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Abstract

The structure, stability, and thermochemistry of all the gaseoys™NE) adducts which have been experimentally in-
vestigated to date by mass spectrometric techniques, includiegHF, HCI, H,O, CO, CQ, N2O, and Nk, have been
computationally studied by high-level of theory ab initio and DFT calculations. The investigation has been also extended to tt
still unexplored adducts of NF with H,S, NHs, and PH. The geometries of all the investigated species have been optimised
atthe B3LYP/6-31G(d) level of theory, and accurate total energies have been obtained using the G2MS procedure. It has b
possible to build up a theoretical scale of difluoronitrenium ion affinity (DFNA) and difluoronitrenium ion basicity (DFNB),
defined here as the minus enthalpy and free energy changes, respectively, of the associatjohtofINWith formation
of the NRt—(L) adduct. The calculated values (kcal mblof DFNA, 10.1 (L = HF), 10.7 (L= COy), 17.0 kcal mot?

(L = NF3), 17.5 (L= N0), 20.7 (L= HCI), 25.0 (L= CO), 33.1 (L= H,0), 57.6 (L= H,S), 78.0 (L= NH3), and 84.7

(L = PHz), demonstrate the occurrence of periodic trends in the stability of theNE) adducts. In addition, reasonably
good correlations have been found between the DFNA and the proton affinity (PA) and the DFNB and the gas-phase basic
(GB) of the presently investigated ligands. (Int J Mass Spectrom 216 (2002) 285—-299) © 2002 Elsevier Science B.V. A
rights reserved.
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1. Introduction tion, it boosts productivity by >30% while decreases
effluent emissions by 90% [6,7]. As a matter of fact,
Nitrogen trifluoride, NR, is one of the gaseous in the last few years, the industrial demand ofNias
compounds most extensively used in the electronic in- increased to such an extent that several leading com-
dustry to perform etching and cleaning processes by panies have planned or already completed significant
plasma techniques [1-5]. With respect to more tradi- capacity expansions in the production and distribution
tional fluorinated gases, such asdhd GFg, NF3 of this substance [8,9].
offers advantages of shorter atmospheric lifetime and  During the industrial processes, pure or diluted (for
avoidance of carbon contamination residues. In addi- example, with helium, argon, or oxygen) N5 dis-
sociated, usually by microwave discharge, to gener-
* Corresponding author. E-mail: fgrandi@unitus.it ate the chemically active fluorine atoms. However, a
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variety of ionic species, including NF (x = 1-3),
FNoT, and NQ.* (x = 1, 2) are also formed [10], and
their conceivable contribution to etching and clean-
ing is the focus of sustained experimental [11-13]
and theoretical [14,15] interest. In particular, the re-
sults of these studies point to the difluoronitrenium
ion, NR", as one of the most important ionic frag-
ments able to affect the quality and the yield of the
NFs-based industrial processes. The important role of
NF,* in the NRs-based plasmas is consistent with the

current knowledge we have on the gas-phase chem-

istry of ionised N and NF-based mixtures. Thus,
the NR* cation is the most abundant ionic fragment
usually detected from the electron impact [16-18],
photon impact [19,20], or charge exchange [21] dis-
sociation of pure Ng. In addition, the results reported

to date by the various research groups which have fo-
cused interest on the reactions commenced by the ion-

isation of NRs [22] or mixtures of N and gaseous
compounds such as GH23], CHs and H [23,24],
H,0O [25-27], HN; [28], HoN-CN [29], CO [30,31],
and NO [32], clearly indicate that the reactions in-
volving NFR" play a crucial role in this chemistry.
Exemplary processes include the activation of the ro-
bust CH, [23] and KO [26,27], the formal F trans-

fer to CO [30,31], the fixation of inert ligands such as
CO, [23], and a number of ligand-displacement reac-
tions [22,23]. All these processes involve the interme-
diacy or the eventual formation of an adduct between
NF,* and a diatomic or a simple polyatomic ligand
L, and the NE*T—(L) complexes must be indeed re-
garded as key species in the chemistry of ionised mix-
tures containing N§ As part of our continuing inter-
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adducts, including L= HF [22-24], KO [27], CO
[30,31], NbO [32], and NR [22] have been experi-
mentally investigated in considerable detail and also
studied by ab initio calculations. However, different
levels of theory have been employed, which prevents
direct comparison. We decided also to extend the in-
vestigation to the still unexplored adducts of NF
with H2S, NHg, and PH. From the fundamental point
of view, these ligands have been selected so to ap-
preciate the conceivable occurrence of periodic trends
in the structure, stability, and thermochemistry of the
simplest NbT—(L) adducts. As a matter of fact, our
computational results are the probably first systematic
investigation of the effect of the ligand L on the Lewis
acidity of a simple nitrenium ion. The theoretical in-
formation reported in the present article could reveal
of future interest in the discussion of still unexplored
features of the gas-phase ion chemistry of mixtures
containing NR.

2. Computational details

All the presently reported calculations have been
performed using the Unix versions of the GAUSSIAN
98 [34] and the MOLPRO 2000t1sets of programs
installed on a Alphaserver 1200 and a DS20E Compagq
machine.

The 298.15K total energies of our investigated
molecules and ions have been calculated using the
G2MS method [33]. We have already employed this
composite procedure to investigate the gas-phase
methylation of N [35] and the gas-phase proto-

est in this subject [24-32], we decided to undertake a Nation of NBO [36], and we have found that, for

comparative study, at the G2MS level of theory [33],
on the structure, stability, and thermochemistry of all
the adducts of NF" which have been experimentally

the species involved in these processes, the G2MS
method is able to achieve the so-called “chemical
accuracy” of ca. 1-2kcalmotl [37] in the repro-

species is in fact significantly different. The adducts
of NF>* with HCl and CQ have been observed in

1MOLPRO is a package of ab initio programs written by H.-J.
Werner and P.J. Knowles, with contributions from R.D. Amos, A.

the gas phase under low-pressure conditions [23], but Bernhadsson, A. Berning, P. Celani, D.L. Cooper, M.J.O. Deegan,
neither experiments nor theoretical calculations have A-J- Dobbyn, F. Eckert, C. Hampel, G. Hetzer, T. Korona, R.

been performed to date to disclose their detailed struc-

ture and stability. On the contrary, certain Ni=(L)

Lindh, A.W. Lloyd, S.J. McNicholas, F.R. Manby, W. Meyer, M.E.
Mura, A. Nicklass, P. Palmieri, R. Pitzer, G. Rauhut, M. Schatz,
H. Stoll, A.J. Stone, R. Tarroni, T. Thorsteinsson.
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the G2MS theory, the equilibrium geometry of a
species, obtained at the density functional level of
theory [38] using the B3LYP functional [39—41] in
conjunction with the 6-31G(d) basis set, is used to
perform single-point calculations at the Coupled Clus-
ter level of theory, including the effect of connected
triples, CCSD(T) [42,43], and at the second-order
Mgller—Plesset level of theory [44], in conjunction
with the 6-311+ G(2df,2p) basis set. The obtained
values furnish a combined enerdy; (G2MS), ac-
cording to the expression

