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ABSTRACT

Context. Most of the molecules identified in the interstellar medium (ISM) are organic compounds and more than 50 have one isomer
or more. Statistically, the most stable isomer of a given chemical formula is the most abundant. This occurrence is verified up to ∼90%
of the detected species leading to the so-called minimum energy principle (MEP).
Aims. Our main objective is to increase the list of the 14 bis-nitrogen species already detected. We focus on ten CxHyNz isomer families
with x = (1, 2, 3), y = (0, 2, 4, 6, 8), z = 2. To this end, we look for a reliable and economic way to provide energy scales.
Methods. We employed standard quantum chemistry methods to determine the relative position of each isomer on the energy scales
of each family. We systematically applied density functional theory (DFT) treatments using basis sets of increasing size and quality
(6-311++G** and cc-pVQZ). When reasonably feasible, we then performed high-level coupled cluster calculations (CCSD) using the
same basis sets to refine relative energies.
Results. All 14 bis-nitrogen species already identified in the ISM indeed satisfy the MEP. We determine the relative thermodynamic
stability of the isomers with a CxHyN2 formula of each of the ten sets (94 compounds altogether), and hightlight those that are
potentially detectable. By increasing the number of carbon atoms, we find 15 compounds that are by far the most stable candidates.
Conclusions. We confirm that, within the limits of thermodynamics, MEP is an efficient and easily applicable tool for identifying
the isomers in a given series that have a greater probability of being detected. Computationally, the combination “B3LYP/cc-pVQZ”
provides a suitable compromise for determining energy differences and dipole moments. Clearly, the isomers containing the [NCN]
sequence should be prioritized over those with [CNN] in future observation campaigns.

Key words. astrochemistry – ISM: abundances – ISM: molecules

1. Introduction

Over 300 molecules have been identified in the interstellar
medium (ISM) and many are organic compounds1. Most of
those detected contain between 2 and 13 atoms with a signif-
icant decrease in population for each additional atom starting
from 3 atoms. There has been a steady increase in the number of
compounds detected with more than 5 atoms (complex organic
molecules (COMs)) and each new detection provides crucial
information about the chemistry of the object in which it is iden-
tified. For any compound with a dipole moment, its detection is
usually achieved via the comparison between the microwave or
millimeter spectrum recorded in the laboratory and that obtained
from observations of molecular clouds, some of which contain
thousands of unassigned bands.

It should be stressed that the spectra of many candidate
species have never been recorded, and for some of these, synthe-
sis in the laboratory has not yet been carried out. Due to the very
small quantity of compounds detected compared to the number
of theoretically possible molecules, it is necessary to find tech-
niques or rules of thumb allowing the number of candidates to

1 See https://cdms.astro.uni-koeln.de/classic/molecules
and/or http://www.astrochymist.org/astrochymist_ism.html

be significantly reduced. The most common ways for selecting
compounds to search for in the ISM are based on:
(i) analogy with those already detected,
(ii) targeting the plausible missing pieces in accepted chemical
networks in the molecular clouds,
(iii) energetic data derived from phenomenological models, such
as the minimum energy principle (MEP).

This latter principle hightlights that most compounds identi-
fied in the ISM correspond to the thermodynamically most stable
isomers (Lattelais et al. 2009, 2010b). Thus, in order to help
select new candidates for observation, we suggest the following
guidelines:
(i) selection of a formula with no isomer detected in the ISM,
(ii) selection of derivatives by replacement of an atom by an iso-
valent atom down the periodic chart (O by S; N by P; C by Si,
etc.) or by an isoelectronic group (O by NH, etc.) or any combi-
nation of the two,
(iii) selection of the lowest-energy isomers of the new series
thus obtained (most likely to be present in ISM according to the
MEP).

Beyond these energetic considerations, it is important to con-
sider that the intensity of the microwave or millimeter spectrum
of any molecule is proportional to the square of its electronic
dipole moment (µ2). Today, there are 106 detected molecules
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Table 1. Molecules detected in space so far containing two nitrogen atoms as a function of the total number of atoms (the chronological order of
detection is shown in parenthesis).

2 3 4 5 6 7 8

N2 (4) N2H
+ (1) CNCN(9) NH2CN (2) (E)-HNCHCN (7) NCCCCNH+ (13) H2NCH2CN (5)

N2O (3) HNCN (12) HNCNH (6) (Z)-HNCHCN (11) (NH2)2CO (10)
NCCNH+ (8) H2CNCN (14)

Notes. (4) Knauth et al. (2004); (1) Turner (1974); (9) Agúndez et al. (2018); (2) Turner et al. (1975); (7) Zaleski et al. (2013); (5) Belloche et al.
(2008); (3) Ziurys et al. (1994); (11) Rivilla et al. (2019); (14) San Andrés et al. (2024); (12) Rivilla et al. (2021); (6) McGuire et al. (2012); (10)
Belloche et al. (2019); (8) Agúndez et al. (2015); (13) Agúndez et al. (2023).

according to the current knowledge containing at least one nitro-
gen atom (see Table A.1). Only 14 contain two nitrogen atoms
(Table 1), and no molecule with three has yet been detected.
Thus, compounds with two nitrogen atoms were selected as
new targets for future observations. Here, we report a study of
systems with formulae of CxHyN2 with x = (1, 2) combined
with y = (0, 2, 4, 6, 8). The number of hydrogens added is deter-
mined so as to obtain full saturation of all families containing
backbones with one or two carbons in a first step.

The list of compounds detected with two nitrogen atoms
(Table 1) very recently increased with the identification of
N-cyanomethanimine H2C N CN (San Andrés et al. 2024).
The largest compounds detected containing two nitrogen atoms,
aminoacetonitrile (Belloche et al. 2008) and urea (Belloche et al.
2019) are composed of eight atoms. These latter are impor-
tant intermediates in prebiotic syntheses, and so the search for
species of formula C3HyN2 (y = 2, 4) is an interesting and
congruent path worthy of exploration. The main challenge in
this type of survey is to design a credible and comprehensive
approach for selecting a set of candidates for each of the series
of molecules. The investigations reported here focus on neutral
species only, avoiding free radicals with one unpaired electron or
any positive ion2.

