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“Metastability” has drawn special attention as a means of
energy storage, and much theoretical and experimental effort
has been devoted to the study of the isoelectronic N,, N,CO,
and C,0, molecules.'™ The largest amounts of energy
released per mass unit by dissociation of tetraazatetrahedrane
N, (Ty4; 200 kcalmol ), diazirinone N,CO (100 kcalmol ),
ethylenedione C,0, (70 kcalmol™), and other theoretically
predicted isomers prompted intense scrutiny of these 28-
electron molecules as leading candidates for high-energy-
density materials (HEDM). A renewed upsurge in interest
springs from current missions to planetary atmospheres,
where detection of reactive, even minor, species is one of
the most attractive targets. After the recent experimental
discovery of the open-chain N, molecule!* and the ultimate
answer to the long-standing challenge of synthesizing C,0,,”!
the question remains whether bound, high-energy N,CO
species can be experimentally observed.!! Ab initio calcula-
tions at different levels of theory predict that three N,CO
species are potentially observable: the singlet C,, diazirinone,
which is the most stable N,CO isomer, the triplet open-chain
NNCO, and a strained tetrahedrane-like structure, whose
“accumulated” energy (about 220 kcalmol™') would be
higher than that of N, (7,).”) Despite the promising pre-
dictions, N,CO has so far eluded experimental detection and
defied all attempts at its characterization as a bound species.

Herein we report the preparation, positive detection, and
characterization of N,CO by the one-electron reduction of
the N,CO" cation, a result achieved by neutralization—
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reionization mass spectrometry (NRMS).[! We have already
utilized this approach for the detection of other metastable,
elusive molecules®™ and for the detection of the related 28-
electron molecule N, which was recently extensively
studied by the same technique with various pressure regimes
and neutralizing target gases.

The N,CO" ion was formed by chemical ionization (CI) of
a CO/N, mixture according to Equation (1).

COM 4 N, — N,CO* (1)

The interfering isobaric N, and C,0,* ions were sepa-
rated by using “N-, BC-, and 'O-labeled reagents. The
remarkably high binding energy of the (CO)," iont*!"
required that CO and N, were introduced at a 1:20 pressure
ratio, which typically ensures the N,*/N,CO*/C,0," ratio
displayed in the CI spectrum reported in Figure 1. Under such
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Figure 1. Cl mass spectrum of the *N,/CO mixture showing, in addi-
tion to the indicated adducts, peaks at m/z 28 =CO, m/z 29=COH?,
m(z30="N,*, m/z31="N,H*, m/z32=0,%, m/z 43=""NCOT,
m/z 44=CO,*, and m/z 45="N,*.

conditions the abundance of the N,CO" species was appreci-
able, yet the intensity of the N,* ion was far larger. To prevent
any possible contamination from N,* isotopomers, which are
liable to neutralization, mixtures containing the following
combinations of labeled reagents were examined: N,/C'®O,
N,/PC"0, ®N,/CO, PN,/CO, and “N,/*C"®0.

The neutralization of the N,CO* ions was accomplished
by a one-electron redox sequence utilizing CH, (or Xe) and
O, as neutralizing and reionizing gases, respectively [Eq. (2)].

N,CO*—_N,CO

CHy, 1st cell

—~__,N,CO* 2)

Oy, 2nd cell

The NR mass spectra of all the examined N,CO™ ions
display significant recovery peaks at the same m/z value as
that of the precursor ion (Figure 2). This result positively
proves the existence of a neutral N,CO species, which has
survived at least for the time necessary to travel from the first
cell, where it is generated, to the second cell, where it is
reionized and detected. This time, which corresponds to the
maximum “observation” time window available to the experi-
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the open-chain transplanar N,CO™ ion
(X%2,5)." This would suggest the trip-
let open-chain N,CO; however, its for-
mation (Ry_c=1.234 A)? from N,CO*
(Ry-c=1.914 A)'*! could be arguable
because of an unfavorable Franck-
Condon overlap.'” The N,CO*
(X?2,T) cluster ion is likely to prevail
within the ionic N,CO" population, yet
formation of different ionic species
cannot be excluded, especially from

diatomic ions in long-lived electroni-
cally excited states, which are often

mz —

Figure 2. NR mass spectrum of N,CO" ions from different mixtures: A) *N,CO™ ions (m/z 58)
from "*N,/CO; B) "*N,"*CO* ions (m/z 59) from "*N,/"CO; C) N,C®0* ions (m/z 58) from N,/
C"®0; and D) N,"*C™®0" ions (m/z 61) from °N,/"*C'®0. Peaks at m/z 30 and 29 (trace B) and
m/z 30 and 31 (trace D) are not resolved. The recovery peaks are indicated by arrows.

ment, marks the lower limit of the lifetime of the neutral
species. The lifetime of N,CO molecules having masses
ranging from 56 to 61 Da and traveling with a kinetic
energy of 4-6keV is >0.8 us. The successful detection of
the neutral molecule hinges on the vertical character of the
process, that is, the neutral species survives only if its
geometry is not significantly different from that of the
charged precursor. Such a constraint demands an accurate
structural analysis of the parent ion.