Ec(G2MS) = E[CCSD(T)/6-31G(d)]
+ E[MP2/6-311+ G(2df, 2p)]
— E[MP2/6-31G(d)]

The CCSD(T)/6-31G(d) calculation forms the basis
of the energy expression, and the two MP2 cal-
culations correct for the basis set effects. All the
single-point calculations include the valence elec-
trons only (the frozen-core approximation) and the
6-311+ G(2df,2p) basis set is used with six d-type
and 10 f-type functions. The value &;(G2MS) is
subsequently corrected by adding two terms. The
first one is a higher-level correction, HLC(G2MS),
calculated according to the expression

HLC(G2MS) = —0.19n, — 5.78n

wheren, andng are the number of and (3 valence
electrons, respectively:{ > ng), and the second one
is the zero-point energy correction, ZPE, obtained us-
ing the unscaled B3LYP/6-31G(d) harmonic frequen-
cies. The G2MS energy at 0K obtained according to
the expression

G2MS(0K) = Ec(G2MS) + HLC(G2MS) + ZPE

is finally corrected at 298.15 K, G2MS (298.15K), by
adding the translational (3/2 RT), rotational (RT or
3/2 RT for linear and non-linear species, respectively),
and vibrational contributions at this temperature. The
last term is calculated using standard statistical me-
chanics formulas [45] using the B3LYP/6-31G(d) fre-
guencies. According to the free-rotor approximation,
the thermal contribution from vibrational frequencies
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less than 260 cm' has been evaluated as 1/2 RT [46].
The total entropies have been calculated using the
B3LYP/6-31G(d) harmonic frequencies and moments
of inertia.

3. Results and discussion

3.1. Structure, stability, and thermochemistry
of gaseous NF"

The structure of NF" and the relative stability of
its various electronic states have not yet been deter-
mined experimentally, and the information we have
comes from the results of the various ab initio cal-
culations which have been performed over the years
on this species [22,23,35,47-53]. The first important
conclusion from these studies is that the difluoroni-
trenium ion has a singlet ground stdi&; which is
more stable than the first excited triplet stdBy by
ca. 50 kcalmot?. The most accurate estimate of this
singlet—triplet gap, 2.214eV, has been obtained as
part of a MR-SD-CI investigation of seven low-lying
electronic states of the NF cation [50]. The study
of the electronic structure of NFE, based on the
topological analysis of the MP2/6-31G(d) electronic
wavefunction [23,49], indicates that both the HOMO
and the LUMO orbitals have significant contributions
from N-centred 2p orbitals. In addition, the nitro-
gen atom carries a positive partial chargetdf.164.
Both of these features point to WF as a strong
nitrogen-centred gaseous electrophile, prone to un-
dergo addition and insertion reactions rather than,
for example, radical abstractions. This suggestion
is indeed in line with the experimentally observed
and theoretically predicted behaviour of NFas a
gaseous Lewis acid (vide infra).

The geometric structure of NFE, in its various
electronic states, has been as well investigated by
theoretical calculations [22,23,35,47-53]. We simply
note here that, at the MR-SD-CI computational level,
the 1A; ground state is predicted to be a bent struc-
ture of Gy symmetry, with a N-F bond length of
1.242 A and a F-N-F bond angle of 108[80]. Our
B3LYP/6-31G(d) optimised parameters, 1.259 A and
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107.6, are in good agreement with these previously from B3LYP/6-31G(d) harmonic frequencies and mo-

computed values.

The thermochemistry of NF* deserves comment.
The quoted [54] enthalpy of formation of this species
at 298K, 275 kcalmoil, is based on the direct mea-
surement of the adiabatic ionisation potential (IP) of
the NF, radical, so far obtained as BP + 0.02 eV
[55] and subsequently refined as.@3 + 0.01eV
[56]. The enthalpy of formation of NP at 298 K can

ments of inertia at 298.15K are collected in Table 1.
We have also calculated the G2MS total energies and
entropies at 298.15K of all the presently investigated
ligands L and of their protonated forms, and the ob-
tained values are listed in Table 2.

If one defines the difluoronitrenium ion affin-
ity (DFNA) and the difluoronitrenium ion basicity
(DFNB) of a ligand L as the minus enthalpy and

be also obtained using its appearance potential (AP) free energy change, respectively, at 298.15K, of the

from the ionisation of NE. This AP has been so far
measured as 142+ 0.01eV [57], 14.10eV [20], and
14.04+0.01 eV [56]. Combined with the enthalpies of
formation (thermochemical data are taken from [58])
of F, 19.0kcalmot?, and NR, —31.6 kcal mot?,
theses values furnish enthalpies of formation obNF
at 298K of 275, 274.5, and 273.2 kcal mé] respec-
tively, which are in good agreement with the value
derived from the adiabatic IP of the WFadical. They

reaction

NF2T +L — NF2T—(L) 1)

the energy and entropy data of Tables 1 and 2, cor-
rected for thepV contribution, furnish the values
of DFNA and DFNB reported in Table 3. We have
also reported there the theoretical proton affinities
(PAs) and gas-phase basicities (GBs) of the lig-
ands L, calculated at 298.15K using the G2MS to-

are also consistent with two recent accurate theoretical tal energies and entropies of Table 2 and assuming

estimates of 277.76 [52] and 2B 0.9 kcal mol!
[53]. Therefore, in the present work, we will use
the value of 275 kcal mof* for the experimental en-
thalpy of formation of NE™ at 298 K. However, it
is to be mentioned here that the AP of NFfrom
NF3 has been also measured as713t 0.02 eV [18],
which reduces the enthalpy of formation of the ion
to 265.6 kcalmot'. Due to the discrepancy with all

the other experimental and theoretical values, we are 2a (0)

inclined to take this value with caution. Nevertheless,
it suggests that the AP of NF from NF3; should be
probably experimentally investigated in greater detail.

3.2. Adducts of gaseous NF with diatomic and
polyatomic ligands

The B3LYP/6-31G(d) optimised geometries of the
adducts between NF and HF, HCI, BO, H,S, NHg,
and PH;, henceforth indicated ak 2, 3, 4, 5, and6

are shown in Fig. 1, and those of the adducts betweengb ©)

NF>t and CO, CQ, N,O, and NR, henceforth indi-
cated a¥, 8, 9, and10 are shown in Fig. 2.

