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Charged and Neutral NO; Isomers from the Ionization of NO, and

0; Mixtures

Fulvio Cacace,*?! Giulia de Petris,*?! Marzio Rosi,/”! and Anna Troiani'®!

Abstract: Mass spectrometric techniques have been utilized in conjunction with
theoretical methods to detect and characterize new species formed upon ionization

of gaseous mixtures containing ozone and an NO, oxide. NOs" as well as isomeric
NO," and NO;" ions have been identified. Moreover, utilization of neutralization
reionization mass spectrometry (NRMS) has provided strong evidence for, if not a
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conclusive demonstration of, the existence of a new NO; isomer, in addition to the
long-known trigonal radical, as a gaseous species with a lifetime in excess of ~1 ps.

Introduction

Much of our recent activity has focused on the study of the
ionic chemistry of mixtures containing traces of O; and simple
inorganic compounds diluted in atmospheric gases.'! The
reasons for these studies are manifold. One stems from the
currently increasing recognition of the role of ionization
phenomena promoted in all regions of the atmosphere by
different agents, both natural (solar radiation, cosmic rays,
radioactive emanation, lightning, thunderstorm coronas) and
anthropogenic (coronas caused by high-voltage power lines,
wake flow-field behind re-entry vehicles, etc.).> 3 Further-
more, the ionic reactions occurring in atmospheric-pressure
gases are of direct interest to the development of plasma
technology for the removal of trace contaminants from
industrial effluents, especially with regard to the effects of
additives.”] All the ionization phenomena produce high local
concentrations of ozone, and this consideration, together with
the great current interest in all processes responsible for the
formation and the destruction of Oj;, justifies its choice as a
component of all gaseous mixtures previously investigated.
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As an extension of the above studies, we report here the
results of a joint mass spectrometric and theoretical inves-
tigation of the ionic chemistry promoted by the ionization of
mixtures containing O; and NO, oxides. These molecules are
involved in globally relevant tropospheric and stratospheric
processes, and their life and fate are strictly related,”l owing to
the manifold interactions involving both neutral and charged
species.>31 As an example, the tropospheric ozone balance,
crucial to the problem of the oxidizing capacity of the
troposphere, strictly depends on the available NO, concen-
tration, the major source of tropospheric ozone being the
photolysis of nitrogen dioxide. Moreover, it is long known that
NO, oxides activate catalytic cycles that are effective in the
depletion of stratospheric ozone. Passing to plasma technol-
ogy, the strict link between O; and NO, oxides is even more
evident, for example, recent kinetic studies have demonstrat-
ed the formation and the role of ozone in barrier discharges
utilized for exhaust gas purification.’) A specific goal of the
present study, as of previous related investigations, is the
detection and the characterization of the intermediates and
the products of the ionic processes of interest, in particular of
previously unknown species, including the NO," and NOs"
ions and new NO;* isomers. Indeed, despite its importance, to
the best of our knowledge, no experimental studies of the
NO;* ion have been reported, and the theoretical analysis of
its equilibrium structure and of the relative stability of its
isomers is seriously affected by symmetry-breaking effects.[®!
The same applies to the NO;* radical, the major tropospheric
night-time oxidant, whose theoretical study is still the focus of
active interest.) From the experimental standpoint, studies
based on IR spectroscopy have provided circumstantial
evidence for the existence of a NO;* isomer with OONO
connectivity, in addition to the well-established trigonal
radical.¥l The assignment has been questioned, and several
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theoretical studies predict that the 100%—
OONO radical should be unstable
or only marginally stable.ll In the
present study we have addressed
the problem utilizing neutralization 50
reionization mass spectrometry

(NRMS), a powerful technique for

the detection of elusive molecules T
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Results

Formation and structural analysis 50 4
of the NOs* ion: The NOs* ion

(m/z 94) is observed in the chem-

46
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ical ionization (CI) spectra of NO,/ 0 e
03/0O, mixtures. It is most probably 15
formed by reaction (1), which oc-
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curs at sufficiently high pressures to  Figure 1. a) CAD spectrum of the NOs* ion (m/z 94), b) CAD-TOF mass spectrum of the m/z 78 daughter

ensure collisional stabilization of  ion from m/z 94, c) CAD-TOF
the adduct.

NO,* +0; X NOs* 1)

The CAD (collisionally activated dissociation) spectrum of
the mass-selected NOs™ ion, reported in Figure 1a, shows the
m/z 46 (NO,") peak as the most abundant fragment, with
minor abundances of m/z 30 (NO*), m/z 32 (O,") and m/z 48
(0;%) fragments. Additional peaks of m/z 78 (NO,*) and m/z
62 (NO;") are structurally informative, despite their low
intensity. Indeed, when mass- and energy-reselected and
analyzed in the TOF section of the mass spectrometer, their
MS? (multistage spectrometry) spectra (Figure 1b and 1c)
display the m/z 46 fragment. This suggests that the NOs* ion

mass spectrum of the m/z 62 daughter ion from m/z 94.

NO,"+ 0, — NO,* 4

excluded, based on the results of separate experiments,
involving the CI of NO,/O, mixtures, showing that NO," is
unreactive towards O,.

The CAD spectrum of the NO,* population from reac-
tion (2), shown in Figure 2a, displays the m/z 30 (NO") peak
as the most abundant fragment, which denotes a O;-NO
connectivity, different than that of the NO," fragment
obtained from the dissociation of NOs* [reaction (1a)].