In summary, we consider the ten following series of isomers:
CN2 (one singlet state and one triplet state for each of the
2 isomers), CH2N2 (6 isomers), CH4N2 (8 isomers), CH6N2
(2 isomers), C2N2 (3 isomers), C2H2N2 (6 isomers), C2H4N2
(15 isomers), C2H6N2 (13 isomers), C2H8N2 (6 isomers),
C3H2N2 (8 isomers), C3H4N2 (23 isomers), which amounts to
94 molecules altogether.

For each CxHyN2 isomer, diastereomers (Z) and (E) are con-
sidered in this work. In such an exhaustive study, it is necessary
to reach a compromise between level of theory and calculation
requirements.

2. Computational logic

This series of calculations is first organized so as to form a sim-
ple protocol that can be applied to a large panel of systems. Thus,
this method aims to identify molecular structures that could ini-
tiate laboratory work in view of future observations. To this end,
we rely on recent studies showing close relations between high-
level numerical simulations, and detections or nondetections of
molecular species. Among these, are works on heteroaromatic
rings (Lattelais et al. 2010a), HxCyOz (Karton & Talbi 2014),
urea/thiourea (Fourré et al. 2016), methylketene (Bermúdez et al.
2018), and [C,N,O] fragments (Fourré et al. 2020).

Before systematic application, we must check the consis-
tency between the energy scales, regardless of the computational

2 The important class of protonated or zwitter-ionic species will be
considered in an other context.

model. Indeed, the energetic ordering of the isomers is compared
through the extension of the one-particle space (atomic basis set)
and the n-particle space (configuration space) for each family of
isomers. And if so, a reliable estimate of the possibility of detec-
tion of a compound of larger formula as C3H4N2 is conceivable
following the B3LYP/cc-pVQZ level calculations. This approach
will avoid large-scale coupled-cluster investigations that become
rapidly intractable for such large systems. B3LYP was chosen as
functional because it led to relevant results in previous studies
for geometry determination (Becke 1993).

To establish the consistency between the energy scales, we
developed a multi-step strategy to reliably position each iso-
mer on these scales for the ten series explored in this study.
For this strategy, we used two basis sets of improved quality,
namely 6-311++G** and cc-pVQZ (hereafter referred to as (B1)
and (B2) respectively), for all DFT calculations at the B3LYP
level (Becke 1993; Lee et al. 1988). We verified that each struc-
ture is an energy minimum by carrying out a vibrational analysis
(Stephens et al. 1994)3.

In order to position compounds on the energy scales, the rela-
tive stabilities of all isomers of smaller dimensions with one and
two carbon atoms (up to C2H2N2) were recomputed at higher
levels of theory using the same basis sets. More precisely, we
fully reoptimized the geometries at the highly correlated CCSD
level of theory, in which the electronic correlation is calculated
by including the interaction between the ground state and the
excited states obtained by single and double excitations. The
zero point vibrational energies (ZPEs) are calculated at that same
level of theory.

From C2H4N2 molecules and larger, that is, C2HyN2 (y=6,8)
and the series C3H2N2, we carried out these calculations at the
DFT(B1) and DFT(B2) levels, and only at the DFT(B2) level
for C3H4N2 isomers. All energy differences reported include
ZPE corrections4. We verified that including entropic terms to
determine Gibbs free energies of formation at the temperature
estimated for the considered ISM region has a marginal impact
on the values of the energy differences.

It should be noted that dipole moments extracted from
a CCSD(B2) calculation are actually performed using a
computational procedure based on a quadratic configura-
tion interaction that relies on all possible single and double
excitations from the ground state. In the course of this study,

3 For a comprehensive presentation of DFT methods and their abil-
ity to reproduce the structural properties, energies and spectroscopic
parameters (vibration frequencies, dipole moments, etc.) of organic
molecules, we refer the reader to Lee & Scuseria (1995) and Koch
& Holthausen (2001). Concerning multideterminental incorporation of
electronic correlation into the wave function (coupled-cluster theories
(CCSD/CCSDT)) (Bartlett & Shavitt 1977; Raghachavari et al. 1989),
an easier insight into post-HF methods is provided in Szabo & Ostlund
(1989).
4 Taken from DFT(B2) vibrational analysis.
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Table 2. Relative ∆E+ZPE energies (kcal mol−1) of molecules containing CH(y=0,2,4,6)N2 atoms using 6-311++G** (B1) and cc-pVQZ (B2) basis
sets.

# Isomer DFT(B1) µ DFT(B2) µ CCSD/DFT(B2) µ CCSD(B2) µ
∆EZPE ∆EZPE ∆EZPE ∆EZPE

A: CN2
1 NCN (T) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 CNN (T) 29.30 0.71 28.24 0.76 29.17 0.83 29.33 0.82
3 NCN (S) 33.25 0.0 33.19 0.0 34.42 0.0 31.37 0.0
4 CNN (S) 58.17 0.56 56.85 0.62 56.64 0.51 56.87 0.52

B: CH2N2
1 HN=C=NH 0.0 2.19 0.0 1.98 4.32 2.02 4.24 2.04
2 NC-NH2 0.35 4.65 1.42 4.62 0.0 4.50 0.0 4.40
3 H2C=N+=N− 29.43 1.69 29.42 1.62 34.20 1.51 34.12 1.48
4 45.58 1.78 46.51 1.69 43.45 1.74 43.51 1.75

5 H2N-NC 45.38 4.17 45.99 4.15 44.36 4.08 44.44 4.04
6 65.78 3.12 66.16 2.94 65.50 2.97 65.51 2.98

C: CH4N2
1 (Z)-HN=CH-NH2 0.0 2.81 0.00 2.69 0.00 2.66 0.00 2.61
2 H3N-HCN 4.32 5.70 4.88 5.62 1.54 5.56 1.21 5.54
3 (E)-HN=CH-NH2 1.92 3.69 1.77 3.54 1.73 3.45 1.73 3.35
4 H2N-C-NH2(1A) 22.32 2.87 22.88 2.78 23.21 2.91 23.17 2.93
5 H2C=N-NH2 28.57 2.04 28.31 1.91 29.30 1.94 29.13 1.99
6 (E)-H3C-N=NH 32.04 0.62 32.37 0.56 30.78 0.48 30.78 0.47
7 (Z)-H3C-N=NH 36.54 3.18 35.90 2.93 34.77 2.97 34.80 2.98
8 H2N-C-NH2 (3A) 74.21 0.05 75.29 0.00 76.36 0.18 76.37 0.37

