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Gaseous [HBDs] ' ions formed upon addition of N©O to nitric acid have been studied by mass spectrometric
and computational methods. The results from MIKE, CAD and FT-ICR spectrometry and calculations at the
B3LYP 6-31H+G(3df, 3dp)//6-311G(d,p) level of theory show that the most stable adduct formed is an
electrostatic HN@NO,* complex where N@' is coordinated to the nitro group of nitric acid. Consequently,
the nitro group is the energetically preferred protonation site fsNwhose experimental proton affinity

(PA) amounts to 189.8 2 kcal mol?, vs theoretically computed values ranging from 182 to 188 kcal
mol~t. Addition of NO,* to XNO, molecules (X= CH;0, GHsO and NH) also yields electrostatic complexes
where the nitronium ion is coordinated to the Ng¥oup. The most stable [HID,]* ion from the addition

of NO™ to HNG; is also identified as a cluster characterized by coordination of the nitrosonium ion to the
nitro group, whose almost thermoneutral isomerization into a cluster where a nitronium ion is coordinated to
the nitroso group of HN@is characterized by a sizable barrier. The larger PA gdf\than of HO and

HNGQ; is of interest in atmospheric chemistry, pointing to protonation B Hand/or HNO;* ions as the

first step of the MOs destruction in ionic clusters and aerosols.

Introduction H—0 ol o }l{ ol*
Gas-phase positive ion chemistry of nitric acid and related \N—O—N \N_O_N

molecules is the focus of sustained interest, owing to its intrinsic O/ N o o/ AN o

fundamental intere5t and the relevance to atmospheric 1a 2a

chemistry2=6 Particular attention has been devoted to proto-
nated nitric acid, both in the isolated state and in water An interesting aspect is that there are two different routes to
clusters; 8 and the investigation has been extended to its the above cations, namely, direct proton transfer from gaseous

derivatives, i.e., protonated alkyl nitrat&<2 and nitramide?3 acids of adequate strength
leading to the construction of a scale of Ninding energies
24 +HA+
(BE). N,O5 =, [HN,Of (2)

Among the nitric acid derivatives examined, a conspicuous
exception is NOs, whose positive ion chemistry is virtually
unexplored, except concerning the measurement of its ionization
potential?>~27 This is surprising, in view of the importance of
N.Os to the chemistry of the upper atmosphere, where it
represents a reservoir molecule for the NRides involved in
the ozone cycle and contributes to the formation of nitric acid
and organic nitrate¥30 Given the role played by )Ds in
atmospheric chemistry, there is a considerable interest in the
reactions responsible for its formation and decomposition. As
to the latter process, it has been suggested that it may be
promoted by proton transfer to,8s from hydrated HO™ ions
within ionic clusters and/or aerosols, followed by conversion
into HNOz,2%30via the likely intermediacy of protonated,Ss.

In this article we report the results of a joint experimental
and computational study of the positive ion chemistry gON
and related species, focusing attention on their protonation and
alkylation. A central problem concerns the preferred site of
the cation attachment, for example, isomeric species can be
formed, upon protonation of JDs

or addition of NQ* to appropriate molecules, for example
NO," + HNO, — [HN,O )

Nitration of nitric acid, the reverse of the process postulated
for the acid-catalyzed decomposition of®§, is intrinsically
interesting and provides a link between the basicity eON
and the nucleophilicity of HN@) in that the relative stability
of laand2acan be viewed as reflecting either the local proton
affinity (PA) of the basic sites of pDs or the local NQ™ BE
of the nucleophilic centers of HNO Species of the general
formula [XN;Og4]*, where X= CH30, GHs0, and NH were
also studied to investigate the influence of the substituent X on
the stability of isomeric adducts.