The N,CO™ ions are seemingly formed by Equation (1)
from both the CO* and N,* reactant ions. In fact, as with
many exothermic charge-transfer processes, the N,*/CO
charge exchange is not very efficient (k=7.3x
107" em®s™"),™ and the primary N,* ions, largely supplied
by the high N, pressure, are not totally depleted. Additional
routes to N,CO" ions can be envisaged from long-lived
excited state reactants, such as N,™ (A’I1,) and N,* (a*Z,"),
acknowledged to be responsible for the formation of N;* %!
which is indeed appreciably abundant under our experimental
conditions. The population of the ionic N,CO* species was
probed by collisionally activated dissociation (CAD) and
multistage mass spectrometry (MS?) techniques. The CAD
spectra (Figure 3) show CO* and N,* as the major fragments,
and minor peaks corresponding to the NCO* and CNN*
fragments. The MS? spectra of all the daughter ions confirmed
the isotopic assignments and the absence of any isobaric
contamination.["’)

The fragmentation pattern clearly denotes an N—N—C—-O
connectivity and, on the basis of the absence of the N,O%
fragment among the dissociation products, one can exclude
the tetrahedrane-like structure as a candidate for the detected
neutral N,CO species. Therefore, one is left with the singlet
C,, diazirinone and the triplet open-chain N,CO, which both
display the N-N—C—O connectivity. Previous experimental
and theoretical studies identified only one N,CO* stable ion,
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conducive to formation of molecule-
like ions rather than cluster ions.
Although an extensive theoretical anal-
ysis was beyond the scope of this work,
the results pictured by our NRMS
experiments prompted us to make a
theoretical study of the N,CO" ion, with
the study restricted to the open-chain
and T-shaped geometries of the theo-
retically predicted N,CO species.
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Figure 3. CAD spectra of N,CO% ions from different mixtures:

A) ®N,CO*" ions (m/z 58) from *N,/CO; B) "°N,">CO* ions (m/z 59)
from "*N,/"CO; C) N,C'*0% ions (m/z 58) from N,/C"0;

D) ®N,"C™0" ions (m/z 61) from "*N,/"*C"0.

Figure 4 illustrates the geometries and energies of the
N,CO* and N,CO species identified. According to previous
results, the only minimum found on the doublet surface of
N,CO" ions was the transplanar ion 1. We were unable to find
any stable T-shaped minimum on the doublet and quartet
surfaces, since the doublet ion 2 is unstable toward dissoci-
ation once the zero-point energy correction is included. On
the quartet surface we found the ions 3 and 4 of C, symmetry,
where the two diatoms are joined at a short distance. They are
higher in energy than ion 1 by 97.3 and 106.8 kcalmol *,
respectively, at the CCSD(T) level of theory. The known
dissociation energy of the most stable N,CO* ion (0.97 eV,!'*]
1.0 eV, 0.7 eV,'®) and the difference between the ground
state (CO* (*Z%) and N, ('%,")) and the lowest spin-allowed
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Figure 4. Optimized geometries of the stationary points localized on
the potential energy surface of N,CO* ions and N,CO, at the B3LYP
(1-5, 7) and CCSD(T) (6) levels of theory. B3LYP (CCSD(T)) relative
energies at 298 K are shown; bond lengths are in A, angles in degrees,
and energies in kcalmol™'.

asymptotes,'” allow one to evaluate that both the 3 and 4
quartet ions are stable with respect to dissociation. Since no T-
shaped minima were found on either the doublet or quartet
surfaces, one can reasonably exclude the diazirinone and assign
the open-chain structure to the detected neutral species.
Geometry optimization of the triplet open-chain N,CO
led to the linear D,, (*A”) species 5 and to the bent C; CA")
species 6, which is consistent with previous results. Each is
stable at only one level of theory—S at the B3LYP level and 6
at the MP2 level. However, their CCSD(T) energies only
differ by 0.2 kcalmol !, and they are less stable by about
7 kcalmol ™! than singlet C,, diazirinone 7, which was identi-
fied as the most stable neutral N,CO species. To settle the
question, we resorted to the CCSD(T) geometry optimiza-
tion, and found that the linear structure 5 is not a true
minimum. To evaluate the internal energy excess of the
neutral N,CO C, (*A") species 6 formed from ions 1, 3, and 4
we computed the CCSD(T) Franck—Condon energies of the
vertical processes leading to 6. The neutral N,CO species 6
would be formed from the ground-state N,CO™ ion 1 with an
energy excess of 46.1 kcal mol ™!, which is not unexpectedly
above the dissociation threshold of 35 kcalmol . Con-
versely, species 6 is formed from 3 and 4 far below this limit,
with an energy excess of 11.3 and 21.2 kcalmol !, respectively.
It is clear that the bent N,CO C; (*A”) species 6 is the most
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suitable candidate for the detected neutral species,'” which
could be formed with the least energy content from the *A’ ion
3, which is the most probable precursor ion of strictly related
structure, even if a possible role of ion 4 cannot be ruled out.

As to the formation of quartet states of N,CO™ ions, the
N,* ion is germane to the issue. It was recently confirmed”
that the N,* quartet ion is the most likely precursor of the N,
ion detected by NRMS experiments, which is consistent with
the effective clustering ability of diatomic reactant ions in
long-lived electronically excited states. As a matter of fact,
one of the advantages of the NRMS technique is the favorable
access to elusive neutral species from nonthermalized or
excited ionic species. A more advanced theoretical analysis
would be required to ascertain the upper limit of the N,CO
lifetime, but the present result dictates that the kinetic
stability of N,CO is sufficient for observation within 1 ps, and
provides the missing link in the family of open-chain N,
N,CO, and C,0, molecules.

Experimental Section
The experiments were performed using a modified ZABSpec oa-TOF
instrument (VG Micromass) of EBE-TOF configuration (E and B,
electric and magnetic sectors; TOF, orthogonal time-of-flight mass
spectrometer). Typical operating conditions of the CI source were:
source temperature, 403 K; repeller voltage, 0 V; emission current,
1 mA; nominal electron energy, 50 eV; accelerating voltage, 4-8 kV.
Helium was used as the collision gas in the CAD experiments, at such
a pressure to achieve a 70% transmittance. In the NRMS experi-
ments, CH, or Xe was used as the neutralizing gas and O, as the
reionizing gas, admitted into the first and second cell, respectively, at
such a pressure to achieve a beam transmittance of 80%. All ions
were removed at the exit of the first cell by a pair of high-voltage (+
0.8 kV) deflecting electrodes, and the beam of fast neutral species
entered the second cell. The NR mass spectra were averaged over
100 acquisitions to improve the signal-to-noise ratio. N, and CO were
research-grade products with a stated purity in excess of 99.95 mol %.
The MS/MS experiments were performed by admitting He into a cell
located in the TOF sector, and recording the CAD spectra of the
mass-selected daughter ion. The C*O (98.8 %0 atom %), *C"*0 (99.9
C atom %, 96.6 '*0 atom % ), *CO (99.0 '*C atom %), and "N, (99.0
5N atom %) samples were obtained from Ikon Stable Isotopes, Inc.
Computational methods: Density functional theory, using the
hybrid B3LYP functional,” was used to optimize the geometry of
relevant species and evaluate their vibrational frequencies. Single-
point energy calculations at the optimized geometries were per-
formed using the coupled-cluster single and double excitation method
with a perturbational estimate of the triple excitation (CCSD(T))
approach.?!! Selected states were also optimized at the CCSD(T)
level. Transition states were located using the synchronous transit-
guided quasi-Newton method of Schlegel and co-workers.”? The 6-
3114 G(3d) basis set was used.” Zero-point energy corrections
evaluated at the B3LYP/6-311 + G(3d) level were added to CCSD(T)
energies. The 0K total energies of the species of interest were
corrected to 298 K by adding translational, rotational, and vibrational
contributions. The absolute entropies were calculated by standard
statistical-mechanistic procedures from scaled harmonic frequencies
and moments of inertia relative to B3LYP/6-311 + G(3d) optimized
geometries. All calculations were performed using Gaussian03.7*!
The Franck—Condon CCSD(T) energies were computed considering
the CCSD(T) optimized geometry of the neutral species and the
B3LYP optimized geometries of the ions.
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