D: CH6N2
1 H2N-CH2-NH2 0.0 1.71 0.0 1.57 0.0 1.61 0.0 1.66
2 H3C-NH-NH2 22.79 1.82 22.48 1.64 23.95 1.74 23.34 1.79

Notes. Dipole moment µ in Debye.

we began to question whether or not the role of diffuse func-
tions in basis sets is possible source of computational bias. On
selected model candidates, we compared the results with and
without diffuse atomic functions in the basis sets, that is (B0)
with (B1) and (B2) with (B3). These results are presented in
Table C.1. As in the series built around one, two even three
carbons: C2N2, C2H2N2, C3H2N2, these comparisons show that
incorporation of diffuse functions has very little influence on the
energy scales and dipole moments. The following tables gather
the calculated energies and dipole moments and are organized as
energy scales starting from the most stable species of the consid-
ered family of CxHyN2 isomers (x = (1, 2, 3), y = (0, 2, 4, 6, 8)).
All the calculations were carried out using methods and basis
sets as implemented in the Gaussian 09 and Gaussian 16 software
packages (Frisch et al. 2009, 2016).

3. From N=C=N to H2N CH2 NH2

The number of compounds with a unique carbon and two nitro-
gen atoms (Table 2) can be partitioned in four subclasses accord-
ing to the number of additional hydrogen atoms completing the
structure.

3.1. CN2 species

Two molecules of different geometries, cyanonitrene NCN, and
diazomethylene CNN, were characterized in the laboratory by

Wasserman, Barash & Yager (1965) using electron param-
agnetic resonance spectroscopy, a technique that is not really
applicable to observations in space. Both have a triplet ground
state, with NCN being the most stable. The singlet-triplet sepa-
ration is on the order of ∼28–33 kcal mol−1 for NCN and CNN.
On the whole, the energy scales present the same ordering for
all the levels of calculations. No CN2 molecules are detected in
the ISM but, to our knowledge, their microwave or millimeter
spectra have never been recorded in the laboratory. Without a
dipole moment and therefore without a millimeter spectrum, the
detection of NCN isomers remains a real observational challenge
(Table 2A).

It should be noted that the values of the energy differences
and dipole moments obtained at DFT(B2) are close to those
obtained for the single point CCSD/DFT(B2), which is also close
to the full CCSD(B2), regardless of the spin state singlet, or
triplet5.

3.2. CH2N2 species

Six CH2N2 molecules of different geometries are stable, all
in a singlet state (see first lines in Table 2B). The lowest
two in energy carbodiimide and cyanamide (HN=C=NH and

5 The acronym CCSD/DFT(B2) means a single point CCSD cal-
culation at the DFT(B2) optimized geometry which is relevant and
computationally less expensive than CCSD(B2).
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NC-NH2), are almost equivalent at the DFT level, with
HN=C=NH being about 1 kcal mol−1 lower than NC-NH2.
Introducing electronic correlation at the CCSD level produces
the opposite result, with NC NH2 being more stable than
HN=C=NH by ∼4 kcal mol−1. Regardless of the method, the
dipole moment values remain steady, and the final result is
consistent between DFT and correlated CCSD calculations (4.5
versus 2.0 Debye).

The following, third isomer diazomethane CH2NN(diazo),
which can be also represented by a zwitterion H2C=N+=N−, is
well above first two on the energy scale.

The last three isomers CH2NN(cycle), H2N NC and
HCNNH(cycle) are much higher on the energy scale for two dif-
ferent reasons: the strong tensions in the three-membered (2H-
and 1H-diazirine) rings for the fourth and sixth isomers, and
the N-N weak bond between the amino and the -NC isocyanic
groups for the isocyanamide.

Carbodiimide and cyanamide have already been observed
in the ISM (McGuire et al. 2012 and Turner et al. 1975). The
microwave spectra of the other isomers have been recorded
(Pierce & Dobyns 1962; Schäfer et al. 1981), except for the sixth,
1H-diazirine, for which the rotational constants have only been
calculated (Bera et al. 2022). Cyanamide was detected more than
30 years before carbodiimide. This could be explained by the rel-
ative abundances of the two molecules: carbodiimide exhibits a
ten times lower abundance than cyanamide in the cloud where
both have been detected (Ramal-Olmedo et al. 2023; Zhang et al.
2023).

In such cases, where energy differences are within a few
kcal mol−1 and susceptible to reverse with the level of correlation
used, it should be noted that dipole moments values are relatively
steady. Therefore, it could be appropriate to analyze correlation
effects (CCSD) to draw up the energy scale able to reproduce
the right ordering of isomers. In some cases, the dipole moments
might improve the ease of detection.

It is also interesting to note that the energetic results and
dipole moments at the single point CCSD/DFT(B2) are still very
close to those of full CCSD(B2).

3.3. CH4N2 species

Eight isomers follow, formally from the addition of four hydro-
gen atoms to the (cyanonitrene) NCN and (diazomethylene)
CNN backbones (Table 2C). The two most stable isomers are
(Z)- (cis) and (E)- (trans) formamidine, which are close in energy
at both DFT and CCSD levels (∼2 kcal mol−1). In between, we
find the H3N HCN complex, whose microwave spectrum was
obtained by Fraser et al. (1984). This complex could be stable in
the ISM at the temperature of 10 K. This ordering for the three
first isomers is only found in correlated calculations, and not
in DFT.

The synthesis of unsubstituted formamidine
(HN CH NH2) has never been reported. Methyldiimides
(also called methyldiazenes, H3C N NH), diastereomers (E)
and (Z) are about 30 kcal mol−1 higher on the energy scale at
the sixth and seventh positions. As shown in the Section 3.1,
singlet and triplet states are stable structures. However, in that
case, these electronic states are found only for the symmetrical
geometry of the H2N-C-NH2 isomer at the fourth and eighth
positions. For this diaminocarbene, the singlet is more stable
than the triplet, contrary to the NCN nonhydrogenated molecule,
with a singlet-triplet separation of approximately 50 kcal mol−1.
None of the isomers with a CH4N2 formula have been detected
in the ISM. For the (E)-methyldiimide, the microwave spectrum

of the deuterated derivative (CH3N2D) has been reported,
the N-D bond giving a stronger stability to this isotopolog in
comparison with the hydrogenated isomer (Steinmetz 1970).