The G2MS total energies at 298.15K of all the
adducts1-10 and their total entropie$ calculated

the total entropy of H as 26.040calmoft K1,

Table 1
G2MS (298.15K) total energies (a.u.) and entropieS (
calmol1 K1) of the presently investigated adducts of NF

Specied G2MS (298.15K) &
1a (0) —353.95058 70.5
1b (1) —353.94861 69.0
—713.95055 76.2
2b (0) —713.94816 74.9
3a (0) —329.96818 70.6
3b (1) —329.96306 67.4
4a (0) —652.60036 73.2
4b (1) —652.59618 70.3
5a (0) —310.16473 67.4
5b (1) —310.16205 65.5
6a (0) —596.39167 721
6b (1) —596.38781 69.5
7a (0) —366.80083 70.5
7b (0) —366.76912 78.9
8 (0) —441.96095 82.1
9a (0) —438.05210 81.7
—438.04287 82.0
10a (0) —607.35039 87.4
10b (0) —607.33065 90.8

2The number of imaginary frequencies is given in parenthesis.
b From B3LYP/6-31G(d) harmonic frequencies and moments
of inertia and at 298.15K.
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Fig. 1. B3LYP optimised geometries (A anjl of the adducts of NF" with HF, HCI, H,O, HS, NHs, and PH (unlabelled circles are
hydrogen atoms).

The corresponding experimental values have been[23], has been invariably confirmed by the results of
taken from the recent compilation by Hunter and high-level of theory ab initio and DFT calculations
Lias [59]. [22-24,35]. The NE"—(HF) ion—dipole complexia
The adduct of NE™ with HF plays a crucial role  of Cs symmetry reported in Fig. 1 is in fact invari-
in the gas-phase ion chemistry of NHn fact, as ably predicted to be more stable than the HsNF
firstly suggested by Fisher and McMahon [23], and isomer. In particular, at the G2MS level of theory, the
subsequently confirmed by Schwarz and co-workers energy difference is computed as 2.1 kcalmolThe
[24] the gas-phase protonation of NBccurs pref- B3LYP/6-31G(d) optimised parameters td are in
erentially at the fluorine atom and the most stable very good agreement with previous HF/6-31G(d,p)
(NF3)H* isomer is indeed a loosely bound com- [23] and MP2/6-31G(d,p) [22] structural data. The
plex between NEF and HF. This conclusion, based novel finding we report here is the location of the con-
on the results of collisionally activated dissocia- formerlb, whose optimised structure is again consis-
tion (CAD) and mass-analysed ion kinetic energy tent with an ion—dipole complex between NFand
(MIKE) experiments [24], as well as on the study HF. However, at variance witha, characterised as a
of the reactivity of (NB)H' under ICR conditions  true energy minimum on the B3LYP/6-31G(d) poten-
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102 (C,) " 10b ()

Fig. 2. B3LYP optimised geometries (A afijl of the adducts of NfFt with CO, CQ, N0, and NR.

tial energy surface, iofib resulted to be a first-order  value of 11.5kcalmol! obtained as the difference
saddle point (imaginary frequency: 108.6ich), between the 298 K enthalpies of formation of NF
unstable with respect to the rotation of the H atom 275 kcal mot!; HF, —65.3 kcal mot?®; and (NR)HT,
around the N—F bond. At the G2MS level of theory, the 198.2 kcalmot?. The latter value is derived from
conformational barrier is evaluated as 1.2kcalmol  the experimental PA of N& 135.9 kcalmot?!, and
from the energy difference betwegaandlb, and the the enthalpy of formation of N —31.6 kcal mot?,
DFNA of HF is evaluated as 10.1 kcal midl Within and Hf, 365.7kcalmatl. The G2MS PA of NE,
their combined uncertainties, this theoretical estimate with formation of the isomerla, is computed as
compares quite favourably with the experimental 134.8 kcal mot?!.
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Table 2
G2MS (298.15K) total energies (a.u.) and entropi®scél mol-1 K—1) of the presently investigated ligands L, of their protonated forms
LH*, and of NR*

L G2MS (298.15 K) F LH+ G2MS (298.15K) S
HF ~100.34923 41.6 b+ ~100.53108 45.6
HCl —460.33225 44.6 bCI+ —460.54473 49.3
H,0 —76.33020 45.1 gO* —76.58985 46.2
H,S —398.92329 49.2 BB+ -399.19171 50.0
NH3 —56.45517 46.0 Nig+ —56.77761 44.4
PHs ~342.67147 50.2 Pyt —342.96734 48.6
co ~113.17576 47.2 H-CO ~113.39898 48.2

H-OC* —113.33892 38.1
COo, —188.35858 51.2 HO-CO —188.56234 57.4
N,O —184.43902 52.5 HO-NN —184.65679 57.9

HN-NO* —184.64968 56.9
NF3 —353.73809 62.4 H-NF —353.94718 62.3

FoN—FH* —353.95058 705
NF,* —253.58622 575

a8From B3LYP/6-31G(d) harmonic frequencies and moments of inertia and at 298.15K.

The adduc® between NET and HCI has been so  This finding suggests the occurrence of an exoergic
far observed by ICR mass spectrometry as the productor practically ergoneutral reaction and indicates the

of the ligand-displacement reaction NF,*T—(HCI) adduct as a stable species in the gas

phase. We have in fact located the-€§ymmetry iso-
NF2"—(HF) 4+ HCl — NF2*—(HCl) + HF (2) mer2aas an energy minimum on the B3LYP/6-31G(d)
Table 3

Calculated and experimental proton affinities (PA) and gas-phase basicities (GB) and calculgteaffitfities (DFNA) and basicities
(DFNBY) (kcalmof?1) at 298.15K of the presently investigated ligands L

L PA (G2MSP PA (exp} GB (G2MS) GB (exp) DFNA (G2MSP DFNB (G2MS}
HF 115.6 115.7 109.0 109.2 10.1, 19.5 1.6
HCl 134.8 133.1 128.4 126.7 20.7 13.0
H,0 164.4 165.2 157.0 157.7 33.1 23.6
H,S 169.9 168.5 162.4 161.0 57.6 47.6
NH3 203.8 204.0 195.6 195.7 78.0 67.2
PHs 187.1 187.6 178.9 179.5 84.7 74.1
CO (C) 141.6 142.0 134.1 134.5 25.0 14.8
CO (0) 103.9 101.9 93.4 96.1 5.1 -2.6
CO, 129.3 129.2 123.4 123.3 10.7 2.8
N,O (O) 138.1 1375 132.0 131.1 17.5 9.1
N2O (N) 133.7 131.4 127.3 125.1 11.7 3.4
NF3 (F) 134.8 135.9 129.5 128.7 4.6 —41
NF3 (N) 132.7 124.9 17.0, 1797 7.3

aPresent work.

b Taken from [59].

