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Re-examination of the O=C=N=C=O+ cation reported previously by Eberlin et al. (J. Chem.
Soc., Perkin Trans. 2 1997, 2347) yielded a single local minimum for the C2v bent structure
(1a). The D∞h linear structure (1b) reported previously as a local minimum was found to be
a second-order stationary point that, upon slight geometry perturbation, collapsed to a C2v
transition state (1c) for degenerate inversion of the N–C–N angle in 1a. The ion enthalpy of
formation was obtained from the enthalpies of three reactions as ∆Hf,298(1a) = 718 ± 6 kJ mol–1.
Keywords: Heterocumulenes; C2NO2 cation; Ion structure; Ion enthalpy of formation; Ab in-
itio calculations; DFT; Mass spectrometry.

In recent papers, Eberlin and coworkers1–3 and Cooks and coworkers4,5 re-
ported on several ion-molecule reactions involving the C2NO2

+ cation gen-
erated by dissociative ionization of O=C=N–COOC2H5. To support the
postulated mechanisms for the gas-phase reactions of this ion, the authors
reported ab initio calculations that revealed two different geometrical iso-
mers.

Cooks et al. used Møller–Plesset (MP2) calculations to report a linear
structure as a local energy minimum4. Eberlin et al.2,3 used Gaussian 2
(MP2) calculations and obtained a bent isomer (1a) as an energy minimum,
which was slightly more stable than a linear isomer (1b), which was also re-
ported as an energy minimum. The authors also suggested that structures
1a and 1b were separated by an unspecified energy barrier2. Although un-
noticed by Eberlin et al., the existence of local potential energy minima for
both 1a and 1b is somewhat puzzling. The linear structure 1b has prece-
dents in several closed shell cations, e.g., O=N=O+, CH2=N=CH2

+ (ref.6), and
CH2=N=O+ (ref.7) which also have linear geometries about the nitrogen at-
oms. The bent structure 1a can be written as a combination of canonical
structures that differ in their formal (valence bond) electron distributions.
Of necessity, this set of canonical structures also includes a bent form of 1b.
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The existence of a linear and bent 1b is therefore equivalent to the exis-
tence of linear and bent isomers of ozone, N3

− , and I3
− , which are all known

to exist as single isomers. The question of heterocumulene structures was
addressed previously by Pykkö and Runeberg who reported Hartree–Fock
and MP2-level calculations for a variety of molecular and ionic systems8.
These authors reported a bent structure for the O=C=N=C=O+ ion. In a re-
lated work, Bernhardi et al. recently reported the crystal structure of an
Sb-complex of O=C=N=C=O+ in which the ion moiety showed a bent geom-
etry with large N–C–O angles (173.1 and 173.6°) and a 130.7° angle for the
N–C–N bonds9. In view of the contradicting results from calculations car-
ried out at different levels of theory, it became of interest to re-examine the
structures of 1a, 1b and bring new thermochemical data pertinent to the
stability of this interesting cation.

CALCULATIONS

Standard ab initio and density functional theory calculations were per-
formed using the Gaussian 98 suite of programs10. Geometries were opti-
mized at two levels of theory. Density functional theory calculations used
Becke’s hybrid functional11 (B3LYP) and the 6-311+G(d) or 6-311+G(d,p)
basis sets. Another set of optimized geometries were obtained by
perturbational Møller–Plesset calculations12 with full excitations that were
truncated at second order MP2(FULL). These calculations also used the
6-311+G(d) or 6-311+G(d,p) basis sets. In addition, structures 1a and 1b
were reoptimized with coupled-clusters calculations using single and dou-
ble excitations13,14, CCSD/6-311+G(d). The optimizations were carried out
with tight convergence criteria that were 3 · 10–5 ångströms for maximum
displacement and 1.5 · 10–5 atomic unit/ångström for maximum gradient.
The predicted energy changes in optimized structures were <10–12 hartree.
Optimized structures were characterized by harmonic frequency calcula-
tions as local minima (all frequencies real) or higher-order stationary points
(one or more imaginary frequencies). The B3LYP frequencies were scaled15
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by 0.963 and used to calculate zero-point energy and thermal corrections.
Single-point energies were calculated at the G2(MP2) level of theory16 using
the B3LYP/6-311+G(d,p) geometries and zero-point corrections. In addi-
tion, B3LYP single-point energies were calculated with the larger
6-311+G(3df,2p) basis set. Comparison of B3LYP and MP2/6-311+G(3df,2p)
relative energies can provide an indication of pathological behavior of the
species in question.

RESULTS AND DISCUSSION

Structures of 1a–1c. Geometry optimizations with B3LYP, MP2(FULL), and
CCSD/6-311+G(d) yielded stationary states for 1a and 1b (Fig. 1). The bent
structure was a local minimum at all levels of theory, as documented by fre-
quency analysis. In contrast, the linear structure that was obtained with
D∞h symmetry constraint showed two imaginary frequencies for the degen-
erate Πu bending mode (i82 cm–1 by B3LYP). Upon releasing the D∞h sym-
metry constraint, the linear structure 1b collapsed to a slightly bent C2v
structure 1c of a total energy that was only 1–3 · 10–6 hartree lower than for
1b (Table I). Structure 1c showed one imaginary frequency due to the sym-
metrical (4a1) bending mode of the C–N–C atoms. Since the previous calcu-
lations of Eberlin et al.2 may have used the packaged version of the
G2(MP2) which employs the smaller 6-31G(d) basis set for geometry
optimizations10, the geometry of 1c was re-optimized with
MP2(FULL)/6-31G(d). However, frequency analysis at this level of theory
again gave one imaginary frequency for the 4a1 bending mode (Fig. 1).
Hence, the discrepancy between the present and previous data was not due
to a basis set effect. We also compared our G2(MP2) total energies for 1a
and 1c (Table I) with those of Eberlin et al.2 and found those to agree
within 1.6 millihartree, which may be due to slight differences in the opti-
mized geometries. It is therefore concluded that the previous conclusions
by Eberlin et al. and also Cooks et al. regarding the linear isomer 1b were in
error. Ion 1 exists as a single bent structure 1a in the ground singlet state in
line with the calculations of Pykkö and Runeberg8, and the X-ray data of
Bernhardi et al.9. The linear structure 1b is not a local minimum but a
second-order stationary point that results from a symmetry constraint in the
geometry optimization. Upon releasing the symmetry constraint, a slight
bending distortion converts 1b to 1c, which is a first-order stationary point
for vibrational inversion in 1a.

Energetics of 1a. Having established the bent isomer 1a as the only stable
structure, we were interested in this ion’s thermochemistry. This was inves-
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FIG. 1
Calculated optimized geometries of 1a and 1b; bond lengths in Å, bond angles in °, frequen-
cies in cm–1. Roman numerals: B3LYP/6-311+G(d) parameters, italic numerals:
MP2(FULL)/6-311+G(d) parameters, bold numerals: CCSD/6-311+G(d) parameters. The har-
monic frequencies are uncorrected
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tigated using the enthalpies of dissociation by loss of CO (Eq. (1)) and two
isodesmic reactions (Eqs (2), (3)). Combining the calculated ∆Hrxn,298 for re-
actions (1)–(3) with the standard enthalpies of formation (∆Hf,298) of the
other reactants and products yields ∆Hf,298(1a). Evaluated ∆Hf,298 for NH3,

1a → (1A′)N=C=O+ + CO ,
∆Hrxn,298 = 588 kJ mol–1

(1)

1a + NH3 → H2N–C≡O+ + H–N=C=O,
∆Hrxn,298 = –75 kJ mol–1

(2)

1a + CH3NH2 → H2N–C≡O+ + H3C–N=C=O ,
∆Hrxn,298 = –87 kJ mol–1

(3)

CH3NH2, CO, and HNCO were obtained from the NIST database17 (Table II),
which unfortunately does not include thermochemical data for methyl
isocyanate and the cations in Eqs (1)–(3). The ∆Hf,298(H3C–N=C=O) = –75 kJ mol–1

was obtained from the G2(MP2) enthalpy of an isodesmic reaction with
methylamine (Eq. (4)). Similarly, the ∆Hf,298 of the remaining species
needed to evaluate Eqs (1)–(3) were obtained according to Eqs (5) and (6).
The G2(MP2) energies reproduced very well the tabulated proton affinity of
isocyanic acid17 (724 kJ mol–1),

H–N=C=O + CH3NH2 → CH3N=C=O + NH3 ,
∆Hrxn,298 = –75 kJ mol–1

∆Hf,298(CH3N=C=O) = –90.5 kJ mol–1

(4)

H2N–C≡O+ → HN=C=O + H+ ,
∆Hrxn,298 = 724.4 kJ mol–1

∆Hf,298(H2N–C≡O+) = 704 kJ mol–1

(5)

Collect. Czech. Chem. Commun. (Vol. 66) (2001)

Isomers of the O=C=N=C=O Cation 1043



lending credence to the calculated ∆Hf,298(H2N–C≡O+) (Eq. (5)). The ∆Hf,298 of
the N=C=O+ ion was difficult to verify, because the only available experi-
ment-based result18,19 did not report the ion spin multiplicity and may have

H–N=C=O•+ → (1A′)N=C=O+ + H• ,
∆Hrxn,298 = 611 kJ mol–1

∆Hf,298((1A′)N=C=O+) = 1 409.5 kJ mol–1

(6)

corresponded to the more stable triplet state. It is worth noting, however,
that G2(MP2) reproduced very well the adiabatic ionization energy of
H–N=C=O (calculated 11.59 eV, measured20 11.595 eV) and hence also the
∆Hf,298(HN=C=O•+) = 1 016.6 kJ mol–1 when compared with the tabulated
value17 (1 017.1 kJ mol–1). Combining the ∆Hrxn,298 from reactions (1)–(3)
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TABLE II
Relative energies

Species/Reaction

Relative enthalpy, kJ mol–1

B3LYP/
6-311+G(3df,2p)

MP2/
6-311+G(3df,2p)

G2(MP2)

1a + NH3 → H2N–C=O+ + HN=C=O –70.7 –69.2 –74.1a

–75.2b

1a + CH3NH2 → H2N–C=O+ + CH3N=C=O –85.8 –86.6
–88.1
–86.9

1a → (1A′)N–C=O+ + CO 632.8 670.4
582.0
587.8

H2N–C=O+ → HN=C=O + H+ 712.2 710.6
718.9
724.4

HN=C=O → HN=C=O•+ 1117.7
11.58c

1124.1
11.65c

1118.0
11.59c

HN=C=O•+ → (1A′)N=C=O+ + H• 639.5 640.1
605.4
611.2

H–N=C=O + CH3NH2 → CH3N=C=O + NH3 –15.0 –17.4 –14.1
–11.7

a At 0 K. b At 298 K. c Adiabatic ionization energies in eV.



with the enthalpies of formation of the reactants and products provided
the ∆Hf,298(1a) as 711, 719, and 723 kJ mol–1, for reactions (1), (2), and (3),
respectively. On the basis of these calculations, one can best estimate the
enthalpy of formation of ion 1a as ∆Hf,298(1a) = 718 ± 6 kJ mol–1.

CONCLUSIONS

Re-examination of the structure of the O=C=N=C=O+ cation (1a) revealed a
single potential energy minimum with a bent C2v geometry. The enthalpy
of formation of 1a was calculated to be 718 ± 6 kJ mol–1 from two isodesmic
and one dissociation reactions.
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