The study was extended to the related reaction

NO* + HONO, — [HN,O,] * (3)
whose product, nitrosated nitric acid, is liable to conversion into

t Universitadi Bologna. nitrated nitrous acid, an intracomplex process of potential interest
* Universitadi Roma. to atmospheric chemistry.
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TABLE 1: MIKE Spectra of Relevant Species

fragment
formatiort  labeled m'z
ion process reagent (relative intensity, %)

[HN2Os]* 1) 46 (100)
[DN2Os]* 1) Dst 46 (100)
[HN20s]* 2) 46 (100)
[HN2NOs]* 2) HSNOs 46 (100)
[CH3N,Os]* (6) 46 (100)
[CH3N,Os]* @) 46 (100)
[CH3NO40]*" @) NOO™ 46 (39); 48 (61)
[CH3N2031802]+ (7) N1802+ 46 (43), 50 (57)
[CH3NNOg] ) INO, " 46 (38); 47 (62)
[C2HsNOs] * 12) 46 (100)
[C2HsNOs] ™ 13) 46 (100)
[CoHsN0O40]* (23) NOeOo+ 46 (46); 48 (54)
[C2HsN0O380,] (13) N8O, + 46 (46); 50 (54)
[CoHsNINOs] * (13) 15NO,* 46 (39); 47 (61)
[H2N3O4] ™ (14) 46 (100)
[H2N2SNOg]* (24) INO,*™ 46 (100)
[HN204]* (18) 30 (100)
[HNNO,4* (18) NO* 31 (100)

aThe numbers in parentheses correspond to those of the reactions

in the text.P Standard deviation of the relative intensiti£40%.

TABLE 2: CAD Spectra of Relevant Species

fragment

ion m'z (relative intensity %)
[HNO3NO,] * 30 (5.7); 46(92.9); 63 (1.4)
[HINO3NO] * 30 (5.5); 31 (7.8); 4874.6); 47 (10.4); 64 (1.7)
[N2OsH]* 30 (6.9); 46(90.4); 63 (2.7)
[N2OsD]* 30 (7.3); 46(90.2); 64 (2.5)
[HNOsNOJ* 30°(70.8); 46(25.4); 63(3.8)
[HNO3NOJ* 30(8.0); 32(66.2) 46(18.8); 47(3.2); 63(3.8)
[CH3ONONO;* 30 (4.1); 46(95.9)
[C:HsONGONOZ ™ 29 (2.3); 30 (2.4); 4§90.7); 76 (4.6)
[N2OsCoHs] * 29 (2.2); 30 (4.0); 489.6); 76 (4.2)

[H.N NO, NO;J* 30 (9.0); 46(81.9); 62 (9.1)

2 The ions were prepared in the same way as in Table 1. Standard

deviation of relative intensities=10%.° Fragment formed also by
unimolecular dissociation; see Table 1.

Mass Spectrometric Results

The structure, or more precisely the connectivity of the ions
from the protonation and alkylation of 85 and from the
nitration and nitrosation of HN®and its derivatives, was
examined by mass-analyzed ion kinetic energy (MIKE) and
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origin, however, is not entirely collisional, owing to the
unimolecular contribution, apparent from the data of Table 1.
The CAD spectrum of the [HNNOs] ™ ions obtained utilizing
H15NOs in reaction 2 is particularly informative, showing that
unlabeled N@" accounts for nearly 90% of nitronium ions lost
and hence that the N@nd>NO, groups of [HNSNOs] " are

not equvalent This is supported by the collision-induced loss
of HNOs", m/z = 64, but not of HNQ', m/z = 63.

Both MIKE and CAD spectrometries provide strong evidence
that [HN,Os]* ions, at the moment of their structural assay,
have the connectivity typical of structute, irrespective of their
formation process. This inference is consistent with the results
from the experiments aimed at measuring the;NBE of HNO3;
according to the kinetic methdd. In fact, it has been found
that the [HNOsL] ™ adducts, where L denotes a suitable ligand,
obtained by CHCI of N,Os/L mixtures, or by NQ/CI of
HNOs/L mixtures, behave exactly in the same way and are to
be regarded as [HNSINO,*)L] nitronium ion-bound dimers
whose unimolecular dissociation occurs exclusively according
to the competing processes

Ka

HNOSNO,* + L o)