¢ Experimental value based on the PA of \NF
d Experimental value taken from [22].
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potential energy surface and computed the DFNA 3.2kcalmot?® from the G2MS (298.15K) energy

of HCl as 20.7 kcalmoil. Therefore, reaction (2)
results exothermic by 10.6 kcal mdi and exoergic,
at 298.15K, by 11.4kcalmot. From Fig. 1, the
N-CI bond distance ofa is computed as large as
2.333A. The comparison with the B3LYP/6-31G(d)
N—CI distance of NECI, 1.813 A (the experimental
value is 1.73 A [60]) indicatega as an ion—dipole
complex between NF and HCI. We have also
located as an additional energy minimum on the
potential energy surface the conformational iso-
mer 2b, which is, however, less stable th@a by
1.5 kcal mot .

The adducB between NET and HO has been so
far observed [27] from the chemical ionisation (CI)
of NFs/H2,0O mixtures. It was characterised by CAD
and MIKE spectrometry as the intermediate involved

in the following addition—elimination reaction:
NF," + Ho0 — FN-OH' + HF (3)

the overall occurrence of which was unambiguously

difference betweeBa and 3b.

The comparison between the computed DFNAs of
HF, 10.1 kcalmot?®, and HCI, 20.7 kcal moit, sug-
gests that the interaction of NF with second-row
atoms should be larger than first-row ones. To better
appreciate this periodic trend in the difluoronitrenium
ion affinities and basicities, we decided to investigate
the still unreported adducts between JNFand HS,
NHs, and PH. For all these species we have located
two distinct conformes, but the “eclipsed” struc-
tures 4b, 5b, and 6b were invariably characterised
as first-order saddle points (imaginary frequencies:
142.6i, 212.7i, and 204.3icnt, respectively), un-
stable with respect to the rotation of the$] NHs,
and PH moieties around the N-S, the N-N, and
the N—P bonds, respectively. In addition, the G2MS
energy differences with the minimum-energy struc-
tures4a, 5a, and 6a were found to be comparable
and computed as 2.6, 1.7, and 2.4 kcalndolre-
spectively. The most important finding is that the

ascertained by Fourier-transform ICR (FT-ICR) mass DFNA of H,S, 57.6 kcal mot?, is indeed larger than
spectrometry. In the same study, the structure and H,O by more than 24kcalmol. The DFNA of

stability of NR,T—(H,0), as well as its unimolecular

PHs, 84.7 kcalmot?, is also larger than the DFNA

decomposition processes of lowest energy, have beenof NH3, 78.0 kcal mot?, although by a significantly

investigated by G1 ab initio calculations. It is of rel-
evance to note here that the N~(H,O) structure

less extent. The appreciable DFNAs 0b$] NHg,
and PH are consistent with the computed structures

located so far on the MP2/6-31G(d) potential energy of 4a, 5a, and6a. In particular, we note the relatively

surface corresponds to the confornf@a presently
located on the B3LYP/6-31G(d) potential energy
surface. The B3LYP/6-31G(d) N-O distance 34,
1.820A, is slightly longer than the MP2/6-31G(d)
value of 1.720A, and, overall, compared with the

short N-S, N-N, and N-P bond distances, 2.027,
1.521, and 1.781A, respectively, and the significant
elongations of the N—F distances of theJ\Roieties
with respect to free NFF (N-F: 1.259 A).

The adducts7a and 7b between NET and CO

MP2 values, the DFT optimised parameters suggest ahave been so far discussed [31] as the intermediates

slightly weaker interaction between MNF and HO.
In fact, the G2MS (298.15K) DFNA of D, com-
puted as 33.1 kcal mot, is lower than the G1 value,
obtained using MP2 geometries, by 3.2 kcalTol

involved in the following spin-forbidden formal*F
transfer reaction:

INF,*t 4+ CO— FCO' + NF (4)

[27]. In the present study, we have also located the The detailed mechanistic aspects of this process have

conformational isomeBb, which however revealed

a first-order saddle point (imaginary frequency:
204.4icntt), unstable with respect to the rotation
of the HLO moiety around the N-O bond. The cor-

been investigated by a combination of mass spectro-
metric techniques and DFT and ab initio calculations,
and we simply mention here that theN~—CO™ con-
nectivity of 7a has been ascertained by both CAD and

responding conformational barrier is predicted as MIKE experiments. Here, we wish to make certain
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additional considerations on the detailed structure and Generally speaking, the occurrence of gas-phase ionic
stability of 7a and 7b, so to place these two species processes which involve the robust carbon dioxide are
in the more general context of the experimental and of considerable fundamental interest, and the fixation
theoretical studies on the adducts of CO with sim- and chemical activation of C{by gaseous cations of
ple gaseous cations. The theoretical investigation of main-group [64,65] and transition [66—68] elements
the adducts between CO and monoatomic iors M have been investigated by numerous research groups.

[61,62] clearly indicates that, in the absenceardfack
donation from M~ to CO, theo bonding between
the C atom of CO and M results in a tighter C-O
bond than in the free molecule, which is reflected in
a shorter C-0O bond distance and in a blue shift of the
C-0 stretching frequency. On the opposite, ligation of
M to the O atom of CO elongates the C—O bond and
red shifts the C-O stretching frequency. In addition,
the O-co-ordinated WM—(CO) isomer is invariably

In fact, these studies are expected to throw light on the
detailed elementary steps which are conceivably in-
volved in the complex natural and synthetic sequences
which result in the fixation of C®and its conversion
into useful products under different experimental con-
ditions. Our interest in this topic comes from the ex-
perimental observation [69] that the ligation of carbon
dioxide to gaseous SiF leads to the coupled activa-
tion of CO, and aromatic C—H bonds. We simply note

predicted to be less stable than the C-co-ordinated here that the chemically active SiF~(CQ,) adduct

one. Our results on the addudta and 7b fully con-
form to these expectations. The B3LYP/6-31G(d)
C-O distance ofa, 1.130A, is shorter than free CO,
1.138A, and the stretching frequency of the CO moi-
ety of 7a, 2328.6 cnt?, is higher than the vibrational
frequency of CO, 2208.2cnt. The C-O distance
of 7b, 1.148A, is instead longer than CO, and the
stretching frequency of the CO moiety amounts to
2117.0cntl. In addition, isomer7a is more stable
than 7b by 19.9 kcalmot?. It is of interest to note

here that similar evidences have been obtained on the

structure and stability of the isomeric Si~—(CO)
ions, so far investigated by selected-ion flow tube
(SIFT) spectrometry and DFT theoretical calculations
[63]. The G2MS DFNA of CO with formation ofa
is presently computed as 25.0 kcal mhl

The adducB between NET and CQ has been so
far observed by Fisher and McMahon by ICR spec-
trometry as the product of the ligand-displacement re-
action [23]

NF,*—(HF) + CO; — NF2"—(COp) + HF (5)