. . - 30
and its fragments all have a O,-NO, (n=1-3) connectivity. 100% Fx104
——> MO} MMy NOS o+ 0 (la)
[NOs™] CAD (0-NOy) 50
(03-NOy) -0, [NOsT]T MM NO + O (1b) |
(O-NOy) \’
|
T [32 46 ‘?\8 6\2
Formation and structural analysis of the NO,* ion: These ions 0 1 20 30 w50 60 70
are obtained by CI of NO/O5/O, and NO,/O5/O, mixtures. ! %100% _ »
Reaction (2) is the major process in the CI of NO/O5/O, Fx10+
mixtures.
NO*+0; — NO,* ) 50 " ‘
I )
To prevent conceivable reactions between the neutral | i
species, ozone and nitric oxide were introduced into the \ jz J“s 6&
. . J
source through separate inlets, and indeed only a small 0 o3 3 w50 RS

intensity (<5 %) of the NO," ion was observed under these
conditions. Therefore, the possible occurrence of reaction (3)

NO," + 05 — NO,* + O 3)

can only account for a minor fraction, if any, of the NO," ionic
population. The other conceivable route [reaction (4)] can be
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Figure 2. CAD spectrum of the NO,* ion (m/z 78), a) from the CI of NO/
0,/0,, b) from the low-pressure CI of NO,/O;/O,.

In the case of the CI of NO,/O;/O, mixtures, the simulta-
neous occurrence of reactions (2) and (3) is more significant
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as a result of the relatively high 100%
abundance of NO™ in this plas-
ma. Indeed, in this case, the
CAD spectrum of the NO,*
population changes depending 50 -
on the NO,"/NO™ ratio, which
is in turn affected by the pres-

sure in the source. At the high-

est attainable pressure (0.1-
0.3 Torr), the NO,*/NO™ ratio
approaches unity and the spec-
trum is the same as that report-
ed in Figure 2a. This suggests

1%

100%

l

that, under these conditions, 0 7 | b
NO™ effectively competes with ’\
NO,*, and reaction (2) still pre- !
dominates. At lower pressures 0 . I _JUL —_— S— et —
(NO,*/NO*=10) the spectrum 12 20 24 28 2 3B 4 44 48 2 % &

changes, displaying the peak of
m/z 46 as the most abundant
fragment (Figure 2b). By inde-
pendent experiments, we have excluded the possibility that
metastable components affect the abundance ratio of the
CAD peaks, and hence the different CAD spectra can be
ascribed to the presence of different NO,* ions, one of O;-NO
and the other one of O,-NO, connectivity, the latter being the
same species formed from the fragmentation of NOs*
[reaction (1a)]. The occurrence of NO," isomers is conclu-
sively confirmed by the MS? spectra of their m/z 62 daughter
ions, displaying peaks of m/z 30 and 46, respectively, which in
turn gives a first hint of the existence of different NO;*
isomers [reactions (2a) and (3a)].

[0,-NOJ* (jA‘; [NO,J* MM NO++ 0, (2a)

[NO,J* ™ NO,* + 0, (3a)

[0,-NO,J* —~
CAD

Formation and structural analysis of the NO;* ion: The first
indirect evidence for different NO;* isomers comes from the
dissociation of NOs™ and NO,*, and suggests the existence of
at least two species, one of O-NO, connectivity from NOs*
and [O,-NO,]" [reactions (1b) and (3a)], the other one of O,-
NO connectivity from [O5-NO]* [reaction (2a)].

NO;" species have been generated directly in the ion source
by the processes given in reactions (5)—(7):

NO; EL,NO;* +e- 5)
NO*+0, < . NO;! (6)
NO,* +0; — < .NO;*+ 0, 7

Based on the known structure of the parent radical, the
NO;* ion from reaction (5) can be taken as a model ion of
trigonal structure. NO;* was produced in situ by reaction of
NO, with O, according to an established procedure,['”! and
ionized by low-energy (40 eV) electron ionization (EI). The
CAD spectrum, shown in Figure 3a, displays wide Gaussian-
type peaks of m/z 46 (NO,") and m/z 30 (NO™), consistent
with the expected O-NO, connectivity. In addition, the MIKE

5686 ——

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

miz—»

Figure 3. CAD spectrum of the NO;* ion (m/z 62), a) from the EI of NO; (see text), b) from the CI of NO/O,.

(mass-analyzed ion kinetic energy) spectrum shows a dish-
topped peak of m/z 46, characterized by a large kinetic energy
release (KER). It is also detectable in the CAD spectrum of
Figure 3a (see the inset) when the collision cell is floated to a
1 keV potential, which allows one to discriminate between
unimolecular dissociation of metastable ions and collisional
dissociation of stable ions.

The CAD spectrum of the NO;* ion formed from reac-
tion (6) by high-pressure CI of NO/O, mixtures is shown in
Figure 3b. It displays narrow peaks of m/z 30 (NO*) and m/z
32 (O,"); this denotes a O,-NO connectivity. In addition, if
BNO/O,, NO/BO,, or PNO/'®O, mixtures are employed, the
CAD spectra of the resulting "“NO;*, NO'"®O,", and
’NO™0," ions, respectively, have peaks displaced to m/z 31
and 32 ("NO*, O,*), m/z 30 and 36 (NO, '80,7), and m/z 31
and 36 (NO*, 80,"), respectively. The lack of isotopic
mixing points to a structure in which the NO and O, moieties
retain their discrete identity.

With regard to reaction (7), the CAD spectrum of the NO;*
ions formed by high-pressure CI of NO,/O;/O, mixtures
considerably changes as to the nature, abundance, and shape
of the peaks, depending on the pressure and the NO,”/NO*
ratio in the source. Actually, as noted for the NO," ion, the
occurrence of the alternative formation process (6) cannot be
excluded, owing to the significant abundance of NO™ in the
NO,/O; CI. Figure 4 illustrates two typical CAD spectra
recorded under different pressure conditions. At the highest
attainable pressure (Figure 4a), the spectrum displays narrow
peaks of m/z 46 and m/z 30, with a minor fragment of m/z 32.
Under these conditions, the abundance ratio of the two major
peaks of m/z 46 and 30 critically depends on the NO,"/NO*
ratio in the CI source: a slight increase of the NO™ ion in the
source causes a significant increase of the NO* fragment in
the CAD spectrum. Having excluded the presence of
metastable components, the differences observed can only
be traced to different NO;* ions, whose composition in the
mixed population assayed changes as a function of the relative
amounts of the NO™ and NO," charged reactants of reac-
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100%— 46

30

contains, in addition to the
above isomers, ions of O-NO,
connectivity, as noted in the
previous paragraph. Intense
“recovery” peaks of m/z 62 are
a displayed by the *NR* and
TNR~ spectra of population a,
consistent with the known sta-

1%

100%— 48

50

T bility of the trigonal NOj;* rad-
ical. The same spectrum as that
from *NR~ has been obtained
from a charge reversal experi-
ment, in which NO;~ is formed
in a single collisional event.
Owing to the vertical character
of the process, the result re-
quires favorable Franck —Con-

12 16 20 24 28 32 36 40 44
m/z—>

Figure 4. CAD spectrum of the NO;" ion (m/z 62), a) from the high-pressure CI of NO,/O/O,, b) from the low-

pressure CI of NO,/O;/O, (see text).

tions (6) and (7), respectively. Supporting evidence is provid-
ed by the minor peak of m/z 32, whose intensity strictly
follows that of the peak of m/z 30, reaching its maximum at
the I3)/I5, ratio observed in the CAD spectrum of the ions of
0,-NO connectivity (see Figure 3b). We therefore assign the
m/z 30 and 32 peaks to the fraction of ions of O,-NO
connectivity from reaction (6), and the narrow m/z 46 peak,
typical of weakly bound species and of an O-NO, connectivity,
to the fraction of ions from reaction (7). Interestingly, at low
source pressures the peaks of m/z 46 and m/z 30 become
composite (Figure 4b), a feature traceable to fragmentation
processes occurring through different potential-energy surfa-
ces (PESs). Both peaks show a broad component whose
intensity increases as the source pressure decreases. The peak
of m/z 46 is particularly telling, since the same dish-topped
metastable component observed in the case of the NO;*
model ion from reaction (5) can be deconvoluted and appears
as a separate peak when floating the collision cell (see the
inset). This feature is suggestive of the existence of two
distinguishable species of O-NO, connectivity, one corre-
sponding to the trigonal NO;™ model ion, and the other one
corresponding to a weakly bound species that undergoes a
near-threshold dissociation.

In summary, the mass spectrometric evidence points to the
existence of two isomeric NO," ions of O;-NO and O,-NO,
connectivity, and of three isomeric NO;* ions, one of O,-NO
connectivity and two sharing the same O-NO, connectivity,
but of different structures.

Neutralization of NO;" and NO; ions: We have extended the
study to neutral species, utilizing three different ionic
populations as charged precursors in separate neutralization
reionization (NR) experiments: a) the “pure” population of
trigonal NO;* ions from reaction (5), b) the “pure” popula-
tion of NO;" ions of O,-NO connectivity from reaction (6),
and c)the mixed population from the NO,/O; CI that

Chem. Eur. J. 2002, 8, No. 24
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don factors, namely similar
equilibrium geometries of the
NO;" and the NO;~ ions. We
have demonstrated this inde-
pendently by recording the
“NR* spectrum of the NO;~
anion, obtained by negative-ion CI of methyl nitrate. The
intense NO;* ion from the reionization has been mass- and
energy-selected and further analyzed by recording its CAD
spectrum in the TOF section of the mass spectrometer. The
CAD spectrum displays fragments of m/z 46 and m/z 30,
confirming the structural assignment of the NO;" population
from reaction (5), and also showing that favorable Franck —
Condon factors characterize the vertical transitions between
the trigonal NO;* ion, the NO;" trigonal radical, and the NO;~
anion; this presupposes that the three species have similar
structures.

With regard to population b, it is noteworthy that recovery
peaks have also been obtained in the *NRT™ spectra of
different isotopomers of the [O,(NO)]* ion (m/z 62), namely
[*O,(NO)]* and ["*O,('"NO)]*, of m/z 66 and 67, respectively.
Although the spectrum is not intense and obtaining an
acceptable S/N ratio requires averaging at least 400 scans
(Figure 5), it proves to be completely different from that of
the trigonal ion, the intensity of the recovery peak being
comparable to those of the fragments of m/z 30, 32 and 31 (the
last doubly charged). As to the *NR~™ experiment, no
detectable spectrum, and therefore no recovery peak, was
obtained, owing to the insufficient intensity of the initial
signal. The fragments observed in the "NR* spectrum of the
labeled precursors confirm the lack of isotopic mixing already
observed in the CAD spectrum, and the absence of the
distinctive peak of the trigonal NO;" ion (m/z 46) rules out
any isomerization of the neutral species occurring in the
~1 ps interval between the neutralization and the reioniza-
tion events.