[HNO3(NO,*)L] —

ks

LNO,* + HNO; (5)
Significantly, theks/ks branching ratio for a given ligand is the
same irrespective of whether the adduct is obtained from
protonated MOs or nitrated HNQ, and furthermore, when
N180,/Cl is used, only NEO,+ is transferred to the L ligand,
showing that the two N@units are not equivalent, which is
only consistent with the presence of protoriarin the dimer.
This specific application is remarkably free of the complications
frequently encountered in the utilization of the kinetic method,
i.e., reactions 4 and 5 are not accompanied by other fragmenta-
tion processes. In addition, the evaluation of the,NBE of
representative ligands has been the subject of a detailed study,
which provides a most useful base for the choice of the
experimental parameters and the data anaffsi§o evaluate
the NG BE of HNO; by the kinetic method, a reference ligand
of known, and sufficiently low, BE is required. Since the lowest
BE reported, that of kD, is too large to allow direct application
of the method to the ¥D/HNO; pair, we must use another
suitable ligand. To this end, the NOBE of CHsF has been
evaluated to be 19.& 2 kcal mol! by utilizing the calibration
factor previously adopted for 18 liganés.In turn, application

of the kinetic method to the G4A/HNO; pair gives a NG"

collisionally activated dissociation (CAD) spectrometries, whereas BE of HNO; of 18.3+ 2 kcal mol L, which according to the

the NO* BE of HNO; was evaluated by the kinetic meth#d.

general correlation valid for n-type nucleophilic centérgould

Supporting evidence on the structure of the nitrated ions was correspond to a PA of the nitrated site amounting approximately

sought by examining their reactivity by Fourier-transform ion

to 161 kcal moftl. Such a close, if partially fortuitous,

cyclotron resonance (FT-ICR) mass spectrometry. The resultsagreement with the PA of the NGgroup of HNQ, which

obtained from the joint application of the above technigues to

according to CCDS(T) calculatiofsamounts to 161.2 4 kcal

the characterization of the species assayed are outlined in themol%, provides additional, albeit indirect, evidence for the

following paragraphs.

[HN2Os]™ lons. Table 1 summarizes the MIKE spectra of
the ions prepared according to reaction 1 BKCI and B/CI
of N2Os and according to reaction 2 by GBNO,/CI of HNOs.

assignment of structureato [HNOs] ™ ions. In this connection,
on the basis of the above correlaticdAshe 182 kcal mot! PA

of HNOs, which refers to protonation of the OH group, would
lead to a N@" BE of such group amounting to 2341 2 kcal

The MIKE spectra are almost identical in both cases, displaying mol™2, well in excess of the experimental value, 182 kcal

only the metastable loss of NQ m/z = 46, even when M-
NOs is nitrated with NQ™ according to reaction 2. This favors
structurela, showing that theé*\NO, and the NQ groups of
the decomposing iorare not equialent as would be the case
for protomer2a. The CAD spectra of [HMOs]™ ions from
reactions 1 and 2, reported in Table 2, are also identical,
displaying again N@" as the major charged fragment, whose

mol~1, providing additional evidence against struct@ee

On the basis of a thermochemical cycle involving the
measured HN@-NO,* BE, the heats of formation of Hand
NO.*, and those of HN@and NOs, one arrives at a PA(Ds)
of 189.8+ 3 kcal mol™.

In summary, the experimental results show that, irrespective
of their origin, the [HNOs]™ populations, when subjected to
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structural analysis, i.e., ca. 10 ms after their formation, consist

predominantly, if not exclusively, of ions having the connectivity
typical of protomerla. This can hardly be traced to a high
site selectivity of their formation processes, i.e., protonation of
N2Os and nitration of HNQ, and is likely to reflect the operation
of processes occurring after the formation of the PO * ions,
i.e., fast2a— laisomerization and/or fast dissociation of any
2aions initially formed owing to the low N& BE of the OH
group of HNQ.

[CH3N2Os]t lons. Two reactions were employed for the
preparation of the ions, namely the alkylation

(CHy),F" + N,O; — [CH,N,O " + CHF  (6)
performed by CHF/CI and the nitration
NO," + CH,ONO, — [CH,N,O] " 7

performed by N@CI. The MIKE and CAD spectra of the ions
from reactions 6 and 7 are indistiguishable, in that only
metastable loss of N is observed (Table 1), whereas
collisional dissociation yields, in addition, only NQTable 2).
These results do not allow structural discrimination between
the conceivable isomers

R +
© | /‘ﬂ

No

R—O\

o’

1b R = CHj, 1c R = C,H; 2b R = CHy, 2¢ R = C,H;

The MIKE spectra of the labeled ions obtained by utilizing
N180O,™ (15N O, ) in reaction 7 show a comparable loss of NO
and NBO,™ (15NO,™), with a small but significant preference

for the loss of the labeled fragment (Table 1). Such a pattern

would suggest that the decomposing ions are a miXgdb
population, where the isom&b predominates.
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Further evidence was sought by Fourier-transform ion
cyclotron resonance mass spectrometry,O#l180," ions,
obtained by NBO,/CI of H,O in the external ion source of the
spectrometer, were isolated by selective ejection techniques and
driven into the resonance cell containing £LHNO, and a strong
nucleophile, CHCN.