This finding suggests that reaction (5) is an exoergic
or practically ergoneutral reaction. Consistently, from
Table 3, at the G2MS level of theory, the DFNA of
CO, is presently computed as 10.7 kcal mbl and,

at 298.15K, reaction (5) is predicted to be exother-
mic by 0.6 kcal mot® and exoergic by 1.2 kcal mot.

was obtained from the ligand-displacement reaction
(6)

which is strictly analogous to reaction (5). In addition,
it is relevant to mention here the observation reported
so far [70] of the ligand-displacement reaction involv-
ing protonated Asf

SiFsT—(HF) + CO; — SiFst—(COy) + HF

AsFsHT + CO, — AsFT—(COy) + HF @)

The low DFNA of CQ is consistent with the com-
puted structure of io. This species arises from the
week interaction between the positive charge of NF
and the negatively charged oxygen atoms of,C&®
molecule which has a negative quadrupole moment
[71]. As a result, from Fig. 2, one of the C-O bond
lengths ofg, 1.197 A, is 0.028 A longer than the other
one, 1.150A, and the latter is in turn 0.019 shorter
than the C-O bond distance of free €O

The adduct9 between NEt and NO has been
so far observed [32] from the CI of NFN2O mix-
tures. It was characterised by CAD and MIKE spec-
trometry as the intermediate involved in the following

oxygen-atom abstraction:
NF>™ + NoO — NF>,0™ + N, (8)

the overall occurrence of which was unambigu-
ously ascertained by FT-ICR spectrometry. At the
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MP2(full)/6-31G(d) level of theory, the oxygen- clusion was supported by the results of ab initio calcu-
co-ordinated isomeBa resulted to be more stable lations. At the MP4(SDTQ)/6-31G(d)//HF/6-31G(d)
than the nitrogen-co-ordinated isom@&b by only level of theory, the EN-NF3™ isomer was found to be
1.4 kcalmot?. The results of the present more accu- more stable than the alternativeN-F—NR* struc-
rate study reveal that this energy difference is proba- ture by 8.7 kcal mot!, and the enthalpy change of re-
bly more pronounced. In fact, at the B3LYP/6-31G(d) action (9), with formation of the nitrogen-co-ordinated
level of theory, both ion®a and 9b have been lo- isomer, was computed as 17.0kcal ml in very
cated as true minima on the potential energy surface, good agreement with the experimental value. Our
and, at the G2MS level of theory, the former species present G2MS theoretical results are fully consistent
is more stable by 5.8kcalmot. In addition, the with this interpretation of the details of reaction (9).
DFNA of N2O with formation of9a is obtained as At the B3LYP/6-31G(d) level of theory, we have in
17.5kcalmot?. This value is consistent with typical fact located as true energy minima on the potential
solvation energies of MO with gaseous cations of energy surface the two distinct isomé@a and10b,
main-group elements, including, for example, NO  which formally arise from the ligation of NP to the
02", NoOT, NoOHT, and HO™ [72]. The relatively nitrogen and the fluorine atoms of BlFrespectively.
low energy difference betweeda and 9b reflects in At the G2MS level of theory]lOa is more stable than
the similarity of their computed structure. We note in  10b by 12.4 kcal mot?, and, assuming the formation
particular that the overall asymmetries of the N-N and of 10a, the enthalpy change of reaction (9), i.e. the
N-O bonds of the two ions with respect to free DFNA of NFg, is obtained as 17.0 kcal mdl, which
are practically coincident and obtained as 0.045 A for is in excellent agreement with the experimental and
ion 9a and 0.044 A for ior9b (the B3LYP/6-31G(d) the MP4(SDTQ)/6-31G(d)//HF/6-31G(d) theoretical
N-N and N-O bond lengths of /D are computed as  data. In addition, from Tables 1 and 2, we evaluate the
1.134 and 1.193 A, respectively). entropy change of reaction (9) as 32.5 calmd{ 1,
The ligation of NR* to NFs has been so far inves-  which practically matches the experimental value.
tigated in considerable detail by Hiraoka et al. using The only appreciable differences with the results
pulsed electron-beam mass spectrometry and ab initioof Hiraoka et al. are in the optimised geometries
theoretical calculations [22]. It is, therefore, of inter- of ions 10a and 10b. At the HF/6-31G(d) level of
est to compare our present theoretical results on thetheory, they found a staggered conformation as the
NF,T—(NFs) adducts with these previous experimen- optimised structure ofi0a, which we have instead
tal and theoretical findings. characterised as a rotational first-order saddle point
Hiraoka et al. have obtained the MNF(NF) on the B3LYP/6-31G(d) potential energy surface. In
adducts10 by two different routes. The first one is  addition, the HF/6-31G(d) optimised geometry of ion
the direct clustering reaction of NF with NF3 10b resulted strongly asymmetric and consisting es-
sentially of a NET ion ligated to the F atom of NfF
NF2™ + NF3 + NF2"~(NF3) ) atadistance of 2.122 A. At the B3LYP/6-31G(d) level
whose enthalpy and entropy changes were ex- of theory, we have instead obtained a fluoronium ion
perimentally measured from a van't Hoff plot as of C, symmetry?> which consists of two equivalent
17.7 kcalmot?! and 32.3 calmol! K1, respectively. NF, moieties ligated at the central F atom at a bond
Based on the observation that the bond dissociation distance of 1.769 A. Such differences in the structures
energy of the NE"—(HF) adduct is significantly = computed at the HF and B3LYP level of theory are
lower than 17.7 kcalmof' but the dipole moment
of NF3, 0.2 D, is much smaller than HF, 1.9D, they 2Searching under the cons_traipt ofz\_)(}symmetry, we have_ lo-
. . cated a first-order saddle point (imaginary frequency: 31.2i%9m
proposed the formation from reaction (9) of the