On the computational side, we note that the dipole moment
does not change significantly between each particular energy
scale, regardless of the level of calculation. In other words, the
energetic ordering of the isomers remains the same, and does not
depend on the computational model for all neutral compounds.
Nevertheless, the second position of the H3N HCN complex
on this energy scale requires a more in-depth treatment of elec-
tronic correlation. Including the correlation effect at the CCSD
level provides very little difference between the CCSD/DFT(B2)
single point and the fully optimized CCSD(B2) system.

3.4. CH6N2 species

Only two isomers fulfill the saturation requirement in
this series (Table 2D). These compounds, methanediamine
(H2N CH2 NH2) and methylhydrazine (H3C NH NH2), are
very different regarding their chemical functions. Moreover, iso-
merization which implies a profound atomic rearrangement, is
difficult, and so these species should originate from different
precursors. Following the MEP, the energy difference favors
methanediamine (H2N CH2 NH2). Here again, the DFT(B2),
CCSD/DFT(B2) and CCSD(B2) lead to similar results.

4. From NC-CN to H2N CH2 CH2 NH2

4.1. C2N2 species

Neglecting high-energy cyclic isomers, only three compounds
are worthy of consideration (Table 3A). Two of these, the
cyanogen NCCN and diisocyanogen CNNC species have no
electric dipole moment for symmetry reasons. As a conse-
quence, the most stable isomer, NCCN, cannot be identified by
its rotational spectrum. However, the presence of this molecule
is asserted by the detection of the corresponding protonated
molecule NCCNH+ (Agúndez et al. 2015). The only detected
(Agúndez et al. 2018) NCNC (also written CNCN) asymmetric
species is second on the energy scale, at around 24 kcal mol−1

higher than the lowest symmetric isomer. The third isomer,
CNNC, at approximately 71 kcal mol−1 above the most stable
isomer (NCCN), with no dipole moment has very little chance
of being detected. For the C2N2 family of isomers, we can con-
sider two detections; one direct, namely that of the asymmetric
compound, and one indirect, that of the symmetric compound,
NCCN, whose presence is only deduced from its protonated form
in the ISM. However, a comparison between the abundances
of the protonated adduct and that of the neutral species is not
relevant.

4.2. C2H2N2 species

The six lowest-energy isomers of C2H2N2 formula are presented
in Table 3B. In DFT, the two first isomers with the lowest
energies are diastereomers Z (cis) and E (trans) of iminoacetoni-
trile (also called C-cyanomethanimine). These contain a cyano
group whose triple bond is conjugated with an imine CH NH
structure. Here, (Z)-iminoacetonitrile is more stable than its (E)-
diastereomer and is reported to be the most abundant by Rivilla
et al. (2019), which is in good agreement with the MEP. In third
position, the isomer N-cyanomethanimine H2C N CN shows
some energy differences in the range of ∼4 to 6 kcal mol−1 for
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Table 3. Relative ∆E+ZPE energies (kcal mol−1) of molecules containing C2H(y=0, 2)N2 atoms using 6-311++G** (B1) and cc-pVQZ (B2) basis
sets.

# Isomer DFT(B1) µ DFT(B2) µ CCSD/DFT(B2) µ CCSD(B2) µ
∆EZPE ∆EZPE ∆EZPE ∆EZPE

A: C2N2
1 NCCN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 CNCN 23.33 0.71 23.63 0.76 23.83 0.84 23.92 0.80
3 CNNC 70.60 0.0 68.89 0.0 71.40 0.0 71.55 0.0

B: C2H2N2
1 (Z)-NC-CH=NH 0.0 1.33 0.0 1.45 0.0 1.45 0.0 1.46
2 (E)-NC-CH=NH 0.32 4.27 0.51 4.15 0.38 4.21 0.37 4.24
3 H2C=N-CN 4.80 4.47 4.65 4.52 7.03 4.53 6.75 5.08
4 (E)-HN=C=C=NH 33.51 0.0 33.47 0.0 43.07 0.0 42.08 0.0
5 (Z)-HN=C=C=NH 34.71 3.01 34.55 2.75 44.57 3.06 42.86 2.84
6 H2C=N-NC 42.48 4.15 41.62 4.11 44.11 4.15 44.34 4.14

Notes. Dipole moment µ in Debye.

the two most stable compounds, according to the level of cor-
relation. In fourth and five positions (Table 3B) on the other
hand, the cumulene ((Z)-HN=C=C=NH)) is less stable than its
(E)-diastereomer. However, the energy differences are so small
and none diastereomer should be eliminated for energetic rea-
sons. By contrast, the (E)-diastereomer with no dipole moment
can be discarded for detection by microwave spectroscopy. Thus,
among the isomers with a C2H2N2 formula, the two first have
been detected in the ISM (Zaleski et al. 2013; Zhang et al.
2020). Regarding the third, its microwave spectrum is already
known (Evans et al. 1991; Winnewisser et al. 1984) and this N-
cyanomethanimine was very recently identified in the Galactic
center source G 0.693–0.03 with a low abundance (San Andrés
et al. 2024).

4.3. C2H4N2 species

We selected 15 isomers (Table 4C). The first is the sim-
plest α-aminonitrile, a precursor of the simplest α-amino acid
glycine through hydrolysis. Next are N-methylcarbodiimide and
N-methylcyanamide, both of which exhibit thermodynamic sta-
bilities not far from the most stable 2-aminoacetonitrile. Fol-
lowing these, are a series of diimines (ethanediimine and N-
methylene-methanimidamide) whose thermodynamic stabilities
slowly deviate from those of the three most stable C2H4N2
isomers. The diastereomers of two diimines are positioned
from fourth to eighth isomer on the energy scale (Table 4C).
Only the thermodynamically most stable compound, the 2-
aminoacetonitrile, has been detected (Belloche et al. 2008). The
microwave spectrum of the third isomer, N-cyanomethylamine,
has been recorded (Bak & Svanholt 1980a), but we failed to find
microwave spectra for other isomers. Therefore, it is quite diffi-
cult to conclude on the efficiency of the MEP in this series given
the lack of spectroscopic data for these compounds.

4.4. C2H6N2 species

Among the 13 isomers considered in this series, ten are within
the energetic range of ∼30 kcal mol−1 over the most stable
isomer, (Z)-N-methyl-methanimidamide, HN=CH-NH-CH3 as
shown in Table 5D.