Finally, depending on the experimental conditions previ-
ously illustrated, the NR spectra of population ¢ are reminis-
cent of those typical of populations a and/or b, and display no
features typical of the loosely-bound adduct of O-NO,
connectivity, which most likely has no stable neutral counter-
part.
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energy there is the singlet §
with the same connectivity, but
differing as to the O-N-O angle
of the nitro group. Finally, at
still higher energy, singlet 6
shows the O;-NO connectivity,
and its dissociation into NO™
and O; at 298K is computed
to require 8.1 and

15.3 kcalmol ! at the CCSD(T)

and B3LYP levels of theory,

respectively. The two singlets §
| and 6 are connected by a tran-
k sition state located 38.1 and

|

39.8 kcalmol~! above 5 at the

127 716 20 24 28 32 36 40 44

miz—>

Figure 5. *NR* mass spectrum of the NO,* ion (m/z 62) from the NO/O, CI, see text. The peak of m/z 31 is

assigned to the NO;?* ion.

Computational results: We have explored the B3LYP and
CCSD(T) potential-energy surface (PES) of the NOs* and
NO," ions, and found the minima whose structure is reported
in Figure 6. The ground state NOs* ion 1 is a singlet that has

O~ 0 o0

AT
< { <

1 3
CSIAV CS3AH CSSAH
0.0 (0.0) 26.9(8.5) 28.2(18.4)
O\N———(. ) O\N/O 0/\)
o ! %
\0 0\0 N\O
4 5 6
CPA" CelA! CelA!
0.0 (0.0) 30.9(30.2) 36.1(43.3)

Figure 6. Optimized geometries of the minima localized on the potential
energy surface of the NOs* ion (1, 2, and 3) and of the NO,* ion (4, 5, and
6). Relative energies at the CCSD(T) level (B3LYP in parentheses) are
reported.

the structure of a NO,™O; adduct, with a binding energy (BE)
of 7.2 and 7.0 kcalmol~! at the CCSD(T) and B3LYP levels of
theory, respectively (Table 1). Two triplet species, with the
structure of NO;*-O, (2) and NO,*-O; (3) adducts, respec-
tively, have also been localized at higher energy. The most
stable species on the PES of the NO,* ion is the triplet 4,
which has the structure of an adduct between NO,* and O,,
with a BE of 3.5 and 2.7 kcalmol~"' at 298 K at the CCSD(T)
and B3LYP levels of theory, respectively (Table 1). At higher

5688
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Table 1. AH® changes [kcalmol™!, 298 K] of selected reactions involving the

T T

5 56 CCSD(T) and B3LYP levels of

theory, respectively.
Consistent with previous re-
sults,®] among the species char-

60

species of interest.[?

CCSD(T) B3LYPP  Experi- Reaction
mentall*!

NO(*(1) — NO,* + O, 72 7.0 1)
NO,*(4) — NO,* + O, 3.5 27 )
NO,*(6) — NO* + O, 8.1 153 @
NO,*(8) — NO;*(9) 145 —67 14.5
NO;*(10) — NO,*(8) 83.1 952 75.1
NO;*(10) — NO* + O, 2.9 92 29 (6)
NO,*(8) —NO,* + O('D) 26.6
NO;*(9) — NO,* + O(P) —418 290  —332
NO,*(13) - NO,* + O(P) 5.5 52

NO,* + 0;—NOy*(9) + O, 563 44.1 88 (7)
NO, + Oy —NO,*(8) + O, 214 (®)
NO, + Oy —NOs*(9) + O, 69 (8
NO* + 0,—NO,*(10) + OCP) 118 5.9 27 (10)
NO," + O;—NO,*d) + OCP) 110 124 3)
NO,* + 0,—NOs*(13) + O, 9.0 9.9 @

[a] See Figures 6, 7, 9, and 10. [b] This work. [c] Refs. [11, 13, 14].
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acterized by three N—O bonds, our calculations identify two
trigonal NO;* ('A,) ions, the one of C,, symmetry (7) being
the most stable isomer, slightly lower in energy than 8, which
has D5, symmetry (Figure 7). The *B, species 9 lies only
14.5 kcalmol ! higher in energy than 8 at the CCSD(T) level,
consistent with the experimental value (see Table 1).l'] Our
computational analysis at both levels of theory supports
previous results that identified the [OONO]* ion 10 as the
most stable isomer,'? located 83.1 kcalmol™! (CCSD(T))
below the Dy, cation 8. A difference of 75.1 kcal mol~! can be
derived (see Table 1) from available experimental datal' '3l
and from the measured NO*/O, binding energy (BE) of 2.9 +
0.2 kcalmol~L.I"1 Our computed NO*/O, BE value amounts to
9.2 kcalmol~! at the B3LYP level and 2.9 kcalmol™ at the
CCSD(T) level (Table 1); the latter is in better agreement
with the experimental value and also with other theoretical
studies.["l Two singlet species of C, symmetry, cis-11 and frans-
12, have also been identified (Figure 7) that lie 23.8 and
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C2'A DAy C1°B;
81.7(81.7) 83.1(95.2) 97.6(88.5)
O—N,
0o—o0
o—0
10 11
CS3AH CSIAI
0.0 (0.0) 23.8(25.9)
[¢]
0—N,
o o—N——¢
12 13
CsAY CoA'
272(27.8) 503 (54.3)

Figure 7. Optimized geometries of the minima localized on the potential
energy surface of the NO;* ion. Relative energies at the CCSD(T) level
(B3LYP in parentheses) are reported.

27.2 kcalmol~! above 10, respectively, at the CCSD(T) level.
Finally the triplet 13, whose NO, group is nearly linear with a
176.7° angle, has been localized 32.8 kcalmol~! lower in
energy than ion 8 at the CCSD(T) level.

Figure 8 shows the optimized geometries and the relative
stability of the species identified as minima on the PES of
neutral NOj;. The symmetrical D5, radical 14 is the most stable
species at the B3LYP level, whereas the isomers 15 and 16 are
computed to be slightly more stable at the CCSD(T) level, the
discrepancy being traced to the symmetry-breaking problem,

‘l’ ¢—N
/\) o—0
14 15
DthAZ' CslAn

0.0 (0.0) -1.2(5.5)

S
N

N\o
16 17
CS4AV CS4AH
-1.3(5.9) 75.3(72.1)

Figure 8. Optimized geometries of the minima localized on the potential
energy surface of the NOj;* radical. Relative energies at the CCSD(T) level
(B3LYP in parentheses) are reported.
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as recently suggested.fl The species 15 and 16, characterized
by an O-O-NO connectivity, are computed to be unbound
both at the B3LYP and the CCSD(T) levels, once zero-point
energy corrections are included, which would rule out their
experimental detection. However, it should be pointed out
that the above theoretical description of the NO;* system is
affected by the computational problems associated with the
multireferenced character of the wave function and the
symmetry breaking effect, whose rigorous treatment defi-
nitely requires further theoretical work.

Discussion

Isomeric NO, " species: The mass spectrometric and computa-
tional results reported in the previous section outline a
coherent picture of the systems investigated.

As to the NOs™ ion, the CAD evidence, pointing to a Os-
NO, connectivity, would be consistent with the occurrence of
both species 1 and 3. However, formation of singlet 1 seems
more likely, since that of the considerably less stable triplet 3
is expected to have to overcome a barrier arising from the
change of multiplicity.

The NO,* ion of O5-NO connectivity from reaction (2) is
likely to have the structure of species 6, whereas the NO,* ion
of O,-NO, connectivity from reaction (3) can have the
structure of either ions 4 or 5. Actually, on the basis of spin
conservation arguments, reaction (3) is expected to yield only
the triplet ion 4, which can hardly be stabilized owing to its
low NO,"/O, BE (Table 1). In addition, the experimental
evidence indicates that in the NO,/O; CI the competing
reaction (2) of NO™ is far more effective than the reaction (3)
of NO,". This becomes clearly evident when the abundances
of the two competing reactant ions are comparable (NO,*/
NO* =~1:1) and indeed no product from reaction (3) is
detected. At lower pressures (NO,"/NO* ~10:1), despite the
less efficient collisional stabilization, NO," ions of O,-NO,
connectivity are observed. This indicates that a product other
than 4 is formed, and, hence, a process other than reaction (3)
occurs. The most likely product is the singlet ion 5, probably
formed by a more energetically demanding process, an
inference supported by the considerations discussed in the
next paragraphs.

With regard to the NO;™ model ion, the MIKE and CAD
evidence leads to the assignment of the same trigonal
structure as that of the radical 14. The most salient spectral
feature is shown by the ionic fraction sampled by MIKE
spectrometry, namely the dish-topped peak of m/z 46 relative
to the metastable decomposition into NO,™ and O, charac-
terized by a large KER. This is known to be related to the
existence and the height of a barrier for the reverse reaction,
namely NO," and O — NO;*. Actually, the adiabatic dissoci-
ation of NO;* is spin-forbidden from the NOs* singlet state 8
to the ground state products, whereas the allowed dissociation
into NO," and O('D) is evaluated to be endothermic by
26.6 kcalmol~! from available thermochemical datal’® (see
Table 1). In this case, the barrier for the reverse reaction
corresponds to the amount of energy exceeding the mere
endothermicity, namely to the kinetic component of the
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barrier for the direct reaction. As to the NO;™ triplet 9, also
accessible under our experimental conditions given the
energetics of the formation process, its decomposition to
ground-state products is evaluated to be exothermic by
33.2 kcalmol™! (see, for comparison, the computed values in
Table 1). In this case, the barrier for the reverse reaction
would correspond to the above exothermicity plus the kinetic
barrier for the direct reaction. A larger KER is therefore
expected from the decomposing triplet state (the same applies
in the case of intersystem crossing) than from the singlet state.
Although a truly accurate measurement of the KER is
prevented by the low intensity of the metastable peak, it can
be estimated to be ~20 kcal mol, a value that has to be taken
as the lower limit of the barrier. Indeed, only a fraction of the
energy released is converted into translational energy of the
fragments, whereas a significant amount is expected to be
deposited into the internal degrees of freedom of the NO,*
ion, formed with a large vibrational energy excess since the
process involves relaxation to a linear structure of the initially
bent NO, group. Hence, the dissociation of the triplet state,
whose barrier for the reverse reaction amounts to at least
33 kcalmol™, appears consistent with the experimental value.
In summary, whereas both 8 and 9 can be formed within the
stable population sampled by CAD spectrometry, the evi-
dence for their trigonal structure is provided by the salient
spectral feature, namely the relatively large KER shown by
the metastable NO;™ population assayed, which probably
consists of triplet ions 9. In any case, the kinetic barrier for the
dissociation of NO;* can reasonably be traced to the
activation energy required to rearrange the bent NO, group
into the ground-state linear NO," ion.

As mentioned before, ions of O-NO, connectivity, other
than the trigonal model ion, are formed by reaction (7).
Indeed, the trigonal ion cannot be formed by the reaction (7),
which is highly endothermic and spin-allowed only for the
triplet state (Table 1). However, at low pressures, in the
absence of efficient collisional stabilization, reaction (8) can
conceivably account for its formation (Table 1), thus explain-
ing the broad components of the m/z 46 and 30 composite
peaks, observed under these conditions and assigned to the
model trigonal ion.