unstable with respect to the distortion of the two JNiRoieties.
nitrogen-co-ordinated isomer,R—NFs*. This con- This species is, however, practically degenerate withlioin
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not surprising and likely reflect the partial inclusion 3.3. Lewis acidity of NE": the difluoronitrenium
of electron correlation effects in the geometry opti- ion affinity (DFNA) and basicity (DFNB) scale
misation of10a and 10b performed at the DFT level
of theory. The DFNAs of our investigated ligands L, calcu-
Hiraoka et al. have also obtained the ;NF(NFs3) lated at the G2MS level of theory, are expected to be
adduct from the ionisation of a mixture of 2N as accurate as ca. 2 kcal méland span an interval
H,, and NR. In this case, the formation of the of ca. 80kcalmot!, ranging from 5.1 kcal moft
observed NE"—(NFs) cluster was ascribed to the for L = CO (assuming the formation of the
ligand-displacement reaction oxygen-co-ordinated isomerb) to 84.7 kcal mot?®
NF>*—(HF) + NF3 — NFy™—(NF3) + HF (10) for L = PHz. Taking alsg ir_lto accqunt the variety of
the included ligands, this interval is large enough to
and the ionic product was assigned as the less sta-regard the values listed in Table 3 as a DFNA scale.
ble EN-F-NR*1 isomer. This conclusion rested on The theoretical DFNAs of HF, 10.1 kcal mdi, and
the observation that the activation energy for the NFs (with formation of the N-co-ordinated isomer
conceivably barrier-free unimolecular dissociation 10a), 17.0 kcal mot?, are the only two absolute val-
of the NRT—(NF3) adduct from reaction (10) was ues of this scale which can be experimentally checked.
experimentally measured from an Arrhenius plot However, the favourable comparison with the exper-
as 8.5kcalmot!. This is significantly lower than  imental values of 11.5 and 17.7 kcal mé) respec-
the dissociation energy of the,N-NFs* isomer tively, reinforces the expectation that the DFNAs and
and was found in very good agreement with the DFNBs listed in Table 3 can be used to rationalise or
MP4(SDTQ)/6-31G(d)//HF/6-31G(d) binding energy predict the occurrence in the gas phase of exothermic
of the LN-F-NR* isomer of 8.3 kcal mol®. At the or exoergic NE* transfer reactions between simple
G2MS level of theory, this value is, however, lower ligands L. As a matter of fact, the two experimentally
and computed as 4.6kcalmdl The kinetically observed ligand-displacement reactions (2) and (5) are
favoured formation of the less stable isoméb from in keeping with the ranking of this theoretical scale.
reaction (10) was ascribed to a quite small cross sec- We have also investigated the conceivable occur-
tion for the direct formation of the thermodynamically rence of a correlation between the DFNA and DFNB
favoured isomeiOa, and this appears indeed as the of our investigated ligands and their PA and GB. To
most plausible explanation. We have, however, to note this end, we have first calculated the PAs of all the
that even using the experimental DFNA values of HF, ligands at the G2MS level of theory and compared the
11.5kcalmot?!, and NR (with formation of 10b), obtained values with the experimental ones. From Ta-
reaction (10) results endothermic by 3.0 kcal mol ble 3, taking also into account the error bars associated
Using the total entropies of the involved species which with the two sets of values, the PAs and the GBs cal-
are listed in Tables 1 and 2, at 298.15K, the reaction culated at the G2MS level of theory are in very good
is also endoergic by 3.2 kcal mdl. Using our G2MS agreement with the experimental values, thus provid-
theoretical values, reaction (10) results endothermic ing additional evidence for the adequacy of the G2MS
by 5.5kcalmot! and endoergic by 5.7 kcal nol. theory to reproduce or predict thermochemical quan-
Since the conditions employed in the high-pressure tities of diatomic and simple polyatomic ligands.
experiments by Hiraoka et al. should prevent the for- A plot of the G2MS DFNAs versus G2MS PAs (both
mation of appreciable amounts of excitesN®—(HF) expressed in kcal mot) of our investigated ligands is
precursor ions, in principle able to undergo the en- shown in Fig. 3.
dothermic and endoergic reaction (10), the kinetically =~ Taking into account the variety of the included lig-
controlled formation of isometOb from reaction (10) ands, the correlation between the two sets of values
should be probably investigated in greater detail. appears to be reasonably good and expressed by the
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Fig. 3. Plot of theoretical DFNAs (kcal mot) vs. theoretical PAs
(kcalmol1) of the presently investigated ligands.

following equation:

DFNA(G2MS) = 0.90PAG2MS) — 1019
(R? = 0.875

A quite similar correlation §? 0.848) does ex-
ist between the calculated values of DFNB and GB.
Although the number of the presently investigated
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X—N-YT strictly depends on their electronic structure
and on the nature of the substituents X and Y. The
parent nitrenium ion Nb* has a triplet ground state
(By), with two unpaired nonbonding electrons which
occupy orbitals of similar energy, centred essentially
on the nitrogen atom. In this electronic configuration,
NH,T is expected to bind ligands through hydrogen
rather than nitrogen, forming loosely bound com-
plexes of general structure L-H-N+*HThis expec-
tation is confirmed, for example, by the recent results
reported by Dopfer et al. [73] on the gaseous adducts
of triplet ground-state Nbi* with the noble gases
helium and argon, investigated by photodissociation
spectroscopy and ab initio calculations. The experi-
mental and theoretical evidence point to quasi-linear
proton-bound species He—H—N+tnd Ar—-H-N-H",
whose bond dissociation energies are evaluated as
273 and 1773cml, respectively. On the contrary,
singlet nitrenium ions have two paired nonbonding
electrons and a low-energy unoccupied orbital, and
should behave more like a carbocation, participating
in processes that involve shifts of electron pairs from
the ligand to the nitrogen atom. An important con-
firmation to this qualitative expectation comes, for

ligands is probably too small to appreciate the general example, from the experimental results concerning

validity of the above correlations between thermo-

chemical quantities, they provide, however, encourag-

ing evidence for the conceivable occurrence of simple
relationships between the DFNA and the PA or the
DFNB and the GB of a given ligand L. A more de-
tailed discussion of this point, as well as a more critical
check of the DFNA and DFNB scales reported in Ta-
ble 3, would require additional experimental evidence
concerning the thermochemistry of the adducts of
gaseous NF". The presently reported theoretical re-
sults could stimulate future work along this direction.
As a final point in this section, we wish to place our
computational results on the adducts of MNFwith
diatomic and simple polyatomic ligands in the more
general context of the structure and stability of the
complexes of simple nitrenium ions, a topic which is
currently attracting considerable experimental [73,74]
and theoretical [75] interest. Generally speaking, the
type of complexes formed by simple nitrenium ions

the reactivity of organic nitrenium ions, which usually
possess a singlet ground state [76]. Thus, these reac-
tive intermediates behave not only as C electrophiles,
which is usually related to the important contribu-
tion of imine-like resonance structures, but also N
electrophiles. From the experimental point of view,
the Lewis acidity of the simplest nitrenium ions in
their singlet state is still essentially unexplored. The
results of recent ab initio calculations on the adducts
of singlet XNH" ions (X = H, F, Cl, CN, and CH)

with H>O [75] clearly indicate that, for a given ligand
L, the nature of the substituent X strongly affects the
structure and stability of these species. Thus, at the
QCISD(T)/6-311+ G(d,p)//QCISD/6-311+ G(d,p)
level of theory, the binding energy of the cation
to H,O range from 6.6 kcal molt for CH3NH* to
81.2 kcal mot?! for NH,*, and the computed struc-
tures parallel these trends in the stability. The results
of the present computational investigation provide the
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probabily first evidence concerning the effect of the lig-
and L on the Lewis acidity of a simple nitrenium ion.