The labeled ions from the ligand exchange
H,ON*0," + CH,ONO, — CH,ONO,N"?0," + H,0 (9)

were isolated, and their reaction with the nucleophile was
monitored. Both nitronium ion-transfer processes

CH3CN(N80,)* + CH30NO,  (10)

CH3ONO,N80,* + CH3CN —

CH3CN(NO,)* + CH3ON0, (11)
occur at comparable rate, suggesting that the ionic population
assayed consists predominanty, or exclusively, of ischer

The situation is less than clear-cut, in that the evidence from
MIKE and FT-ICR experiments involving isolated [GIN,Os] ™
ions points to the predominance of ison2, whereas MIKE
experiments, involving nitronium ion-bound adducts, suggest
instead the exclusive presence of isondéx A reasonable
explanation is that the ligand L catalyzes the conversioRbof
into 1b, which is selectively stabilized by differential solvation
by L within the long-lived ion neutral compleX. Such
interpretation presupposes, of course, that the stability difference
between the isomers be small.

[C2HsN2Os] ™ lons. Two processes were utilized for these
preparation, namely, alkylation

When reactions 6 and 7 are performed in the presence of a

suitable ligand L, one obtains [GN,OsL]™ adducts whose

MIKE spectra are undistinguishable and characterize the ions

as [CHONO,(NO,)L] nitronium ion-bound dimers. In fact,
the processes giving the GENO,NO,* + L and the LNQ*

+ CH3;ONO; fragments pairs are the only metastable transitions
observed. Utilizing CHF and CH(CN), as the reference
ligands, the N@" BE of CH;ONO, was found to amount to
20.7 £+ 2 kcal mol?, which according to the above-cited BE/
PA correlatioR* leads to a local PA of the nitrated site of gH
ONG; of ca. 171 kcal moil. This is close to the 172 3
kcal mol® value calculated at the CCSD(T) level of theBry
for the NG group of methyl nitrate, which provides indirect
evidence for structuréb. This inference is supported by the
MIKE spectra of the [CHONGO,(N€O,M)L] dimers prepared
from reaction 7 utilizing N€O,. Irrespective of the N@ BE

of the specific ligand utilized, only the labeled nitronium ion is

Csz+ + N,O5 — [CszNZOS]+ (12)
by CHy/CI of N,Os and nitration by NQCI
NO," + C,H;ONO, — [C,HsN,O4] (13)

The ions from both reactions display the same MIKE and CAD
spectra (Tables 1 and 2), and theisgN,OsL] * adducts with
neutral ligands L behave asfd@sONGO,(NO,) L] nitronium ion-
bound dimers. The picture outlined by the mass spectrometric
experiments is analogous to that typical of [{DHOs] ™ ions,

and the same considerations apply. UtilizingdgNO, and CH-
(CN), as the reference ligands, application of the kinetic method
leads to a N@" BE of 22.84 2 kcal molL, corresponding to

a PA of the nitrated site of ca. 180 kcal mbhccording to the
above cited BE/PA correlatiott.

[H2N3O4] lons. Direct nitration of nitramide

NO," + H,NNO, — [H,N,O,] " (14)

transferred; for example, one observes the metastable decom-

position

[CH ONO,(N*®0,")CH,CN] —
CH,CN(N'0,)* + CH,ONO, (8)

but not the corresponding process involving N@ransfer. In
short, the evidence from the study of nitronium ion-bound
dimers suggests that they contain a §BKOs]™ unit having
the connectivity typical of isometb.

was utilized for their preparation. The only metastable transition
observed is the loss of NO, m/z= 46 (Table 1), whereas only
the 15N O,* fragment,m/z = 47, is lost from the ions obtained
utilizing 8NO,* in reaction 14. The CAD spectrum (Table 2)
is also informative, showing in addition to the loss of the NO
the HLNL,O,™ fragment atwz 62. Finally, FT-ICR experiments
were performed, whereby NNO," ions, produced in the
external ion source upon ionization of'8NO,/NH3z mixture
were isolated and driven into the resonance cell containing CH
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ONO; and a nucleophile, C}¥N. The labeled ions formed
via the process