NO, + 0" — NO;* + 0, ®)

This implies that reaction (7) yields a different species,
whose decomposition gives the narrow peak of m/z 46, typical
of a weakly bound adduct. Accordingly, the best candidate is
the triplet 13, which is far more stable than the trigonal ion
and liable to be formed without appreciable excess of internal
energy. Moreover, it contains a nearly linear NO, group, which
satisfactorily accounts for the negligible KER of its dissoci-
ation into NO," and O(CP), endothermic by only
5.5 kcalmol~! at the CCSD(T) level of theory (Table 1).

Finally, let us examine the NO;* ions of O,-NO connectivity
from reaction (6). The NO*/O, BE is too low to account for
the stabilization of ion 10 from ground state NO™ and O,
species (Table 1). On the other hand, reactions other than (6)
are unlikely to occur in the NO/O, plasma, as the weak
(<5%) NO," ion present in the source undergoes no reaction
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with O,. As to the 11 and 12 singlets, their BE with respect to
the dissociation into NO* and the first O, singlet state (a'A,)
are expected to be close to that of the ground-state adducts,
since the energy separation between O, (a'A,) and the ground
0, (X’Z,"), 22.6 kcalmol 1! closely approaches the com-
puted energy difference between 10 and 11. An explanation
for the detection of a more stable O,-NO™ adduct derives
from the observation that in order to detect the NO5s* ion one
has to work with a large (x4:1) excess of O, over NO. This
suggests that O,", rather than NO™, might be the charged
precursor. The higher clustering ability of O,** in long-lived,
electronically excited states, with respect to ground-state O,™,
is well documented.l'! In the case of interest, we tentatively
suggest the association of an O,™ and a NO molecule
[reaction (9)].

0,7+ NO — [0;7*-NO] - [0,*-NO"] — [DO(NO)] ** ©)

The excited adduct eventually formed would be character-
ized by a sufficiently high BE to allow its stabilization in the
ion source. As a matter of fact, irrespective of their formation
process, NO;* ions of O,-NO connectivity and sufficiently
stable to exit the CI source, have been detected.!'”]

In conclusion, the structural analysis of the NO;* species
suggests the occurrence of three isomers: 1) the trigonal
cation, of O-NO, connectivity, with a bent NO, group, 2) the
ion of O-NO, connectivity, with a nearly linear NO, group,
and 3) the NO;* peroxy-type cation, of O,-NO connectivity.

Neutral NOj; species: The trigonal NO;* radical is the only
species so far positively identified and characterized. Of
course, its stability in the isolated gas state is fully confirmed
by the present NR results. Perhaps our finding, potentially
most relevant to fundamental inorganic chemistry and to
atmospheric chemistry, is the evidence for the existence
of a different isomer, most likely of the peroxy-type con-
nectivity as that assigned to its charged precursor. Previous
computational studies characterized peroxy-type radicals as
unstable, or marginally stable,’*< and the latter prediction is
confirmed by our own theoretical results that locate peroxy-
type NO;" species in very shallow energy wells, prone to
dissociation once zero-point energy corrections are included.
The lack of theoretical support is compounded by the
weakness of the NR spectrum and hence of the “recovery”
peak detected. In this situation, in which isobaric contami-
nation is ruled out by the correct isotopic shifts of the m/z
ratio of the “recovery” peaks observed when differently
labeled precursors are used, it cannot be rigorously excluded
that the peroxy-type NO;* population assayed may contain a
very small fraction of ions of different connectivity, possibly
arising from ionic isomerization processes. Although there is
not the slightest indication for such a contamination, we
conservatively take the NR results as a strong evidence for,
rather than a proof-positive demonstration of, the existence of
a peroxy-type radical, with a lifetime exceeding 1 pus. Hope-
fully, the present results will encourage further experimental,
and especially theoretical, studies of this important class of
radical(s).
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General remarks on the reactivity of ionized NO,/O; mix-
tures: Previous studies of the reactions occurring in ionized
mixtures of ozone with a number of simple molecules have
revealed the O- and O,-donor ability of O, and/or its cation.['*]
The reaction pattern is influenced by factors such as the
ionization energy of the molecules involved and the stability
of the primary charged adducts. The peculiar features of the
NO*/O; and NO,"/O; systems, deduced from the combination
of our experimental and theoretical results, are illustrated in
the energy profiles of Figures 9 and 10.

10 + O(°P)

[INO,I
5

30.9

NO," + O,
- [ T35
INO,I"
4

Figure 9. Energy profile (AH° [kcalmol™']) relevant to the NO*/O,
system, see text. The CCSD(T) values are reported, T denotes the triplet
surface, S denotes the singlet surface.

9+0,
145
5+0(P)
8+0,
221
[NOg4J*

2
} 4 + O(P)

26.9
NO," + O, T 1340, EI
16.2
72 | l
i

[NO4J*
1

Figure 10. Energy profile (AH° [kcalmol™!]) relevant to the NO,"/O;
system, see text. The CCSD(T) values are reported, T denotes the triplet
surface, S denotes the singlet surface.

Starting from NOT, both the O,- and O-transfer reac-
tions (10) and (11) appear energetically unfavorable, despite
the observation of the NO," intermediate [reaction (2)].

NO* + 0, — NO,*+0 (10)

NO*+0; — NO," +0, (11

Chem. Eur. J. 2002, 8, No. 24

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Inspection of Figure 9 and Table 1 shows that O,-transfer to
NO*, even to form the most stable NO;* ion 10 of O,-NO
connectivity, is endothermic by 11.8 and 5.9 kcalmol~! at the
CCSD(T) and B3LYP levels, respectively. In contrast, a value
of 22.7 kcalmol~!, closer to the CCSD(T) one, can be derived
from thermochemical and spectroscopic data.l'': 2l Moreover,
the remarkably low dissociation energy of ion 10,
2.9 kcalmol™!, must be considered. Consistent with this
picture, the NO;* ion is very weak in the NO/O; CI plasma:
the minor amount observed being traceable to the alternative
reaction (6) with O,, a minor process that, at low O, pressures,
does not significantly compete with the reaction (2) of NO*
with O;.

The O-transfer reaction (11), albeit highly exothermic
(Figure 9), is probably hindered by spin-conservation and
structural constraints. In theory, one would expect that
reaction (11) requires the intermediacy of a NO,* ion of O,-
NO, connectivity, whereas the experimental evidence clearly
indicates that in the NO/O; CI only one NO," isomer of O;-
NO connectivity, namely that characterized by structure 6, is
formed. Consistent with this view, the reaction between NO*
and O; on the singlet surface gives the [O;-NO]* adduct 6,
which has to overcome a barrier of 32.9 kcalmol~! to form the
species 5 of [O,-NO,]* connectivity. Thus, the two sections of
the singlet surface, relevant to the formation of ions of O;-NO
and O,-NO, connectivity, are only accessible starting from
different reactants, and we will show below that ion 5 can
actually be formed in the NO,"/O; system. Accordingly, in the
NO/O,/CI system, reaction (11) can be undergone, if at all, by
only a minor fraction of the ions that have the required
internal energy excess.

NO," +0,—NO,* (4) + O Q)
NO,*+ 0, —NO;* (13) + O, )

Let us examine the reactions occurring in the NO,"/O;
system. In this case, different O,- and O-transfer reactions
occur on the singlet and triplet surfaces, depending on the
pressure regime adopted (Figure 10).

At high pressures (NO,"/NO* =1), only the O-transfer
reaction (7) is observed. Indeed, as previously noted, the
endothermic O,-transfer reaction (3) yielding the NO,* ion 4
is not observed owing to the competing exothermic reac-
tion (2) of NO* with O;, yielding the NO," ion 6 (Figure 9).
As to the O-transfer reaction (7), an inspection of Figure 10
and Table 1 shows that formation of the trigonal NO;" ion is
highly endothermic, whereas that of the NO;* ion 13 via the
singlet NOs* ion 1, is endothermic by 9 and 9.9 kcalmol~! at
the CCSD(T) and B3LYP levels, respectively (Table 1).
Adopting the above values, even taking into account their
presumably large uncertainty range, the reaction is likely to
require vibrational excitation of the reactant ions. Indeed,
consistent with the theoretical picture, the experimental
evidence indicates that at high pressures, when the NOs*
intermediate is effectively stabilized and becomes detectable,
NO;* ions of O-NO, connectivity are formed having no
energy excess and prone to prompt dissociation into NO,™ and
O(?P). This supports the suggested assignment of structure 13,
which contains a nearly linear NO, group as ion 1.
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At lower pressures, both the O,- and O-transfer reactions,
which yield NO," ions of O,-NO, connectivity and the
trigonal NO;* ion, respectively, are experimentally detected.
Reaction (8) between O;" and NO, has already been consid-
ered as the possible route to the trigonal NO;* ion. Accord-
ingly, Figure 10 shows that access to the triplet surface from
reactions more exothermic than reactions (3) and (7) could, in
principle, yield the NOs" ion 2 of O,-NO; connectivity, with a
preformed trigonal NO; group. Actually, whereas no NOs*
ion is detected under these conditions, probably as a result of
inefficient collisional stabilization, its signature can be
deduced from the products observed, namely the trigonal
NO;* ion and the NO," ion 5 of O,-NO, connectivity
[reaction (12)].

NO,* + 05 — NO,* (5) + O (12)

NO,"+0;—NO;* (8,9)+ O, 8)

Moreover, the expected charge exchange between O;* and
NO,, exothermic by 65.7 kcalmol~!, could generate NO,*
reactant ions in the triplet state, characterized by a bent
geometry.'”) Thus the singlet and the triplet surfaces of
Figure 10 are characterized by different geometries of the
species involved: species with a linear nitro group, namely the
NOs" ion 1, the NO,* ion 4, and the NO;™ ion 13 are located
on the singlet surface; species with a bent nitro group, namely
the NOs" ion 2, the NO,* ion §, and the NO;"ions 8 and 9, are
located on the triplet surface.

In conclusion, the complex reactivity pattern of ionized
mixtures of ozone and NO, oxides appears to be dominated
by spin conservation and structural factors. In particular, the
energy required to deform the linear NO, group into a bent
geometry plays a crucial role in the reactions of interest.

Atmospheric implications: As to the relevance to atmospheric
chemistry, ionization of NO,/O; mixtures shows interesting
outcomes. Under selective ionization conditions, reaction (7)
on the singlet surface gives the nearly linear [O-NO,]" ion 13,
that easily dissociates into NO,* and O(’P) [reactions (13) and

(14)].

NO;* (13) — NO,* + OCP) (13)

o(P)+ 0,5 0, (14)

Since potentially all ground-state O atoms can generate
ozone by reaction with O,, the overall process is a null cycle.
In contrast, if the ionization process is unselective, the
concomitant occurrence of reaction (8) on the triplet surface
yields bent [O-NO,]* ions. These are likely to undergo charge
transfer to O, rather than dissociation with a resulting net loss
of ozone. The reaction sequence occurring on the singlet
surface is an ion-catalyzed dissociation of ozone that, unlike
photolysis, gives ground-state products, so that NO, and
ozone are neither produced nor destroyed. In contrast, the
sequence occurring on the triplet surface could be relevant to
the chemistry of the troposphere. Indeed, it has been shown
that increasing concentrations of ozone and NO, are recorded
by noon on smoggy days, and high local O; concentrations are
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reached in air ionized by lightning, and by natural or
anthropogenic corona discharges. The process could prove
effective in removing ozone and NO,, and its product, the
trigonal NO;" radical eventually formed, is atmospherically
relevant as a night-time tropospheric oxidant, and a tempo-
rary odd-nitrogen reservoir.

Finally, a word of mention is deserved by the observation of
the peroxy-type NO;* ion. Although NO* and/or O," ions
predominate in the E region of the ionosphere, ion—molecule
reactions are generally more efficient at lower altitudes,
namely in the D region, in which a complex positive-ion
chemistry occurs. Whereas in the “quiet” D region NO*
predominates, O," becomes dominant when the D region is
“disturbed” by the impact of energetic particles from the sun,
occurring both at night and during the day.?! Excited states of
O," could thus become available to the formation of the
[O,(NO)]** adduct, whose BE is larger than that of the
ground-state species. As a consequence, an additional route to
the formation of cluster ions, characterized by different
switching reactions between the neutrals involved, can be
envisaged in this region.

Conclusion

Tonization of gaseous mixtures containing NO, oxides and O,
promotes a complex reaction pattern, whose theoretical and
mass spectrometric study shows that the general tendency of
ozone and its cation to undergo O,- and O-transfer processes
is limited in the systems of interest by spin-conservation and
energetic constraints related to the change of geometry of the
NO, moiety. Mass spectrometric evidence, supported by
theoretical results, has led to the detection and character-
ization of the NOs* ion, and of isomeric NO, and NO;"
species. In particular, in addition to the symmetrical trigonal
cation, the mutually supporting experimental and theoretical
results point to the formation in ionized NO,/O; mixtures of a
NO;* isomer of O-NO, connectivity. This isomer contains a
nearly linear NO, group, and is prone to dissociation into
NO,* and O(C’P). A NO;* ion, formally of peroxy-type
structure, has been detected as a product from the ionization
of NO/O, mixtures. As to the neutral chemistry, a most
significant finding is the strong NR evidence for, if not the
definitive demonstration of, the existence of a new NO;°
isomer, in addition to the long known symmetrical, trigonal
radical.

Experimental Section

Mass spectrometry: A ZABSpec 0a-TOF mass spectrometer of EBE TOF
configuration (Micromass, Manchester, UK) was used to generate the
species of interest by chemical ionization performed at pressures ranging
from ~0.05 to 0.3 Torr. Typical operating conditions were as follows:
accelerating voltage 8 kV, emission current 0.5 mA, repeller voltage 0V,
source temperature 150°C. The mass-selected ions were structurally
assayed by MIKE and CAD mass spectrometry. In the latter case, He
was admitted into the collision cell to such a pressure as to reduce the beam
intensity to 70 % of its original value. Multistage mass spectrometry (MS?)
experiments were performed by recording the CAD/TOF spectra of mass-
selected daughter ions. The KER were measured by averaging ~400 scans

0947-6539/02/0824-5692 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 24



NO; Isomers

5684-5693

at the energy resolution of 2.5 eV of the main beam width. The NRMS
experiments were performed with projectile ions accelerated to 6-8 kV by
collision with CH, in the first gas cell. After deflection of all the ions, the
neutrals were reionized by collision with O, in the second gas cell. All gases
and the other chemicals utilized were research-grade products from
commercial sources with a stated purity in excess of 99.99 % and were used
without further purification. O, (**O atoms 99 %) was purchased from
ICON, and “NO ("N atoms 99 % ) was purchased from Aldrich. Ozone was
prepared by passing UHP-grade oxygen (Matheson 99.95 mol % ) through a
commercial ozonizer, collected in a silica trap cooled to 77 K, and released
upon controlled warming of the trap. The NO;" radical was generated in
situ by mixing nitrogen dioxide with excess ozone in a flow system.

Computational details: Density functional theory, with the hybrid?!
B3LYP functional,” was used to localize the stationary points of the
investigated systems and to evaluate the vibrational frequencies. Although
it is well known that density functional methods that use nonhybrid
functionals sometimes tend to overestimate bond lengths,?*! hybrid func-
tionals, such as B3LYP, usually provide geometrical parameters in excellent
agreement with experiment.? Single-point energy calculations at the
optimized geometries were performed with the coupled-cluster single- and
double-excitation method®! with a perturbational estimate of the triple
excitations [CCSD(T)] approach®! in order to include extensive correla-
tion contributions.””) Transition states were located with the synchronous
transit-guided quasi-Newton method from to Schlegel and co-workers."!
The 6-311+ G(3d) basis set?”! was used. Zero-point energy corrections
evaluated at B3LYP/6-311+ G(3d) level were added to the CCSD(T)
energies. The 0 K total energies of the species of interest were corrected to
298 K by adding translational, rotational, and vibrational contributions.
The absolute entropies were calculated with standard statistical-mechan-
ical procedures from scaled harmonic frequencies and moments of inertia
relative to B3LYP/6-311 + G(3d) optimized geometries. All calculations
were performed with Gaussian 98.%]
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