We note in particular that, for hydrogen-containing
ligands, the DFNAs of second-row molecules are
invariably higher than their first-row congeners. How-

297

been not yet experimentally observed, so to appreci-
ate the conceivable occurrence of periodic trends in
the Lewis acidity of NE™. It has been so possible to
build up a theoretical scale of difluoronitrenium ion
affinities and basicities, which should be useful to pre-

ever, the extent of the computed difference becomes dict or rationalise NE* transfer reactions in the gas

progressively smaller moving from the right to the
left of the periodic system. Thus, the DFNA of HCI,
20.7 kcalmot?, is more than twice the DFNA of
HF, 10.1kcalmotf!, whereas the DFNA of P
84.7 kcalmot?, is only 6.7 kcalmot! higher than
NHs;. For ligands containing exclusively heavy atoms,
we note that our computed values of DFNAs are in

line with trends expected form previous observations

concerning the thermochemistry of their adducts with
positive ions. Thus, the oxygen-co-ordinated iso-
mer of the NET—(N>O) adduct is predicted to be

less stable the nitrogen-co-ordinated structure by ca.

6 kcalmol 2, and this energy difference parallels the
order of stability usually computed for the isomeric
ions arising from the ligation of a gaseous cation to
N2O, including (NO)H*. In addition, the order of
stability of the nitrogen- and fluorine-co-ordinated
isomers of the NFF—(NF3) adduct parallels, for ex-
ample, the thermodynamically favoured ligation of
CHgs™ to the nitrogen atom of Nfwhich is predicted
by the results of ab initio calculations on the structure
and stability of isomeric CEI"—(NFg) ions [35]. A
more detailed theoretical investigation of the effect of
the ligand L on the Lewis acidity of simple nitrenium
ions is currently in progress in our laboratory.

4. Conclusions

The adducts of NF™ with diatomic and simple

phase. A more detailed investigation of this scale and
its extension to novel ligands could reveal of future
experimental interest.

Acknowledgements

The authors wish to thank the Italian Ministero dell’
Istruzione, dell’ Universita e della Ricerca (MIUR)
and Consiglio Nazionale delle Ricerche (CNR) for
financial support.

References

[1] J.A. Barkanic, D.M. Reynolds, R.J. Jaccodine, H. Stenger, J.
Parks, H.L. Vedage, Solid State Technol. 32 (1989) 109.

[2] J. Kikuchi, M. lga, H. Ogawa, S. Fujimura, H. Yano, Jpn. J.
Appl. Phys. 33 (1994) 2207.

[3] V.Yu. Fominski, O.l. Naoumenko, V.N. Nevolin, A.P. Alekhin,
A.M. Markeev, L.A. Vyukov, Appl. Phys. Lett. 68 (1996)
2243,

[4] J.G. Langan, S.W. Rynders, B.S. Felker, S.E. Beck, J. Vac.
Sci. Technol. A 16 (1998) 2108.

[5] B.E.E. Kastenmeier, G.S. Oehrlein, J.G. Langan, W.R. Entley,
J. Vac. Sci. Technol. A 18 (2000) 2102.

[6] F. Ishii, Y. Kita, in: T. Nakajima, B. Zemva, A. Tressaud
(Eds.), Advanced Inorganic Fluorides, Elsevier, Amsterdam,
2000, Chapter 19, p. 629.

[7] D.T. Meshri, in: T. Nakajima, B. Zemva, A. Tressaud (Eds.),
Advanced Inorganic Fluorides, Elsevier, Amsterdam, 2000,
Chapter 20, p. 673.

[8] Japan Chemical Week, August 24, 2000, availablétgt://
www.chemnews-japan.com

[9] Air Products web site http://www.airproducts.com/gases/
elecspgas.html

polyatomic ligands play a central role in the gas-phase [10] H.-P. Hsueh, R.J. McGrath, B. Ji, B.S. Felker, J.G. Langan,

chemistry of ionised mixtures containing BlAN the

present study, we have performed a comparative in-
vestigation, at an uniform and accurate level of theory,

of the structure, stability, and thermochemistry of all
the gaseous complexes of NFwhich have been ex-

perimentally observed to date. We have also extended

E.J. Karvacki, J. Vac. Sci. Technol. B 19 (2001) 1346.

[11] T.W. Little, F.S. Ohuchi, Surf. Sci. 445 (2000) 235.

[12] J.G. Langan, S.E. Beck, B.S. Felker, S.W. Rynders, J. Appl.
Phys. 79 (1996) 3886.

[13] M. Konuma, E. Bauser, J. Appl. Phys. 74 (1993) 62.

[14] A. Endou, T.W. Little, A. Yamada, K. Teraishi, M. Kubo,
S.S.C. Ammal, A. Miyamoto, M. Kitajima, F.S. Ohuchi, Surf.
Sci. 445 (2000) 243.

the scope of the investigation to species which have [15] A. Jenichen, J. Phys. Chem. 100 (1996) 9820.


http://www.chemnews-japan.com
http://www.chemnews-japan.com
http://www.airproducts.com/gases/elecspgas.html
http://www.airproducts.com/gases/elecspgas.html

298

[16] P.D. Haaland, C.Q. Jiao, A. Garscadden, Chem. Phys. Lett.
340 (2001) 479.

[17] V. Tarnovsky, A. Levin, K. Becker, R. Masner, M. Schmidt,
Int. J. Mass Spectrom. lon Processes 133 (1994) 175.

[18] R. Ruede, H. Troxler, Ch. Beglinger, M. Jungen, Chem. Phys.
Lett. 203 (1993) 477.

[19] D.P. Seccombe, G.K. Jarvis, B.O. Fisher, R.P. Tuckett, Chem.
Phys. 250 (1999) 335.

[20] H. Baumgartel, H.-W. Jochims, E. Rihl, H. Bock, R. Dammel,
J. Minkwitz, R. Nass, Inorg. Chem. 28 (1989) 943.

[21] T.M. Miller, J.F. Friedman, A.E. Stevens Miller, J.F. Paulson,
J. Phys. Chem. 98 (1994) 6144.

[22] K. Hiraoka, M. Nasu, S. Fujimaki, S. Yamabe, J. Phys. Chem.
99 (1995) 15822.

[23] J.J. Fisher, T.B. McMahon, J. Am. Chem. Soc. 110 (1988)
7599.

[24] F. Grandinetti, J. HruSak, D. Schréder, S. Karrass, H. Schwarz,
J. Am. Chem. Soc. 114 (1992) 2806.

[25] F. Cacace, F. Grandinetti, F. Pepi, Angew. Chem. Int. Ed.
Engl. 33 (1994) 123.

[26] M. Aschi, F. Cacace, F. Grandinetti, F. Pepi, J. Phys. Chem.
98 (1994) 2713.

[27] M. Aschi, F. Grandinetti, F. Pepi, Int. J. Mass Spectrom. lon
Processes 130 (1994) 117.

[28] F. Cacace, F. Grandinetti, F. Pepi, Inorg. Chem. 34 (1995)
1325.