H,NNO," + CH,ONO, — [H,N"*NO,NO,] " + CH,OH
(15)
a general reaction to be discussed in a forthcoming pépegre

isolated and allowed to react with the nucleophile. Significantly,
only the unlabeled N@group is transferred

— HoN15NO, + CH3CN(NO,)*  (16)

[HoNSNO,NO,] ™ + CH3CN—

> H,NNO, + CH3CN(*5NO,)*  (17)

The failure to detect process 17 shows, consistent with the

MIKE and CAD results, that the two NOgroups within
[H2N3O4]* are not equivalent and favors structdre over 2d

o— Noz—l '

+
H,N—N 0,N— NH,— No;‘

(6]
1d

2d
[HN204]" lons. Their preparation involved direct nitrosation
of HNO3; by NO/CI
NO" + HNO, — [HN,0,] (18)
The MIKE spectra of the ion, and of its labeled counterpart

obtained utilizing!®NO™ in reaction 18, do not allow discrimi-
nation between the conceivable structures

o—no|’ ol
H—0

N

NO,

H—O—N

o

3 4

In fact, the observed loss of N(Table 1) rather than of NO
does not provide, in this case, evidence for isof)an that it
could reflect as well a higher barrier to the metastable loss of
NO," than of NO in isomer4. The CAD spectra (Table 2)
are more informative, especially with regard to the detection
of a small but significant®NO," fragment atm/z = 47 from
[HN5NOg4]*, which is more consistent with structuge

The [HN;O4L] ™ adducts from the NO/CI of HNGL mixtures

Bernardi et al.

Further indirect support is provided by the published values
of the NO" BE to CHfONGO, and GHsONQO,, i.e., 20.7+ 2
and 22.74+ 2 kcal mol?, respectively¥* Utilizing the above-
cited NO" BE/PA correlation, one can estimate the PA of the
nitrosated site to amount to ca. 170 kcal main CH;ONO,
and 175.5 kcal moft in C;HsONO,. These values are remark-
ably close to the computed PA of the M@roup in CHONO,
and GHsONO,, 172+ 33and 177.0 kcal mot, 22 respectively,
which favors the N@protonated isome3. Albeit the evidence
is indirect, the trend holds for all RONGpecies examined (R
= H, CHjs, C,Hs), which makes a fortuitous agreement rather
unlikely.

Computational Results

Nitrogen oxides present a relatively difficult computational
problem since their correct description require both a high-level
treatment of dynamic electron correlation and large basis sets.
Ab initio methods such as the coupled cluster, while being very
accurate, become rapidly very expensive with the increase of
the number of atoms in the molecular system studied. A good
compromise between speed and accuracy is represented by
methods based on density functional theory such as B35¥P,
as also recently shown by Smith and Radbimy comparing
the ability of several ab initio and density functional methods
to calculate proton affinities.

In this paper we studied the [Hs]" and [HN.O4] ™ ions
by means of the B3LYP hybrid density functional. Geometry
optimizations and harmonic frequency calculations were per-
formed at the B3LYP/6-311G(d,p) level for all the structures
studied. To minimize the effect of basis set incompleteness,
the electronic energies were then recomputed by single-point
calculations on the optimized structures using the larger
6-311++G(3df, 3pd) basis set (Tables 3 and 4). All the
calculations were performed using the GAUSSIAN 94 program
suite3®

To test the performance of the method, we computed the local
proton affinities of the-OH and—NO; sites of HNQ and the
binding energy for the N@-H,0O cluster, which is the most
stable isomer of [(NO3]*. We obtain local proton affinities
of 175.9 and 160.2 kcal mol, respectively and a binding energy
of 17.4 kcal mot! at 298 K. The most recent experimental
values are PA(HNg) = 182.0+ 2.3 kcal mof! and BE=
19.6+ 2.4 kcal'! mol 1> whereas the best computational values
to date are 182.5- 4 and 161.2t 4 kcal mol?, respectively,
for the local proton affinities (298 K) and 178 2 kcal mol™
(0 K) for the binding energy, calculated by Lee and Ricat

have a complex metastable fragmentation pattern where theth® coupled-cluster CCSD(T) level of theory. We can then

dissociation as nitrosonium ion-bound dimers

k19

HNOSNO* + L (19)

[HNO3(NO*)L] —

k20

LNO* + HNO3 (20)
is accompanied by other processes. Nevertheless, utilizig H
and CHClI as the reference ligands and the calibration side from
a comprehensive study of NGBE 34 application of the kinetic
method leads to a NOBE of HNO; amounting to 17.1 2
kcal moll. On the basis of the general NBE/PA correla-
tion,®* the estimated PA of the nitrosated site of Hj\@ould

be 160.2 kcal molt, which favors protomes, in that the
calculated? local PA of the NQ group of HNQ is very close,
161.24 4 kcal molL. In conclusion, the mass spectrometric
results seem to favor structuge albeit the assignment should
be regarded as tentative.

conclude that the density functional approach used compares
reasonably well with both the experimental and the computa-
tional results.

[HN2Os] ™ lons. For the [HNOs]* ion we found two stable
structures, denoted dsandlll in Figure 1, which correspond
to two different ion-molecule clusters that can be associated
with the connectivity schemelsa and2a, respectively. loril,
whose connectivity corresponds to that of the experimentally
observed speciekg, is the most stable one, being 4.1 kcal mol
lower in energy than structur#l and having a calculated
binding energy of 13.6 kcal mol with respect to the HN@+
NO,* asymptote. The binding energy df can also be
evaluated by calculating the binding-energy difference between
Il and the N@*-H,O cluster by means of the isodesmic ligand
exchange reaction

HNO, + H,ONO,” — H,NO,NO," + H,0  (21)
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TABLE 3: B3LYP 6-311G(d,p) Energies (au) and B3LYP 6-31%-+G(3df,3dp) Energies (in Parentheses) of Species Relevant to

the [HN,Os*] System

species E

E+ ZPE H(298 Ky

HNOs —280.967 3724281.000 037)
H,ONO,* —281.258 0374281.289 197)
NO(OH)* —281.235 3224 281.265 574)
H,0 —76.447 448 {76.464 468)

NO,* —204.773 2704204.795 337)
N,Os (1) —485.465 7094 485.517 233)
I —485.766 757{485.818 079)
Il —485.760 083 485.811 467)
IV (TS) —485.751 909 485.799 519)

a Calculated by applying the thermal correction to 298 K.

TABLE 4: B3LYP 6-311++G(3df,3pd)//6-311G(d,p)
Thermochemical Data (298 K) and Corresponding
Experimental Values, kcal mol?

computed values  experimental values

PA HNGOs 175.9 182.0+ 2.3, ref 15
APA HNO# 15.7

H,O—NO;" BE 17.4 19.6+ 2.4, ref 15
PA N,Os 182.0 (188.% 189.8+ 2, this work
APA N2Os 4.0

HNOs;—NO,* BE, Il 13.6 (15.8) 18.3 2, this work
HNOs;—NO;" BE, IlI 9.6

a Difference between the PA of the alternative protonation sites of
the molecule, see text.Calculated from the computefiH® of the
isodesmic reaction 21, utilizing the experimentalOH-NO," BE and
PA of HNGO;; see text.

0.977

1.147

1.854 .
1.151 -~ -
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I 0.976 #

v

Figure 1. Optimized geometries of species relevant to the JEIjI
system. The numerals are the same as in Table 3.

Adding the calculated binding-energy difference to the experi-
mental NQ* BE of water, 19.6+ 2.4 kcal mot™, the resulting
BE for clusterll becomes 15.8 kcal mol. Whereas both

—280.940 916 {280.973 581)
—281.222 496 £ 281.253 656)
—281.196 430 281.226 682)
~76.426 133{76.443 153)
—204.761 473204.783 540)
—485.438 661 {485.490 185)
—485.727 6724485.778 994)
—485.721 499 485.772 883)
—485.715 026 {485.762 636)

—280.936 4464280.969 111)
—281.215 8384 281.246 998)
—281.191 8014281.222 053)
—76.422 353 {76.439 373)
—204.757 8754204.779 942)
—485.431 3824 485.482 906)
—485.719 338 485.770 660)
—485.712 8484 485.764 232)
—485.706 8274 485.754 437)

?
%3

v 2113 1
, 138

®

L1452
2 1m0

1.313

0.983
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Figure 2. Optimized geometries of species relevant to the JBI"
system. The numerals are the same as in Table 5.

isodesmic reaction 21, utilizing the experimentally determined
value for HNQ. The two approaches give values of 182.0 and
188.2 kcal mot?, respectively indicating that JDs has a larger
proton affinity than HNQ, consistent with the experimentally
evaluated PA(MOs) = 189.8 kcal matl, reported in a previous
paragraph. It can be observed that in both theand IlI
structures the two Ng@groups are geometrically nonequivalent,
whereas earlier in this paper they have been assumed to be
chemically equivalent in structu@s, corresponding tdil . The
assumption remains valid, since the barrier to the exchange of
the OH group between the two NQOn Il (TS IV) was
computed to be quite low, about 6 kcal mylconfirming the
correctness of the equivalence hypothesis under the experimental
condition used.

[HN2O4]* lons and N;O4 Isomers  We found a single stable
[HN2O4] " ion, the NO/HNOs adduct, labeled a¢ (Figure 2),
characterized by the connectivity of ison&in agreement with
the experimental evidence (Tables 5 and 6). Despite extensive
search, no minimum corresponding to the connectivity scheme

values are somewhat lower than the BE measured in this work,4 was found. The calculated NOBE to HNO; amounts to

18.3+ 2 kcal mol?, the differences fall well within the range
of the combined uncertainty.

The PA of NOs (see structuré) can similarly be computed
both directly or from the computed enthalpy change of the

22.4 kcal mof! at 298 K, significantly larger than the
experimental value from the kinetic method. This discrepancy
appears to arise from a systematic overestimation of the
computed NO BE, which in the case of the J@-NO™* cluster
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TABLE 5: B3LYP 6-311G(d,p) Energies (au) and B3LYP 6-31%+G (3df,3dp)//6-311G(d,p) Energies (in Parentheses) of

Species Relevant to the [HBD,"] System

species E E+ ZPE H(298 K@
HNO; —280.967 372{281.000 037) —280.940 916{280.973 58) —280.936 446{280.969 111)
NO;* —204.773 2704{204.795 337) —204.761 473{204.783 54) —204.757 8754204.779 942)
NO* —129.571 2754129.583 798) —129.565 591 {129.583 798) —129.562 286 129.574 809)
HNO, —205.761 768+{205.786 430) —205.741 476{205.786 470) —205.737 301{205.762 003)
HNO; + NO* —410.538 647{410.583 835) —410.506 5071 410.583 835) —410.498 732{410.543 920)
\Y, —410.579 911{410.670 757) —410.546 304{410.620 757) —410.538 728{410.579 574)
VI (TS) —410.512 66 £410.552 411) —410.481 2341410.552 411) —410.474 1761410.513 947)
Vil —410.564 239{410.606 588) —410.530 279{410.606 588) —410.522 809{410.565 158)
VIl —410.556 545{410.598 205) —410.522 7154410.598 205) —410.515 304 {410.556 964)
HNO; + NO,* —410.535 038{410.581 807) —410.502 949{410.581 807) —410.495 176{410.541 945)
NO; —205.132 718+ 205.155 24) —205.123 899¢205.146 405) —205.120 028¢205.142 534)
IX —410.289 34 {410.332 054) —410.265 893{410.308 607) —410.259 641{410.302 355)
X —410.269 818{410.313 626) —410.248 496{410.292 304) —410.241 634{410.285 442)

a Calculated by applying the thermal correction to 298 K.

TABLE 6: B3LYP 6-311++G(3df,3pd)//6-311G(d,p)
Thermochemical Data (298 K) and Corresponding
Experimental Values, kcal mol?

computed values experimental values

H,O—NO* BE 25.3 18.5+ 1.5, ref 39

HNOs;—NO' BE 22.4 (15.6)a 17.% 2, this work
Relative Energies

HNOs; + NO* 0.0

\Y —22.4

\Y! 18.8

VIl —-13.3

VIII -8.2

HNO, + NO,*™ 1.2

N,O4BE, IX 10.8 13.6, ref 41

N2Oy4, X 0.2

PA NOq, IX 166.4

PA N,O4, X 186.1

APA Ny,O4, X 9.1

aFrom the computed\H° of the isodesmic reaction 22, utilizing
the experimental FO—NO™ BE; see text.

is calculated to be 25.3 kcal md| vs the experimentally
measuretf value 18.5+ 1.5 kcal mot™? and the 19.5 kcal mot
value computed at the G2 level of thedfyHowever, the
calculated NO BE difference between water and nitric acid,
corresponding to the enthalpy change computed for the ligand-
exchange reaction
HNO;NO' + H,0 — H,0:NO" + HNO,  (22)

amounts to 2.9 kcal mol, which combined with the experi-
mental NO BE of water, leads to a NOBE of HNO; of 15.6
kcal mol1, quite compatible with the experimental value from
the kinetic method.

We also studied the potential energy surface for the oxygen-
transfer reaction

NO" + HNO; — NO," + HNO, (23)

the overall process whose occurrence is revealed by the NO
loss in the CAD spectrum &. Whereas the process is found
to be almost thermoneutral, being endothermic by ca. 1.2 kcal
mol~1, it requires overcoming a sizable energy barrier, since
the transition stat&/| is located 18.8 kcal mot higher than
the reactants. This is again consistent with the small intensity
found for the NQ™ peak in the CAD spectra. On the product
side of the potential energy surface, the two structifiésand

VI (Figure 3) were found that correspond to two NOHNO,
clusters.

X

Figure 3. Optimized geometries of isomeric ;8, oxides. The
numerals are the same as in Table 5.

The computed energies ¥fandVIl can be used to determine
the proton affinities of the [BD4] oxides. Two NO, isomers
are known to exist, the more stable symmeti®dNONO, isomer
IX and the asymmetric Dl—ONO isomerX, which has been
isolated in the condensed phase only. We computed the stability
of the two molecules with respect to their dissociation into two
NO. molecules to be 10.8 and 0.2 kcal mylrespectively, at
298 K. The reported experimental value fiof is 13.6 kcal
mol~1,whereas none is available fi Stirling et al.#2who
studied several nitrogen oxides using both local and gradient-
corrected density functional theory, obtained a binding energy
of 4.7 kcal mof? for the asymmetric isomer using the Beeke
Perdew nonlocal functional with the TZP basis set (BP/TZP).
On the other hand, the BP/TZP level overestimates the binding
energy of the symmetric isomer by 5 kcal mblso we believe
that the correct value foX is actually lower and closer to ours.
Furthermore, both the /05 and NO, geometries obtained at
the B3LYP/6-311G(d,p) level are closer to the experimental ones
than those obtained at BP/TZP level. However, these minor
discrepancies do not affect the conclusion that asymmeifig N
is extremely unstable in the gas phase.

The —AH° of the protonation process yieldingll , corre-
sponding to the proton affinity for symmetricQ,, is calculated
to be 166.4 kcal maol., i.e., 15.8 kcal mol® smaller than that
of N2Os. If the asymmetric MO, is protonated on the NO
group, clusteV is the resulting product, whereas if protonation
occurs on the terminal oxygen of the ONO group cluStiéris
formed. The resulting local proton affinities were computed
to be 186.1 and 177.0 kcal md| respectively.
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Conclusions accelerating voltage 8 kV, emission current 1 mA, repeller
voltage 0 V, electron energy 50 V. The FT-ICR experiments
were performed utilizing a 47e APEX spectrometer from Bruker
Spectrospin AG, equipped with an external ion source operated
at total pressures not exceeding<7107° Torr.

The salient feature of the coherent picture outlined by the
mutually supporting computational and experimental results is
the formation of electrostatically bound clusters as the most
stable adducts from the gas-phase reaction of nitric acid with
the NGt and NO' cations. In both cases, the coordination
occurs preferentially with the nitro, rather than the OH, group
of HNOs. Focusing attention on the nitration process, the
behavior of NQ* stands in contrast with that of *H whose
attack on the OH group of HN§is energetically favored by
some 20 kcal mol.12 Such a different behavior of the two
cations can be rationalized by observing that ;NGorms
electrostatically bound complexes with HBlOvhereas the
attack of H" leads to formation of new covalent bonds, and
hence the process yielding the most stable molecu®, ks
favored. Thus,_the factprs controlling the stabil_ity of the r_eact_ion References and Notes
products are different in the case of protonation and nitration.
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