The ordering of isomers on the energy scale shows that (Z)-
HN=CH-NH-CH3 lies a little less than 1 kcal mol−1 below the

Table 4. Relative ∆E+ZPE energies (kcal mol−1) of molecules contain-
ing C2H(y=4)N2 atoms using 6-311++G** (B1) and cc-pVQZ (B2)
basis sets.

# Isomer DFT(B1) µ DFT(B2) µ
∆EZPE ∆EZPE

C: C2H4N2
1 NC-CH2-NH2 0.0 3.18 0.0 2.76
2 HN=C=NCH3 2.37 2.33 2.29 2.12
3 NC-NH-CH3 2.80 4.96 3.75 4.89
4

N
NH
H

(E,E)

9.61 0.0 10.59 0.0

5 N
NH
H (E,Z)

11.41 3.02 12.02 2.78

6
N N
H (E)

12.75 3.09 13.32 2.98

7
N

NH H

(Z,Z)

14.86 0.66 15.33 0.66

8
N N
H

(Z)

16.14 3.84 15.43 3.61

9 CN-CH2-NH2 17.54 2.72 18.37 2.79
10 HN=C=CH-NH2 22.78 2.76 23.31 2.53
11 H2C=N-N=CH2 30.33 0.0 31.07 0.0
12 H2N-C≡C-NH2 31.51 1.37 31.42 1.35
13 HN=N-CH=CH2 32.56 1.01 33.53 0.91
14 CN-NH-CH3 45.98 4.40 46.16 4.36
15 HC≡C-NH-NH2 56.58 0.77 57.30 0.74

Notes. Dipole moment µ in Debye.

second isomer, ethene 1,1-diamine. In third position, the (E)-
diastereomer of N-methyl-methanimidamide is less stable, with
only a difference in energy of ∼1 kcal mol−1. The presence of
these three isomers within a range of 1.5 kcal mol−1 makes the
identification based on relative energies quite problematic. In
addition, this second isomer (H2N)2C CH2, an isoelectronic of
urea (H2N)2C O, is not the most stable isomer of the series
here. It demonstrates the danger of using the isoelectronic cri-
terion for building new series supposed a priori to satisfy the
MEP. Nevertheless, taking into account that these three most
stable isomers have dipole moments of ∼1 or 3 Debye, the prob-
ability of detection of N-methyl-methanimidamide, either (E) or
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Table 5. Relative ∆E+ZPE energies (kcal mol−1) of molecules contain-
ing C2H(y=6,8)N2 atoms using 6-311++G** (B1) and cc-pVQZ (B2)
basis sets.

# Isomer DFT(B1) µ DFT(B2) µ

∆EZPE ∆EZPE

D: C2H6N2
1 (Z)-HN=CH-NH-CH3 0.0 2.8 0.0 2.8
2 (H2N)2C=CH2 0.68 0.8 0.40 1.0
3 (E)-HN=CH-NH-CH3 1.40 3.0 1.23 2.8
4 (Z)-H2N-CH=CH-NH2 7.75 2.2 7.94 2.1
5 (Z)-HN=CH-CH2-NH2 9.02 3.8 9.40 3.6
6 (E)-HN=CH-CH2-NH2 9.27 3.8 9.40 3.6
7 (E)-H2N-CH=CH-NH2 9.32 2.5 9.41 2.3
8 H2C=N-CH2-NH2 13.84 1.5 13.93 1.4
9 (E)-H3C-N=N-CH3 27.03 0.0 26.06 0.0
10 H2C=N-NH-CH3 27.95 1.9 27.49 1.8
11 H2C=CH-NH-NH2 31.26 2.7 31.03 2.7
12 (Z)-H3C-N=N-CH3 36.52 3.4 35.84 3.2
13 c(CH2)2N-NH2 64.30 1.6 62.75 1.6

E: C2H8N2
1 (H2N)2CH-CH3 0.0 1.5 0.0 1.3
2 H2N-CH2-CH2-NH2 6.08 2.3 5.99 2.1
3 H3C-NH-CH2-NH2 9.03 1.6 8.78 1.4
4 H3C-CH2-NH-NH2 25.26 1.9 24.95 1.7
5 (H3C)2N-NH2 28.72 1.6 28.21 1.5
6 H3C-NH-NH-CH3 32.09 1.6 31.69 1.4

Notes. Dipole moment µ in Debye.

(Z), is multiplied by close to an order of magnitude at equivalent
abundance.

Higher on the energy scale (Table 5D), between 7.5
and 9.5 kcal mol−1 from the most stable (Z)-N-methyl-
methanimidamide, are the compounds (Z)- and (E)-ethene-(1,2)-
diamine and 2-iminoethanamine, in which the two nitrogens
are separated by two carbon atoms. From the 9th position on
this energy scale to the 13th and last, all isomers contain the
much less stable [CNN] sequence. In this way, (E)- and (Z)-
dimethyldiazene at 27 and 36.5 kcal mol−1 from the lowest
energy isomer, present a –N=N– linkage, generally a weak point
of a molecular backbone. The first cycle, the N-amino-aziridine
ranks in the last position, at almost 65 kcal mol−1 and well above
the most stable, which makes detection quite improbable.

4.5. C2H8N2 species

No insaturation is possible with the C2H8N2 formula, as illus-
trated in Table 5E. The most stable species is ethane-(1,1)-
diamine, followed by ethane-(1,2)-diamine (called ethylenedi-
amine), which lies ∼6 kcal mol−1 above. The energy gap is
comparable with that found between the second isomer (ethene-
(1,1)-diamine) and the fourth (Z)-ethene-(1,2)-diamine in the
preceding C2H6N2 series (Table 5D), namely of approximately
7 kcal mol−1. According to previous conformational studies and
the microwave spectrum (Markov & Møllendal 1978), the most
stable gauche conformation of ethylenediamine is considered
here, with dipole moment of around 2.2 Debye.

The third on the energy scale, N-methyl methanediamine,
is less stable than the ethane-(1,2)-diamine. The second and
third isomers show energy differences of ∼3 kcal mol−1 and
∼9 kcal mol−1 respectively higher than the most stable iso-
mer, ethane-(1,1)-diamine. With a dipole moment around

Table 6. Relative ∆E+ZPE energies (kcal mol−1) of molecules contain-
ing C3H2N2 atoms using 6-311++G** (B1) and cc-pVQZ (B2) basis
sets.

# Isomer DFT(B1) µ DFT(B2) µ
∆EZPE ∆EZPE

1 NC-CH2-CN 0.0 3.88 0.0 3.83
2 NC-CH=C=NH 12.74 4.64 11.92 4.60
3 NC-C≡C-NH2 22.40 6.71 22.10 6.64
4 CN-CH2-CN 22.99 3.76 22.56 3.71
5 HC≡C-N=C=NH 36.85 1.86 35.18 1.73
6 CN-CH=C=NH 39.64 4.07 38.33 4.04
7 CN-CH2-NC 43.82 3.67 42.93 3.60
8 CN-C≡C-NH2 44.00 3.40 50.75 5.45

Notes. Dipole moment µ in Debye.

1.5 Debye, this N-methyl methanediamine includes the more
stable sequence [NCN]. At more than 25 kcal mol−1 from the
first isomer, the last compounds are hydrazines (ethyl-, (1,1)-
dimethyl- and (1,2)-dimethyl-), containing the more brittle chain
[CNN].

5. From C3H2N2 to C3H4N2

5.1. C3H2N2 species

We selected eight compounds with the formula C3H2N2
(Table 6). The first, malononitrile, is thermodynamically much
more stable than any of the following isomers on this energy
scale (about 12 kcal/mol for the second and 22 kcal/mol for the
third and the fourth). Based on the MEP, we hypothesize that
the first one, NC CH2 CN, should be easily detected with its
dipole moment of almost 4 Debye.

The case of C3H2N2 appears to be an anomaly, because even
the most stable compound, the malononitrile NC CH2 CN,
has never been detected, even after the recent publication of its
millimetric spectrum (Motiyenko et al. 2019). Millimetric spec-
tra of the mono- (NC CH2 NC, 2-isocyanoacetonitrile) and
bis-isocyanide (CN CH2 NC, diisocyanomethane) (Motiyenko
et al. 2012) have been recorded, as has the microwave spectrum
of 3-aminopropynenitrile (H2N C≡C CN) at the third posi-
tion on the energy scale in Table 6 (Kolesniková et al. 2021).
However, none of these species have been identified in the ISM
so far.

5.2. C3H4N2 species

We investigated three different connectivities for the five heavy
atoms: five-membered rings, open chains, and substituted three-
membered rings. The microwave or millimetric spectrum of the
majority of the most stable isomers have been reported: 1H-
imidazole (Giuliano et al. 2019), (Z)-3-amino-2-propenenitrile
(Askeland et al. 2006; Alberton et al. 2023), 1H-pyrazole
(Kirchhoff 1967; Wlodarczak et al. 1991), 3-iminopropanenitrile
(Lukova, Kolesnikova et al. 2022), and 2-aminopropenenitrile
(Bauder & Ha 1983). To date, none of the C3H4N2 isomers have
been identified in the ISM.

The results reported in Table 7 for the 23 low-lying iso-
mers show that 1H-imidazole, stabilized by its aromaticity, is
unambiguously the most stable species6. Its dipole moment close
to ∼4 Debye makes it a most reasonable target for observations.

6 Except for 3-amino-2-propenenitrile, when an isomer have two con-
figurations (E) and (Z), the two corresponding diastereomers have been
computed, but only the most stable is shown in Table 7.
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Table 7. Relative energy scale ∆E+ZPE (kcal mol−1) of C3H4N2
molecules using B3LYP/cc-pVQZ(B2) level of theory.

# Isomer ∆EZPE µ A B C

1
 

N

N
H

0.0 3.7 9.790 9.469 4.813

2
CNH2N

(Z)

5.23 5.3 13.118 3.646 2.854

3 H2N

CN (E)

6.91 6.7 43.043 2.378 2.254

4 N
N
H  

10.6 2.3 9.687 9.500 4.796

5
 N

CN
H

(Z)

12.39 2.0 9.855 4.199 2.999

6
 

N

CN
H

H

13.62 4.2 10.032 4.315 3.025

7
 

N
CN

(E)

15.20 5.5 47.900 2.481 2.393

8
N

H CN
(E)

15.28 3.8 12.071 3.723 2.897

9
 N

N 17.21 2.1 9.644 8.856 4.751

10
 N

N 17.54 1.2 9.774 8.728 4.745

11
 

N
CN

(E)

20.67 4.6 46.522 2.421 2.334

12
 

NH
CN

20.70 4.1 41.779 2.569 2.419

13
 

N
CN

24.20 4.7 21.780 2.790 2.662

14 NC

N
H

(Z)

28.11 1.7 9.771 4.654 3.215

15
H2N NC

(Z)

31.90 5.8 44.236 2.505 2.374

16
 NH2

NC 32.90 3.8 10.033 4.756 3.236

17
 

HN
CN

33.63 3.0 17.210 3.525 3.367

18
 N

N
33.78 4..6 9.224 9.009 4.689

19
 N

N
37.99 3.6 9.396 8.923 4.709

20
 N CN

39.63 5.0 17.729 3.775 3.497

21
 

N
NC

44.51 4.7 23.401 2.933 2.798

22 N
N
H

(E)

69.64 1.5 551.153 2.226 2.161

23
N
N H

(E)

72.71 0.3 23.401 2.933 2.617

Notes. Dipole moment µ in Debye and rotational constants (A, B, C) in
GHz.

The second compound on the energy scale is the
conjugated (Z)-3-amino-2-propenenitrile called also (Z)-3-
aminoacrylonitrile, H2N CH CH CN. It lies ∼5 kcal mol−1

above the first isomer. The value of its dipole moment, which is
around 5 Debye, is encouraging for radio detection. It is followed
by its diastereomer (E)-3-amino-2-propenenitrile, which is less
stable, with a relative energy of almost 2 kcal mol−1 above,
in agreement with previous works (Benidar et al. 2005). The
aromatic pyrazole is the fourth most stable compound of the
series, with a relative energy of around 10 kcal mol−1 above the
aromatic imidazole and a lower dipole moment of ∼2.3 Debye.
There are four nitriles ranked between the positions 5 and 8 on
this energy scale (Table 7). These are still conjugated but are
probably highly electrophilic, as in 2-aminopropenenitrile or
(E)-3-iminopropanenitrile (Benidar et al. 2005).