[29] F. Cacace, F. Grandinetti, F. Pepi, J. Chem. Soc., Chem.
Commun. (1994) 2173.

[30] F. Grandinetti, F. Pepi, A. Ricci, Chem. Eur. J. 2 (1996) 495.

[31] M. Aschi, F. Grandinetti, V. Vinciguerra, Chem. Eur. J. 4
(1998) 2366.

[32] F. Cacace, F. Grandinetti, F. Pepi, J. Phys. Chem. 98 (1994)

8009.

[33] R.D.J. Froese, S. Humbel, M. Svensson, K. Morokuma, J.
Phys. Chem. 101 (1997) 227.

[34] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A.
Robb, J.R. Cheeseman, V.G. Zakrzevski, J.A. Montgomery,
R.E. Stratman, J.C. Burant, S. Dapprich, J.M. Millam,
A.D. Daniels, K.N. Kudin, M.C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C.
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G.A. Petersson,
P.Y. Ayala, Q. Cui, K. Morokuma, D.K. Malick, A.D.
Rabuck, K. Raghavachari, J.B. Foresman, J. Cioslowski, J.V.
Ortiz, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R.L. Martin, D.J. Fox, T. Keith,
M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzalez,
M. Challacombe, P.M.W. Gill, B.G. Johnson, W. Chen,
M.W. Wong, J.L. Andres, M. Head-Gordon, E.S. Replogle,
J.A. Pople, GAUSSIAN 98, Revision A.6, Gaussian, Inc.,
Pittsburgh, PA, 1998.

[35] F. Grandinetti, P. Cecchi, V. Vinciguerra, Chem. Phys. Lett.
281 (1997) 431.

[36] F. Grandinetti, P. Cecchi, V. Vinciguerra, Int.
Spectrom. lon Processes 175 (1998) 317.

[37] C.W. Bauschlicher Jr., S.R. Langhoff, Science 254 (1991)
394.

J. Mass

F. Grandinetti, V. Vinciguerra/International Journal of Mass Spectrometry 216 (2002) 285-299

[38] W. Koch, M.C. Holthausen, A Chemist's Guide to Density
Functional Theory, Wiley, Weinheim, 2000.

[39] A.D. Becke, J. Chem. Phys. 98 (1993) 5648.

[40] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785.

[41] P.J. Stephens, F.J. Devlin, C.F. Chabalowski, M.J. Frisch, J.
Phys. Chem. 98 (1994) 11623.

[42] K. Raghavachari, G.W. Trucks, J.A. Pople, M. Head-Gordon,
Chem. Phys. Lett. 157 (1989) 479.

[43] C. Hampel, K. Peterson, H.-J. Werner, Chem. Phys. Lett. 190
(1992) 1, and references therein.

[44] C. Mgller, M.S. Plesset, Phys. Rev. 46 (1934) 618.

[45] D.A. McQuarry, Statistical Mechanics, Harper & Row, New
York, 1976.

[46] A.P. Scott, L. Radom, J. Phys. Chem. 100 (1996) 16502.

[47] J.F. Harrison, C.W. Eakers, J. Am. Chem. Soc. 95 (1973)
3467.

[48] K.A. Peterson, R.C. Mayrhofer, E.L. Sibert lll, R.C. Woods,
J. Chem. Phys. 94 (1991) 414.

[49] A. Gobbi, G. Frenking, Bull. Chem. Soc. Jpn. 66 (1993) 3153.

[50] Z.-L. Cai, Chem. Phys. Lett. 202 (1993) 70.

[51] M.E. Jacox, W.E. Thompson, J. Chem. Phys. 102 (1995) 6.

[52] A. Ricca, Chem. Phys. Lett. 294 (1998) 454.

[53] M. Aschi, F. Grandinetti, J. Mol. Struct. (Theochem.) 497
(2000) 205.

[54] S.G. Lias, J.A. Bartmess, J.F. Liebman, J.L. Holmes, R.D.
Levin, W.G. Mallard, J. Phys. Chem. Ref. Data 17 (Suppl.
1) (1988).

[55] A.B. Cornford, D.C. Frost, F.G. Herring, C.A. McDowell, J.
Chem. Phys. 54 (1971) 1872.

[56] J. Berkowitz, J.P. Greene, J. Foropoulos Jr., O.M. Neskoviee,
J. Chem. Phys. 81 (1984) 6166.

[57] V.H. Dibeler, J.A. Walker, Inorg. Chem. 8 (1969) 1728.

[58] PJ. Linstrom, W.G. Mallard (Eds.), NIST Chemistry
Webbook, NIST Standard Reference Database Number 69,
July 2001, National Institute of Standard and Technology,
Gaithersburg, MD 20899, USAn(tp://webbook.nist.ggv

[59] E.P. Hunter, S.G. Lias, J. Phys. Chem. Ref. Data 27 (1998)
413.

[60] H.H. Sisler, in: R. Bruce King (Ed.), Encyclopedia of
Inorganic Chemistry, Wiley, New York, p. 2549.

[61] A.M. Ferrari, P. Ugliengo, E. Garrone, J. Chem. Phys. 105
(1996) 4129.

[62] A.J. Lupinetti, S. Fau, G. Frenking, S.H. Strauss, J. Phys.
Chem. A 101 (1997) 9551.

[63] A.E. Ketvirtis, V.I. Baranov, D.K. Bohme, A.C. Hopkinson,
Int. J. Mass Spectrom. lon Processes 153 (1996) 161.

[64] A. Andersen, F. Muntean, D. Walter, C. Rue, P.B. Armentrout,
J. Phys. Chem. A 104 (2000) 692.

[65] C.S. Yeh, K.F. Willey, D.L. Robbins, J.S. Pilgrim, M.A.
Duncan, J. Chem. Phys. 98 (1993) 1867.

[66] M. Dieterle, J.N. Harvey, C. Heinemann, J. Schwarz, D.
Schréder, H. Schwarz, Chem. Phys. Lett. 277 (1997) 399.

[67] H.-J. Fan, C.-W. Liu, Chem. Phys. Lett. 300 (1999) 351.

[68] B.L. Tjelta, D. Walter, P.B. Armentrout, Int. J. Mass Spectrom.
204 (2001) 7.

[69] P. Cecchi, M.E. Crestoni, F. Grandinetti, V. Vinciguerra,
Angew. Chem. Int. Ed. Engl. 35 (1996) 2522.


http://webbook.nist.gov

F. Grandinetti, V. Vinciguerra/International Journal of Mass Spectrometry 216 (2002) 285-299 299

[70] C.E. Doiron, T.B. McMahon, Inorg. Chem. 19 (1980) 3037. [74] S. Srivastava, M. Kercher, D.E. Falvey, J. Org. Chem. 64

[71] A.D. Buckingham, R.L. Disch, