forward reactions
were characterised by a positive transition vector components
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whereas the backward reactions were characterised by nega-
tive transition vector components in the direction of the reac-
tion coordinate.

Table 10 shows the reaction paths leading to the formation
and destruction of MCA and some of the other isomers of
the C2H4N2 including their activation energies and enthalpies.
Table 10 presents the possible reactions involving the species
MCA(C1), C2, and C3, as well as A2 and A3, and are orga-
nized according to them. Most of the studied reaction path-
ways are illustrated in Figs. 7 and 8. Out of these reactions
we constructed Fig. 8 with reference to CH3NHCN. In Fig-
ure 8, Rn refers to the reaction number, Tn designates the cor-
responding transition state, and the products of reaction are
denoted by Pdn for the associated reaction. The reactions fol-
low a pathway from reactant(s) (minima) through transition
states (TSn, where n is the reaction number) to products. The
activation energy (Ea) for all the reactions studied here were
computed.

In reaction R1—CH3NHCN is formed via the neutral-
neutral addition of molecular hydrogen (H2) to CHNHCN.
The transition state (TS), with an activation energy of
49.40 kJ mol−1, is characterised by an elongated N–H bond
and an emerging H–H distance. This indicates a concerted
hydrogen abstraction in which one hydrogen atom, initially
bonded to a nitrogen center, migrates toward a second hydro-
gen atom nearby, forming a transient dihydrogen (H2) moiety.
This is a significant process, as neutral-neutral reactions con-
tribute to the formation of COMs, especially in the ISM63.

Reaction R2, there was an electrostatic attraction between
molecular hydrogen (H2) and Nitrogen of CH2NCN and
the other hydrogen atom with carbon of -CH2-moeity of
CH2NCN. The process led to the formation of a transition
state with a high activation energy (205.50 kJmol−1) then fol-
lowed by elongation of the hydrogen molecule and bringing
about a homolytic cleavage, hydrogen transfer then lead to
stabilisation and formation of CH3NHCN. Similar or different
processes can be seen for other reactions such as R3; atoms re-
arrangement followed by proton transfer and subsequent N-C
bond cleavage to yield the dissociation products etc. Some
of these transition states through each reaction is shown in
figure 8. The plot showcases formation/destruction pathways
of C1 that are related by species that have been detected in
the ISM, for example, CH2NCN in R2 pathway (CH2NCN +
H2 → CH3NHCN) has been detected in the Galactic Center
molecular cloud G+0.693-0.02764. The reactant in R1 cor-
responding to CHNHCN is an isomer of CH2NCN and H2 is
and abundant specie in the universe and detected in the ISM65,
and R3 and R14 are connected by dissociation product HCN
+ CH2NH, both are detected species in different regions such
as Sagittarius B2 (Sgr B2)66,67. It also allows the comparison
of the relative energies of other reactants and transition states
with respect to CH3NHCN, some of these reactions related to
the CH3NHCN are depicted. The red lines illustrate destruc-
tion pathway while the blue lines correspond to the formation
pathways.

It is noted that there are some barrierless reactions (the re-
actions involves radical whose unpaired electrons makes them
readily reactive without the need to overcome activation en-

ergy) leading to C1 isomer as a product such as the reactions
R6, R10, R12 and R13. The reaction with the highest activa-
tion energy corresponds to reaction R3 and R14 with R3 being
429.35 kJ mol−1 at coupled-Cluster level of theory while R14
has 386.04 kJ mol−1 at CCSD(T)/aug-cc-pVTZ. CH2NH and
HCN are species commonly encountered during the forma-
tion and dissociation of CH3NHCN as indicated by the for-
ward and reverse reactions R3 and R14 passes through differ-
ent transition states as illustrated in Figure 8, while R3 is an
endothermic dissociation pathway , R14 is a exothermic for-
mation pathway. However, the large activation energy in both
reactions is not typical in the ISM. Therefore, such reactions
would require energetic process (e.g., UV irradiation, cosmic
rays) or catalytic surfaces. In terms of the enthalpy of the re-
actions, exothermic reactions are R1, R2, R4, R7, R9, R11,
R14 for C1; R15 and R16 for C2; R19 and R20 for C3; and
R22 for A2. It is worthy to note that most of these exother-
mic reactions are formation pathways whereas the endother-
mic reactions involving C1 species are those numbered as R3,
R5, and R8; R18 involving C3; and R21 for A3. Reaction
R5 is a decomposition reaction of cyanodimethylamine yield-
ing MCA and methylene. This reaction, which occurs via a
hydrogen shift to the amine nitrogen followed by cleavage of
the −CH2 group, is characterised by an endothermic enthalpy
CCSD(T)/aug-cc-pVTZ energy barrier of 423.75 kJ mol−1

(1.74 eV)). According to the spin selection rules for allowed
and forbidden reactions68, which forbid transitions between
states with different total spin and different spin multiplicity,
all reactants involved in the formation of MCA (first section
of Table 10) occur in the singlet state (1Σ), similarly to the
product (MCA). In summary, it can be inferred from our anal-
ysis that several reaction generating MCA, as well as species
C2, C3, A2 and A3, are potentially feasible.

E. Atmospheric and Astrophysical implications

The detection of several key reactants —such as metha-
nimine (CH2NH), hydrogen cyanide (HCN), and the hydroxyl
radical (OH)69–71— in various layers of Earth’s atmosphere
supports the current hypotheses regarding the atmospheric
roles of the molecular species studied in Table 10. For ex-
ample, the dissociation products in reaction R3 are metha-
nimine (CH2NH) and hydrogen cyanide (HCN). Methylene
imine (CH2NH) has been found in the ionospheric layer of
the Earth’s atmosphere69 whereas HCN is found in both the
troposphere and stratosphere of the Earth72. This implies that,
if present in the atmosphere, MCA would undergo decompo-
sition to methylene imine and HCN. HCN is a known toxic
compound found in different parts of the atmosphere72. Re-
action R5 shows MCA can also be obtained from the decom-
position of dimethylcyanamide (CH3)2NCN into MCA and
methylene CH2, which is a highly reactive intermediate and
a part of many compounds such as drugs, fossil fuels and
plastics via its ability to act as an adduct73. CH2 is present
in methane-oxygen and ethylene-oxygen flames74. Reactions
R1 and R9, with low activation energies relatively close to
the thermal energy available in the atmosphere (∼ 3.7kJ/mol),
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Table 10. Formation and destruction pathways of CH3NHCN provided with their activation energies and enthalpies (in kJ∼mol−1 and eV)
computed at B3LYP/6-31g(d,p)//CCSD(T)/aug-cc-pVTZ levels

Reaction
Number Reaction Type Activation energy

kJ mol−1 (eV)
Enthalpy of reaction

kJ mol−1 (eV)
Overall
reaction

R1 CHNHCN + H2 → CH3NHCN Form. 49.40 (0.51) -365.57 (-3.78) Exo
R2 CH2NCN + H2 → CH3NHCN Form. 205.50 (2.13) -300 (-3.11) Exo.
R3 CH3NHCN→ CH2NH + HCN Dest. 430.12 (4.45) 84.47 (0.87) Endo.
R4 CH3NHCN→ CH2NH2CN Dest. 387.87 (4.02) -341.83 (-3.54) Exo.
R5 (CH3)2NCN→ CH3NHCN + CH2 Form. 350.24 (3.63) 423.75 (4.39) Endo.
R6 CH3NH + CN→ CH3NHCN Form. 0.0 Barrierless
R7 CH3NHCN + H2 → CH3NH2 +HCN Dest. 335.76 (3.48) -28.61 (-0.29) Exo.
R8 CH3NHCN→ CH3NCNH Dest. 347.34 (3.60) 80.32 (0.83) Endo.
R9 CH3NHCN + H→ CH3NHCNH Dest. 31.84 (0.33) -100.90(-1.04) Exo.
R10 OH + CH3NH2CN→ CH3NHCN + H2O Form. 0.0 (0.0) Barrierless
R11 OH + CH3NHCNH→ CH3NHCN + H2O Form. 260.47 (2.69) -44.64 (-0.462) Exo.
R12 CH3NCN + H→ CH3NHCN Form. 0.0 Barrierless
R13 CH3 + HNCN→ CH3NHCN Form. 0.0 Barrierless
R14 CH2NH + HCN→ CH3NHCN Form. 386.04 (4.00) -84.47 (-0.87) Exo.
R15 H2 + HCNCNH→ CH3NCNH Form. 45.63 (0.47) -232.03 (-2.40) Exo.
R16 CH2NCHNH→ CH3NCNH Form. 322.97 (3.34) -16.72 (0.17) Exo.
R17 CH3NCN + H→ CH3NCNH Form. 0.0 Barrierless
R18 CH2NCHNH→ HNC + CH2NH Dest. 320.02 (3.31) 93.66 (0.97) Endo.
R19 CH2NCN + H2 → CH2NCHNH Form. 319.75 (3.31) -103.46 (-1.07) Exo.
R20 HCN + HNC + H2 → CH2NCHNH Form. 153.20 (1.58) -192.26 (-1.99) Exo.
R21 cis-NHCHCHNH→ CHNH+2 + HCN Dest. 208.61 (2.16) 200.41 (2.38) Endo.
R22 NH2CCHNH→ trans-NHCHCHNH Form. 219.68 (2.27) -155.10 (-1.61) Exo

Based on benchmarking of the chosen ab initio methods, an uncertainty of 3.0–4.5 kJ mol−1 at the CCSD(T)/aug-cc-pVTZ level of theory62

can be expected. Barrier heights for formation and dissociation of CH3NHCN (C1) from R1 to R14; CH3NCNH (C2), from R15 to R17; and
CH2NCHNH (C3), from R18 to R20. 1,2-di-iminoethane or NHCHCHNH represented by R21 and R22, respectively.

Figure 7. Gas-phase reaction network for the formation and destruction of MCA, C2 and C3. Each reaction is numbered, formation pathways
are depicted by black arrows, destruction and pathways leading to other products are depicted by red arrows whereas intermediate path is
shown with a blue arrow.
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R3, R4, R8

CH3NHCN

CH3NHCN

CH3NCNH

CHNHCN + H2

CH2NCN + H2

Pd14, Pd1, Pd2

CH2NH + HCN

Figure 8. Some studied reaction pathways of formation and destruction of MCA computed at the B3LYP/6-31g(d,p)//CCSD(T)/aug-cc-pVTZ,
where black lines corresponds to formation pathways and red lines corresponds to destruction pathways.

could be expected feasible in the lower layers of the at-
mosphere. The exothermic reaction R7, from MCA, gives
methylamine (CH3NH2) as product, which is detected in the
atmosphere75 and could be present in the upper atmosphere
of Titan, reacting with CN radicals to form MCA and other
N-bearing organic compounds50. In addition, there are four
barrierless reactions R6, R10, R12 and R13 forming the con-
former C1 as well as another formation reaction R17 of con-
fomer C2.

In astrophysical environments, N-bearing molecules are
among the most abundant species in sources such as the
Taurus Molecular Cloud (TMC-1)7. The new finding of
N-bearing molecules in star-forming regions, protoplanetary
disks, and other interstellar sources is relevant for paving the
way for the astrochemical understanding and modeling of
the reaction mechanisms in dust-grains and in the gas phase
processes76. It is expected that, apart from the barrierless re-
actions, the other reactions studied in Table 10 could also oc-
cur in the ISM sources. For instance, the reaction R1 coming
from the association between CHNHCN and hydrogen rad-
icals has a low activation energy of 0.51 eV. This kind of
reactions is relevant in the ISM especially in ice-surfaces or
dust grains65,77. In reaction R2, two hydrogen radicals add up
to the CH2 and the middle N atom of N-cyanomethanimine
(CH2NCN) forming CH3NHCN. The compound CH2NCN
has been already detected in space64 and its isomer CHN-
HCN in reaction R1 can be formed by tautomeric transfer
of a hydrogen from the carbon atom to the nitrogen atom.

MCA (CH3NHCN) dissociates into (CH2NH) and the HCN
in reaction R3, which products have been identified in ISM
sources63,66,78 as well as CH2NH is known to play a vital
role in prebiotic chemistry and the formation of amino acid79.
Reaction R4 is basically an isomerisation reaction between
CH3NHCN to CH2NH2CN, involving a transfer of one hy-
drogen atom from the methyl group (CH3) to NH group. In
addition, the reactions with high barrier heights in Table 10
could also occur in moderately high kinetic temperatures en-
vironments, such as Galactic center molecular clouds, or in
regions with higher energy processes, radiation and/or shock
fronts, provided that there is an additional energy source, like
UV radiation or catalyst, i.e., the reaction could be triggered
at any environment when there are appropriate chemical and
physical conditions80.

The present results provide new pathways and thermo-
chemical data for N-bearing reactions for which no previ-
ous formation pathways or barrier information was avail-
able. These reactions, particularly those involving CH2NH,
CH3NH, and HCN derivatives, are relevant to the formation
of methylcyanamide (MCA) and other related species, which
have been proposed as precursors of interstellar glycine. The
calculated reaction enthalpies and activation energies can be
incorporated into astrochemical reaction networks such as
UMIST81 and KIDA82 to improve the modeling of nitrogen
chemistry in hotcores, dense molecular clouds, and protoplan-
etary disks. Inclusion of these pathways/thermochemical pa-
rameters will refine gas-gas or gas-grain code for abundance
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estimation83,84 enhance the predictive capacity of interstellar
chemical models. MCA (CH3NHCN) and other conform-
ers A1, A2, A3, C2 and C3 have absorption wavelengths
within the range critical for photochemistry (115–230 nm)
(see Tab. 9). Thus, they can be involved in photochemical
reactions of interest to determine the composition of gas giant
exoplanetary atmospheres60. The James Webb Space Tele-
scope (JWST) observed the evidence of photochemistry and
its impact in the atmospheres of exoplanets like the gas giant
WASP-39b85.

Besides, the thermal dependence of VUV absorption cross
sections of molecules are not well known at the characteristic
temperatures of the observed exoplanet atmospheres60 and,
therefore, this study can also hint at the photochemical pro-
cesses of these molecules on them. Most of the reactions in
Table 10 have high activation energies but below the excitation
energies of the conformers A1-A3 and C1-C3 provided in Ta-
ble 9. Consequently, it could be expected that a combination
of the photochemistry processes and the reactions studied here
could produce the conformers of C2H4N2 and other molecular
species key in the exoplanetary atmospheres.

IV. CONCLUSIONS

This comprehensive study of the family of isomers C2H4N2
includes the ab initio calculation of their electronic ground
state and excitation energies, structural geometries, spec-
troscopic rotational and vibrational parameters, dipole mo-
ments, and the activation energies and enthalpies in some re-
action pathways involving conformers C1, C2 and C3. The
electronic energies for all the conformers have been com-
puted using the high level CCSD(T)-F12/cc-pVTZ-F12 and
spectroscopic parameters using correlated ab initio meth-
ods CCSD(T)/cc-pVTZ and MP2/aug-cc-pVTZ. These have
shown a good agreement with the available experimental and
computed data. The dipole moments of the isomers A1-A4
and C1-C4 have been computed with significant values larger
than 2 D. In particular, the conformer methylcyanamide (C1
or MCA) has a notable large dipole moment of 5.04 D in com-
parison to other isomers of the family and is the next most
energetically stable species lying at 0.27 eV (2177.70 cm−1).
From these two facts, we would expect plausible its radioas-
tronomical detection.

Excitation energies of the first three isomers of Cn show
that C3 has the lowest value of 5.3949 eV compared to 6.4797
eV for MCA and, therefore, it is more reactive than MCA.
A study of the chemical network of MCA, C2 and C3 has
been carried out to understand the formation and destruc-
tion pathways in the gas phase by computing the activation
energies and the enthalpies at the level of theory B3LYP/6-
31g(d,p)//CCSD(T)/aug-cc-pVTZ. The most probable path-
ways involve the barrierless processes and other neutral-
neutral reactions with relatively low activation energies. The
current investigation intends to provide the relevant informa-
tion for the spectral characterization of the family of isomers
C2H4N2, of which spectra are incomplete or have never been
measured yet. In addition, the calculation of the relevant

quantities for the chemical pathway networks of this set of
species will shed light on the abundance evolution patterns
in environments such as the Earth’s atmosphere and ISM af-
ter incorporating them into the atmospheric or astrochemical
models.

V. SUPPLEMENTARY MATERIAL

The supplementary material provides information on the re-
maining isomers that are not included in the main text. It
includes three sections: The first section describes the rele-
vant structural parameters of isomers with higher electronic
energy; The second section presents the harmonic and an-
harmonic vibrational frequencies of isomers with higher elec-
tronic energy; and the third section reports the rotational and
centrifugal distortion constants of the isomers.
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