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A previously unreported channel in the spin-allowed reaction path for the CH+ N2 reaction that involves the
HNNC radical is presented. The structures and energetics of the HNNC radical and its isomers HCNN and
HNCN and the relevant intermediates and transition states that are involved in the proposed mechanism are
obtained at the coupled cluster singles and doubles level of theory with noniterative triples correction (CCSD-
(T)) using a converging series of basis sets aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ. The aug-cc-
pVQZ basis is used for all the final single point energy calculations using the CCSD(T)/aug-cc-pVTZ optimized
geometries. We find the HNNC radical to have a heat of formation of∆fH0 (HNNC) ) 116.5 kcal mol-1. An
assessment of the quality of computed data of the radical species HNCN and HCNN is presented by comparison
with the available experimental data. We find that HNNC can convert to HNCN, the highest barrier in this
path being 14.5 kcal mol-1 above the energy of the CH+ N2 reactants. Thus, HNNC can play a role in the
high-temperature spin-allowed mechanism for the reaction of CH+ N2 proposed by Moskaleva, Xia, and
Lin (Chem. Phys. Lett.2000, 331, 269).

I. Introduction

The reaction of CH with N2 is of considerable importance at
low temperatures in the chemistry of planetary atmospheres and
at high temperatures in combustion chemistry. The low-
temperature reaction proceeds by the barrierless formation of a
datively bonded addition complex, HCNN.1-4 At the high
temperatures of combustion environments, the reaction is
believed to be dominated by pathways that lead to the production
of the “prompt” NO seen in flames.5 Initially, a spin-forbidden
pathway in which HCN (X1Σ+) + N(4S) are produced had been
postulated,6-14 whereas more recently, Lin and co-workers15

proposed that the dominant route in combustion produces H+
NCN (3Σ-

g) in a spin-allowed process that passes through an
HNCN intermediate. Further theoretical and experimental studies
have supported the spin-allowed pathway.16-18

The multiple pathways available in the CH+ N2 reaction
highlight the richness of detail in the potential energy surface
for this system. There are numerous intermediates that possibly
can be formed, several of which can be stabilized as stable
molecules. For example, both HCNN and HNCN have been
produced from other processes and studied in photoelectron
experiments18-21 and they have been studied theoretically as
well.22 On the other hand, the HNNC isomer of these molecules
is not well-known. In the CH+ N2 system, the HNNC
intermediate can directly dissociate to H+ CNN products,
which are considerably higher in energy than H+ NCN. More
importantly, the HNNC intermediate can connect other structures
on the potential energy surface and can open previously
unconsidered pathways that must be included to fully map out
the potential energy surface in this system.

In this paper, high-level electronic structure calculations are
performed on the CH+ N2 system with particular emphasis on
the HNNC intermediate and the pathways on the potential
energy surface that involve this intermediate. Because accurate
energies and vibrational frequencies of transition states and
intermediates are essential to performing reliable kinetic analy-
ses, calculations are performed using the CCSD(T) method with
correlation consistent basis sets. To establish that the basis set
limit is reached, structures, frequencies, and energies of the
species on the CH+ N2 potential energy surface (PES) that
are relevant to the current work were computed using aug-cc-
pVDZ and aug-cc-pVTZ basis sets for all the structures, and
with the aug-cc-pVQZ basis set for selected structures that have
been identified as critical. The CCSD(T) method is often
regarded as the method of choice to treat electron correlation
and its performance has been exhaustively calibrated against
experiment.23,24

II. Computational Methods

The geometry optimizations and vibrational frequencies are
computed at the CCSD(T)25 level with Dunning et al. augmented
correlation consistent polarized valence basis sets aug-cc-pVDZ
and aug-cc-pVTZ.26,27 The CCSD(T) Hessians are calculated
numerically differentiating analytically computed gradients. In
addition, CCSD(T)/aug-cc-pVQZ single-point energies are
performed at the CCSD(T)/aug-cc-pVTZ geometry. Spherical
harmonic atomic orbital basis functions are used and all the
electrons are correlated. The relative energies are presented with
reference to the sum of CH and N2 ground state energies
calculated at the corresponding computational level. All the
energies are corrected for zero point vibrations [zero-point-
energy correction (ZPE)] using the vibrational frequencies of
normal modes computed at the same level except for those at† Part of the special issue “M. C. Lin Festschrift”.
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the CCSD(T)/aug-cc-pVQZ level. In the case of CCSD(T)/aug-
cc-pVQZ energies, the ZPEs computed at the CCSD(T)/aug-
cc-pVTZ level are used. To verify that the CCSD(T)/aug-cc-
pVTZ level geometries were converged with respect to basis
set for all practical purposes, selected sets of structures based
on their importance (reactants, products, and the HCNN linear
complex), are optimized at the CCSD(T)/aug-cc-pVQZ level
as well. Intrinsic reaction coordinate (IRC) calculations are
performed at the CCSD/6-31G** level28,29 to ensure that the
reactants and products of the reactions are connected via the
relevant transition states for each of the reactions under
consideration. The transition states are reoptimized and the
vibrational frequencies of normal mode are recalculated at that
level, and the IRC searches followed along the direction parallel
to the normal mode corresponding to the imaginary frequencies.
The ACES II program system30 is used for all the calculations.

III. Results and Discussion

A. HNNC Radical. The structures and vibrational and
photoelectron spectra of HCNN and HNCN have been the
subject of several previous experimental18-21 and theoretical22

investigations because they have been identified as playing a
critical role in the CH+ N2 reaction. However, our present
work led us to consider the HNNC radical, which can also play
a role in the aforementioned reaction. A full theoretical
characterization of HNNC and a comparison of its structure,
bonding, and energetics with its known isomers at the CCSD-
(T)/aug-cc-pVTZ level is presented.

The CCSD(T)/aug-cc-pVTZ structure of the HNNC radical
is shown in Figure 1 along with the analogous structures of the
isomers HCNN and HNCN. In Table 1 we report the relative
energies, atomization energies, heats of formation, and the
harmonic vibrational frequencies as well as the geometries (also
shown in Figure 1) of the three radicals.

All the radicals have been calculated to have planar structures
(Cs symmetry), and their ground electronic states are2A′′.
According to the CCSD(T)/aug-cc-pVTZ calculations, the triple
and double bond lengths of N-N (C-N) bonds are 1.100 Å
(1.169 Å) and 1.213 Å (1.353 Å), respectively. The tabulated

standard N-N and (C-N) triple, double, and single bond
distances are 1.10 Å (1.16 Å), 1.25 Å (1.32 Å), and 1.45 Å
(1.47 Å), respectively.31 The terminal N-N, C-N, and N-C
bond lengths of HCNN, HNCN, and HNNC are 1.150, 1.189,
and 1.191 Å, respectively, all of which are closer to the
corresponding triple bond distances. On the other hand, the
lengths of C-N, N-C, and N-N bonds next to the terminal
bond (1.282, 1.282, and 1.297 Å, respectively) are closer to
the double bond distances. This can be formally described by
resonance mechanisms as shown in Figure 2.

The ground states of all three radicals can be represented with
two resonance structures. By averaging the contributions of both
structures, it can be seen that the bond order of the terminal
N-N or C-N bonds are formally 2.5, whereas that of the bonds
next to the terminal bonds are formally 1.5, which shows a
reasonable agreement with our calculated bond lengths. The
electron population analysis provides strong support to this
resonance mechanism. The electron populations of each atom
in HCNN are formally, 1.0, 7.0, 6.0, and 7.0 for H, C, N, and

Figure 1. Equilibrium structures of HCNN, HNCN, and HNNC optimized at the CCSD(T)/aug-cc-pVTZ level. Bond lengths are given in angstroms,
and angles are in degrees. The symmetries of the molecules and their electronic states (in parentheses) are also shown.

TABLE 1: Bond Lengths (in Å), Bond Angles (in Degrees), Vibrational Frequencies (in cm-1), Atomization Energies (in kcal
mol-1), Relative Energies with Respect to CH+ N2 (in kcal mol-1), and Heats of Formation (in kcal mol-1) for HCNN, HNCN,
and HNNC, Calculated at the CCSD(T)/aug-cc-pVQZ Level for the CCSD(T)/aug-cc-pVTZ Geometriesa

HCNN HNCN HNNC

r([C]N-N); r([N]C-N); r([N]N-C) 1.150 1.189 1.191
r(H-C); r(H-N); r(H-N) 1.083 1.018 1.024
r([H]C-N); r([H]N-C); r([H]N-N) 1.282 1.282 1.297
a(CNN); a(NCN); a(NNC) 169.5 174.0 171.6
a(HCN); a(HNC); a(HNN) 113.7 111.6 106.1
atomization energy 331.9 367.2 327.4
relative energy -29.6 -65.0 -25.1
heat of formation,∆fH0 112.0 76.7 116.5
Harmonic vibrational frequencies 538, 541, 912,

1219, 1897, 3183
408, 479, 1081,
1172, 1901, 3498

318, 333, 1064,
1374, 2000, 3402

a Energies are corrected with ZPE obtained at CCSD(T)/aug-cc-pVTZ level.

Figure 2. Schematic representation of the resonance structures of the
ground states of (a) HCNN, (b) HNCN, and (c) HNNC.
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N (in the order of bonding), respectively. The Mulliken
population analysis for the calculated ground state HCNN shows
the electron populations of H, C, N, and N to be 0.55, 6.46,
6.20, and 7.42, respectively, which well reproduce the formal
values. It can be seen that the H and C atoms have lower electron
populations than their formal values whereas two N atoms have
more than what are formally expected. The detailed analysis
reveals that theσ-orbitals are more delocalized over the entire
molecule, which makes bonding tighter. In fact, the C-N bond
length (1.282 Å) is shorter than the double bond distance
(1.353 Å), which shows the bond order is more than 2, and the
formal bond order is 1.5. The calculated spin populations
(electron population difference betweenR- and â-orbitals) of
the π-orbitals (a′′) on C and terminal N are 0.53 and 0.46,
respectively. This agrees very well with the resonance mech-
anism: the unpaired electron is localized on C in one structure,
and it is localized on the terminal N in the other structure. The
C-N-N angle (169.5°) is distorted from the linear value. This
can be explained from the resonance structures to be attributed
to the electron repulsion between the lone-pair in one of the
sp2-hybridized orbital on C and the electrons in theπ-bonding
orbital, both of which are in the symmetry plane. The calculated
(formal) atomic electron populations in HNCN are 0.67 (1.0),
7.10 (7.0), 5.72 (6.0), and 7.14 (7.0) for H, N, C, and N,
respectively. Again, transfer of an electron from H and C to N
atoms can be observed, which makes the N-C bond lengths
(1.282 Å) shorter than the double bond distance (1.353 Å). The
spin population of thea′′ π-orbitals on N and N (terminal) are
0.58 and 0.47, respectively, which, again, agrees well with the
resonance mechanism. The same analysis can be applied to
HNNC. The calculated (formal) electron populations on H, N,
N, and C are 0.68 (1.0), 7.26 (7.0), 6.36 (6.0), and 6.35 (7.0),
respectively. The electron transfer from C to N occurs also in
this radical. However, an interesting difference is observed
regarding the bond length in this radical. The N-N bond length
has been calculated to be 1.297 Å and is significantly longer
than the double bond distance (1.213 Å) whereas the lengths
of the corresponding bonds of the other radicals (1.282 Å for
C-N bond in HCNN and 1.282 Å for N-C bond in HNCN)
are both shorter than the double bond distance (1.353 Å). The
spin population of thea′′ π-orbitals on N (next to H) and C
have been calculated to be 0.72 and 0.25, respectively. The
remarkably large spin population (0.72) on N shows that the
resonance structure with an unpaired electron localized on N is
dominant. The N-N bond is formally single in the dominant
resonance structure, but it is formally double in the other
resonance structure. This explains why the N-N bond length

is noticeably longer in HNNC compared to the lengths of the
corresponding bond (C-N in HCNN and N-C in HNCN)
relative to the corresponding double bond distances.

The relative energies of HNCN (-65.0 kcal mol-1), HCNN
(-29.6 kcal mol-1), and HNNC (-25.1 kcal mol-1) radicals
with respect to CH+ N2 shown in Table 1 indicate (together
with the atomization energies and heats of formation) that the
stability of the three radicals are in the order of HNCN> HCNN
> HNNC where HNCN is the most stable. This stability can
be described by considering the bond energies in part. For
brevity, we assume that all the C-N and N-N are doubly
bonded. Note that the average formal bond orders are 2.5 for
the terminal bond and 1.5 for the next bond, respectively; thus
it is a good approximation to assume both of them to be double
bonds for qualitative discussion. The standard bond energy of
the C-N double bond is 147 kcal mol-1 whereas that of the
N-N double bond is 100 kcal mol-1.32 It is easily understood
that HNCN is the most stable isomer among the three because
HNCN has two C-N bonds and the other two isomers have
one C-N bond and one N-N bond each. However, in this
context, it is expected that HCNN and HNNC have the same
relative energies, or it can rather be expected that HNNC is
more stable than the HCNN because the C-N bond length is
shorter in HNNC (1.191 Å) compared to that in HCNN
(1.282 Å). However, our calculation predicted HCNN to be more
stable than HNNC by 4.5 kcal mol-1. This may be attributed
to resonance. In HCNN, two resonance structures contribute
equally whereas, in HNNC, one structure is dominant.

Both HNCN and HCNN have been detected in photoelectron
experiments of their negative ions.18-21 Both radicals are short-
lived (20( 5 ns) and only a limited set of experimental structure
and spectroscopic data are available in the literature for HNCN,
and shown in Table 2, along with the computed CCSD(T)/aug-
cc-pVTZ results. Very little is known about the HCNN
molecule. The electron affinity observed in matrix isolation
experiments of H2CN2 by mercury lamp irradiation and the
observed IR active fundamental frequencies are shown in
Table 2 along with the corresponding computed values. We have
not been able to find any reference to the HNNC radical in the
literature.

Although there are numerous theoretical studies of the HNCN
and HCNN using a plethora of theoretical methods, a compari-
son of current results with prior theoretical work is not within
the context of this paper, and they will be the subject of a
comprehensive follow up paper on the CH+ N2 reaction.
Nevertheless, it is worthwhile to mention that the present
calculations which employ the CCSD(T) method with aug-cc-

TABLE 2: Experimental and Theoretical Values for Bond Lengths (in Å), Bond Angles (in Degrees), Vibrational Frequencies
(in cm-1), and Electron Affinities (in kcal mol -1) for the Ground (2A′′) State of (a) HNCN and (b) HCNNa

(a) HNCN

r(NCN) r(NH) a(CNH)
N-C-N
stretch

N-C-N out of
plane bending

electron
affinity

exptl 2.47( 0.002b 1.034( 0.002b 116.5( 2.7b 1140c 440c -38.9( 0.14d

this work 2.471 1.018 111.6 1172 479 -39.2

(b) HCNN

H-CNN
stretch

HC-N-N
asym stretch

H-CNN
bend

electron
affinity

exptl 3233 (Ar matrix)e 1787 (Ar matrix)e 861 (Ar matrix)e -60.5( 0.12f

3229 (N2 matrix)e 1784 (Kr matrix)e 860 (Kr matrix)e

1800 (N2 matrix)e 871 (N2 matrix)e

this work 3183 1897 912 -60.4

a The theoretical values were calculated at the CCSD(T)/aug-cc-pVΤZ level b Reference 33.c Reference 34.d Reference 19.e References 35
and 36.f Reference 20.
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pVTZ (aug-cc-pVQZ for single point energy calculations) are
the most definitive calculations to date, and should have the
capability of being “predictive” for the CH+ N2 system.

B. Reaction Mechanisms.The first study of the CH+ N2

system that incorporated the H+ NCN reaction channel was
performed by Moskaleva et al.15 The names of intermediates
and transition states used here are consistent with those used
by Moskaleva et al. for the same structures. A portion of the

potential energy diagram for the CH(2Π) + N2 reaction that
involves the HNNC intermediate is shown in Figure 3. Detailed
structures of the species shown in the potential energy diagram
are shown in Figure 4, and the energies of the species relative
to the energy of CH+ N2 reactants are listed in Table 3 along
with energies calculated by Moskaleva et al.15 Generally, there
is good agreement, within 2-3 kcal mol-1, found between their
results using the G2M method and the CCSD(T) results

Figure 3. Schematic representation of the spin-allowed reaction mechanism. The energies are calculated at the CCSD(T)/aug-cc-pVQZ level;
geometries and ZPE are calculated at the CCSD(T)/aug-cc-pVTZ level. The names of intermediates and transition states are consistent with those
used by Moskaleva et al.15 for the same structures.

Figure 4. CCSD(T)/aug-cc-pVTZ structures of the reactants, products, intermediates, and transition states involving in the reaction shown in
Figure 3. Bond lengths are given in angstroms, and angles are in degrees. The symmetries of the molecules and their electronic states (in parenthesis)
are also shown. See Figure 1 for HCNN, HNCN, and HNNC.
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presented here, the largest differences being for transition states
TS4 and TS5, where differences are 13.7 and 4.2 kcal mol-1,
respectively.

In the reaction mechanism, we find that CH can insert across
the N-N triple bond through a transition state TS1 with a barrier
of 9.9 kcal mol-1 and then exothermically rearrange into cyclic
intermediates ofCs symmetry (INT1) andC2V symmetry (INT2).
The barrier height for the initial insertion is slightly lower than
but consistent with the value of 10.8 kcal mol-1 reported by
Moskaleva et al.15 The barrier going from INT1 to INT2 through
transition state TS2 is 3.8 kcal mol-1, again in good agreement
with that found by Moskaleva et al.15 The lowest energy spin-
allowed pathway from INT2 to INT3 (which can dissociate to
NCN + H products) goes through transition state TS3, which
we find to be a little higher in energy than Moskaleva et al.
with an energy of 14.4 kcal mol-1 above CH+ N2 at the CCSD-
(T)/aug-cc-pVTZ level compared to 11.7 kcal mol-1 at the
G2M(RCC) level in ref 15. Takayanagi17 finds a barrier of 31.1
kcal mol-1 from INT2 to TS3 calculated at the CASPT2(11e,-
11o)/cc-pVTZ level (not ZPE corrected) compared to 35.2 kcal
mol-1 for Moskaleva et al.15 and our ZPE-corrected value of
39.0 kcal mol-1. TS3, which has a ring structure ofCs symmetry
in which the C-atom has inserted between the two N atoms,
can undergo an exothermic ring opening and hydrogen shift to
form INT3 (HNCN).

Moskaleva et al. reported another pathway to HNCN in which
INT1 proceeded over a much higher energy barrier (TS4), which
could then proceed exothermically through several intermediates

to INT3 (HNCN). We find that the energy of TS4 computed at
the CCSD(T)/aug-cc-pVQZ using CCSD(T)/aug-cc-pVTZ op-
timized geometry is 59.4 kcal mol-1 relative to the reactants,
which is significantly higher (13.7 kcal mol-1) than the value
of 45.7 kcal mol-1 reported by Moskaleva et al.15 Our TS4
structure is slightly different from the one reported in ref 15. In
our structure, the hydrogen atom is almost on the C-N bond
(see Figure 4) whereas, in Moskaleva et al.,15 the hydrogen is
more outside of the C-N-N ring. Moskaleva et al.15 report
that they were unable to locate TS4 beyond MBPT(2)/6-311G-
(d,p) level of theory, and we believe that the differences in
structure and energies of TS4 between the two studies are due
to more complete treatment of the electron correlation effects
in the work reported here.

In this work, we find an additional possible route from INT1
to INT3 (and NCN+ H products) through the INT2, HNNC,
and INT4 intermediates. The highest barrier in this pathway is
at TS7, 20.0 kcal mol-1 above reactants at the CCSD(T)/aug-
cc-pVQZ level, a barrier considerably lower in energy than the
route through TS4, and only 5.6 kcal mol-1 higher than the
highest energy (TS3) in the pathway from INT2 to INT3. The
barrier at TS7 is only 2.2 kcal mol-1 higher than the endother-
micity for the H + NCN product channel; thus we expect the
pathway to HNNC over TS7 to be reasonably accessible under
combustion conditions.

We find several possible pathways from the HNNC minimum
on the potential energy surface. The lowest energy pathway leads
to HNCN (INT3), as mentioned above, by first going through
a cyclic transition state, TS8, located 14.5 kcal mol-1 above
the CH + N2 reactants, and forming INT4. There is then a
barrier of 8.6 kcal mol-1 for going from INT4 to TS5 in which
the N-N bond has been stretched to 1.649 Å. The ring opening
from TS5 to form HNCN is then exothermic by 76.6 kcal mol-1.
Because the energy barriers in going from HNNC to HNCN
are all smaller than the energy needed to dissociate HNCN to
H + NCN, interconversion of HNNC and HNCN by this
pathway should be viable under combustion conditions. We note
that Moskaleva et al.15 found INT5 and TS6 between TS5 and
HNCN at the MP2 level whereas no intermediate nor transition
state was found in our CCSD(T)/aug-cc-pVTZ calculation. We
have performed the IRC calculation at the CCSD/6-31G** level
and confirmed that TS5 and HNCN are directly connected. A
second pathway from the HNNC minimum is the dissociation
to H + CNN. The energy of these dissociation products are
47.4 kcal mol-1 above CH+ N2 and 29.6 kcal mol-1 above H
+ NCN products. Another pathway from HNNC is the isomer-
ization to HCNN through a migration of the hydrogen atom
along the NNC backbone. This process has a large barrier with
the transition state TS9 located 83.7 kcal mol-1 above HNNC.
We also note that the dissociation of HNNC to HN+ CN is
endothermic by 74.7 kcal mol-1.

IV. Conclusions

The energy and structure of the previously unreported HNNC
radical has been predicted and investigated theoretically by
means of highly accurate state-of-the-art CCSD(T) calculations.
It is shown that the equilibrium structure of HNNC is planar
(Cs symmetry) and the ground electronic state is2A′′, exhibiting
similarity with its well studied isomers, HCNN and HNCN. The
ground state electronic configurations can be described formally
by considering two resonance structures, as has been done for
the other isomers. On the other hand, significant differences
are also found between HNNC and its isomers, in both its
geometrical and electronic structures. The N-N bond length

TABLE 3: Energies Relative to the Reactants (ZPE
Corrected; in kcal mol-1) of the Reactants, Products,
Intermediates, and Transition States Involved in the
Reaction Shown in Figure 3a

energy

this work G2M(RCC2)b

CH(2Π) + N2 0.0 0.0
TS1 9.9 12.2c

INT1 -8.8 -9.8c

TS2 -5.0 -4.8d

INT2 -24.6 -23.5d

TS7 20.0
HNNC -25.1
TS8 14.5
TS4 59.4 45.7c

INT4 5.9 4.5c

TS5 11.6 15.8c

TS3 14.4 11.7d

HNCN (INT3) -65.0 -61.1c

H + NCN (3Σ-
g) 17.8 21.5d

H + CNN (3Σ-) 47.4
TS9e 54.0
HCNN -29.6 -27.8d

HN + CN 49.5

a The energies are calculated at the CCSD(T)/aug-cc-pVQZ level;
geometries and ZPE are calculated at the CCSD(T)/aug-cc-pVTZ Level.
The G2M(RCC2) energies reported by Moskaleva et al.15 are also
shown.b See ref 15 and references therein.c Geometries are optimized
with B3LYP/6-311G(d,p) method.d Geometries are optimized with
MP2/6-311G(d,p) method.e TS9 is planar (Cs symmetry) at both CCSD/
6-31G** and CCSD/6-311G** levels and IRC confirms that it connects
both to HCNN and to HNCC. However, at the CCSD(T)/aug-cc-pVTZ
level it distorts to a nonplanar structure (7° distortion of the H-N
bonding from the C-N-N plane) and the frequency analysis shows
that there is still a 16i cm-1 imaginary frequency corresponding to the
angle bend in addition to the 1948i cm-1 imaginary frequency
corresponding to the reaction coordinate. Perhaps further refinement
of the structure will eliminate the second small imaginary frequency;
however, we find that the nature of the transition state region prevents
further automatic refinement of the transition state structure.
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in HNNC is longer, unlike the corresponding bonds in the other
isomers, which are shorter relative to their corresponding double
bond distances. The unpaired electron in the a′′ π-orbitals has
been found to be considerably localized on the N (next to H)
atom in HNNC contrary to that in the other isomers, which are
equally distributed on two atoms, as is formally expected from
the resonance mechanism. Those observations imply that only
one resonance structure is dominant in HNNC whereas the other
isomers have equal contribution from two resonance structures.
The HNNC radical has been calculated to be slightly less stable
(by ca. 4 kcal mol-1) than HCNN, the latter of which has been
observed by experiment.20,36

The HNNC radical was found to have a role in the high-
temperature reaction pathway of CH+ N2. The isomer, HNCN,
is believed to play a critical role in this reaction by dissociating
into the products NCN+ H, which further leads to “prompt
NO”. It has been shown that the HNNC is accessible from CH
+ N2 reactants under combustion conditions and is capable of
reaching HNCN through reasonably low barriers on the potential
surface. Thus, although the reaction path from theC2V INT2
structure to HNCN is still the lowest energy spin-allowed
pathway from reactants to NCN+ H products, pathways
including HNNC are accessible and should be considered in
developing a complete picture of the high-temperature reactions
in the CH+ N2 system.
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