The series of cyanides follows at ∼15 kcal mol−1 above
the most stable isomer imidazole, as methyleneaminoacetoni-
trile (Motiyenko et al. 2013) at thirteenth position. Generally,
isocyanides are placed on the energy scale with a difference
around 20 kcal mol−1 higher than their corresponding nitriles.
These isocyanides are ∼30 kcal mol−1 above the 1H-imidazole,
as (E)-2-isocyanoethene-1-amine or 1-isocyanoethene-1-amine
at 15th and 16th positions. Between these cyanides in positions 9
and 10, nonaromatic five-membered ring isomers, 4H- and 2H-
imidazole, come at 17 kcal mol−1 above their aromatic analog
(1H), the most stable isomer of the series. Pyrazole analogs (4H,
3H) are higher on the energy scale, that is around 33 kcal mol−1

higher than 1H-imidazole.
Such an energy difference does not rule out the possibility

of detecting these species as demonstrated by the identifications
of H3C NC (Gratier et al. 2013) and H-C≡C-NC (Kawaguchi,
Ohishi et al. 1992), which are ∼24 and 27 kcal mol−1 above
H3C CN (Solomon et al. 1971) and H-C≡C-CN (Lattelais et al.
2009), respectively. The chiral cyanoaziridine (2-cyanoaziridine)
(Brown et al. 1980) is high in energy, and is the 17th isomer
on the energy scale, at more than 33 kcal mol−1 above the most
stable, 1H-imidazole.

6. Conclusions

The aim of this study is to obtain information about the possibil-
ity of detecting new compounds containing two nitrogen atoms
in species of increasing dimension from three to nine atoms, with
these latter containing one more atom than the largest species
identified in the ISM. This work was developed with a similar
methodological approach to previous studies on five-membered
heteroaromatic rings (Lattelais et al. 2010a). For these rings con-
taining four carbons, one heteroatom (O, N, S), and a sufficient
number of hydrogen atoms to preserve a six-electron aromatic
shell, the aromaticity is a well admitted criterion of molecular
stability. Using density functional theory, these previous stud-
ies found that pyrrole, furan, and thiophene are unambiguously
the most stable isomers at the 10–50 K temperatures of the cold
molecular clouds of the ISM.

In this work, we look at the problem of finding new
molecules in space from another angle, in that we focus not on a
global property such as aromaticity but on the possible presence
of a local atomic sequence composed of two nitrogen atoms plus
one carbon (2N + 1C) in either form [NCN or CNN]. Regarding
C4H5N, C4H4O and C4H4S families, we also evaluated the ther-
modynamic stabilities with the help of DFT. To make sure that
these DFT results are reliable, we designed an approach starting
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Fig. 1. Structures of the 15 most stable and probable target CxHyN2 molecules by isomer family for future observations. For energy ∆EZPE , dipole
moments µ and rotational constants (A, B, C), see Table 8.

from CN2 up to C3H4N2, progressively increasing the size of
the target molecule CxHyNz with x=(1,2,3), y=(0,2,4,6,8), keep-
ing z=2 in all species and progressively increasing the level of
theory up to coupled cluster whenever possible, that is, while
the calculations remained reasonably tractable. For the smaller
molecules, the panel of computations first employs DFT in the
well-established B3LYP functional using 6-311++G** referred
to as (B1), and then the correlation consistent basis cc-pVQZ
(B2). The latter basis set, which is more adapted to the treatment
of the electronic correlation, is used in all subsequent coupled-
cluster treatments. The chaining of the calculations by increasing
quality levels is DFT(B1) < DFT(B2) < CCSD(B2)/DFT(B2) <
CCSD(B2). This progressive approach is applied until the chem-
ical size of the target molecule makes the computational size
of the system prohibitive. In this case, beyond C3H2N2, only
DFT(B2) calculations were performed systematically. There-
fore, here, new bis-nitrogen-containing functional groups are
investigated, such as urea and methylisocyanide, confirming that
correct energy scales can be obtained most of the time at the
DFT level associated with the large basis set (B2). By apply-
ing this strategy to the entirety of the considered series, the
linked sequence [NCN] appears more stable than the sequence
[CNN].

The first important result is that the necessary preliminary
checks (Table 1), show that the 14 bis-nitrogen species already
identified in the ISM comply with the MEP. Therefore, from the
15 most relevant detected molecules collected in Table 8, our
conclusions are as follows:

(i) With one carbon, the most stable molecules, namely those
susceptible to identification7, are the couple of diastereomers of

7 At this point, the H3N HCN complex has not been retained among
the preferred candidates in view of the variability of its ranking on the
energy scale when increasing the level of correlation. Further studies
are necessary to clarify this point unambiguously.

Table 8. Most probable targets for future observations.

Isomer ∆EZPE µ A B C

(Z)-HN=CH-NH2 0.0 2.7 67.843 10.824 9.369
(E)-HN=CH-NH2 1.77 3.5 63.738 10.784 9.253

H2N-CH2-NH2 0.0 1.6 36.390 9.222 8.238

† H2C=N-CN 4.65 4.5 69.108 5.401 5.009

HN=C=NCH3 2.29 2.1 56.272 4.484 4.311
NC-NH-CH3 3.75 4.9 37.138 4.933 4.895

(Z)-HN=CH-NH-CH3 0.0 2.8 19.039 6.127 4.775
(H2N)2C=CH2 0.40 1.0 10.002 9.809 5.036

(E)-HN=CH-NH-CH3 1.23 2.8 41.224 4.335 4.051
(Z)-H2N-CH=CH-NH2 7.94 2.1 18.997 5.616 4.389

(H2N)2CH-CH3 0.0 1.3 8.750 8.212 4.821
H2N-CH2-CH2-NH2 5.99 2.1 14.492 5.114 4.269

NC-CH2-CN 0.0 3.8 21.393 2.933 2.621
NC-CH=C=NH 11.9 4.6 28.902 2.763 2.540

 

N

N
H

0.0 3.7 9.790 9.469 4.813

CNH2N
5.23 5.3 13.118 3.646 2.854

Notes. All relative energies (kcal mol−1) are given at the DFT(B2) level
of theory with respect to the most stable molecule in each family. Dipole
moments µ are in Debye and rotational constants (A, B, C) in GHz.

the formamidine (Z)- and (E)-H2N CH NH, methanediamine
H2N CH2 NH2 and, possibly also the NCN triplet in high
magnetic fields. Clearly, the NCN isomer is always more stable
than the CNN.
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(ii) With two carbons, one can focus on a larger num-
ber of molecules whose detection could be possible, that
is to say, HN C N CH3, NC NH CH3, (Z)- and (E)-
HN CH NH CH3, (H2N)2C CH2, and (H2N)2CH CH3.

(iii) With three carbons, the most stable species awaiting
detection are the heteroaromatic ring C3H4N2, imidazole, which
comes before the diastereomers 3-aminoacrylonitrile, (E)- and
(Z)-H2N CH CH CN.

As predicted among the most probable targets to be observed,
N-cyanomethanimine († in Table 8) has been effectively detected
by San Andrés et al. (2024). Based on Table 8, Figure 1 gathers
structures of the 15 most stable, potentially detectable candidates
for future observations.

The theoretical dipole moment and rotational constants of
each probable target isomer can be compared with the corre-
sponding experimental data in Table B.1. Calculated values are
in good agreement with experimental published data with an
average uncertainty on the order of a few percent.

Finally, we identified a thermodynamically favored 3-atomic
sequence namely [NCN] that is similar to the [NCO] sequence
(Fourré et al. 2020). This study confirms that, within the lim-
its of thermodynamics, the MEP is capable of accounting for
the presence of all the bis-nitrogen species detected so far. It
is an efficient and easily applicable tool for determining which
isomers in a given series have the highest probability of being
detected (within the strong constraints of a sufficient large dipole
moment). When looking for bis-nitrogen species those contain-
ing the [NCN] sequence should be prioritized over [CNN] for
further laboratory studies in preparation for next observation
campaigns.
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Appendix A: Nitrogen containing molecules

The following table A.1 gives a list of all the nitrogen containing species whose detection has been published as of today according
to our knowledge of the literature.

Table A.1: Organic molecules detected in space so far containing Nitrogen atoms as function of the total number of atoms (those with two Nitrogen
atoms are in bold characters).

# 2 3 4 5 6 7 8 9 12
1 CN HCN C3N H2CCN CH3CN CH2CHCN CH3C3N CH3CH2CN n C3H7CN
2 NH HNC NH3 HC3N CH3NC HC5N CH2CCHCN HC7N i C3H7CN
3 NO HNO HCCN HCCNC HC3NH+ CH3NH2 H2NCH2CN CH3C(O)NH2
4 NS MgCN HCNH+ H2CNH NH2CHO CH3NCO CH3CHNH CH3NHCHO
5 SiN MgNC HNCO H2NCN C5N HOCH2CN H2NC(O)NH2 HCCCHCHCN
6 CN– N2H+ HNCS HNC3 l HC4N HC3HNH HCCCH2CN H2CCHC3N
7 N2 N2O H2CN HC(O)CN H2CCNH HC4NC HC5NH+

8 NO+ NaCN C3N
– HNCNH C5N

– MgC5N H2CCHNH2
9 NS+ NH2 HNCO NH +

4 HNCHCN CH2C3N 10 >12
10 SiCN HOCN H2NCO+ SiH3CN NC4NH+ CH3C5N c C6H5CN
11 AlNC HSCN NCCNH+ H2CCCHC3N HC11N
12 SiNC HMgNC MgC3N C2H5NCO 1 C10H7CN
13 KCN CNCN NH20H C2H5NH2(?) 2 C10H7CN
14 FeCN HONO HC(S)CN
15 C2N H2NC 11
16 NCO HNCN HC9N
17 CaNC NH2CH2CH2OH
18 NCS

Appendix B: Dipole moments and experimental rotational constants

The following table B.1 gives common dipole moments and experimental rotational constants of CxHyN2 isomers by series when
published to date according to our knowledge of the literature.

Table B.1: Experimental dipole moments and rotational constants (A, B, C) for isomers among most probable targets for future observations.
Dipole moments µ are in Debye and rotational constants in GHz.

Isomer µexp Aexp Bexp Cexp References
NC-NH-CH3 - 3.6090 4.9771 4.5051 (1) Bak & Svanholt 1980a; (2) Bak & Svanholt 1980b

H2N-CH2-CH2-NH2 1.77 14.472 5.2292 4.4055 (1) Marstokk & Møllendal 1978; (2) Merke & Coudert 2006

NC-CH2-CN 3.57 20.8837 2.9423 2.6167 Motiyenko et al. 2019

 

N

N
H

3.61 9.7059 9.3563 4.7712 Giuliano et al. 2019

CNH2N
5.01 12.5830 3.7661 2.8963 Askeland et al. 2006
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Appendix C: About the role of diffuse atomic functions

The following table C.1 gathers relative ∆E+ZPE energies and dipole moments for selected model molecules using different basis
sets: (B0) 6-311G**, (B1) 6-311++G**, (B2) cc-pVQZ, (B3) aug-cc-pVQZ. All relative energies are given at the DFT level of theory
with the selected basis set.

Table C.1: Relative energy ∆E+ZPE (kcal mol−1) of selected isomers by series (A, B, C, D) using different basis sets with including or not diffuse
atomic functions: (B0, B1, B2, B3). Dipole moments µ are in Debye.

# Selected DFT(B0) µ DFT(B1) µ DFT(B2) µ DFT(B3) µ

isomers ∆EZPE ∆EZPE ∆EZPE ∆EZPE

A: CH4N2

1 (Z)-HN=CH-NH2 0.0 2.60 0.00 2.81 0.00 2.69 0.00 2.74
2 H3N-HCN 2.70 5.83 4.32 5.70 4.88 5.63 5.53 5.57
3 (E)-HN=CH-NH2 1.40 3.54 1.93 3.69 1.78 3.53 1.93 3.55

B: C2N2

1 NCCN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 CNCN 23.43 0.81 23.33 0.71 23.63 0.76 22.67 0.83
3 CNNC 70.31 0.00 70.60 0.00 68.89 0.00 68.84 0.00

C: C2H2N2

1 (Z)-NC-CH=NH 0.00 1.35 0.00 1.33 0.00 1.45 0.00 1.45
2 (E)-NC-CH=NH 0.63 4.15 0.32 4.27 0.51 4.15 0.44 4.15
3 H2C=N-CN 4.50 4.41 4.80 4.47 4.65 4.52 4.70 4.55

D: C3H2N2

1 NC-CH2-CN 0.00 3.75 0.00 3.88 0.00 3.83 0.00 3.84
2 NC-CH=C=NH 12.63 4.63 12.74 4.64 11.92 4.60 11.80 4.61
3 NC CC NH2 23.15 6.64 22.37 6.70 22.10 6.64 21.85 6.64
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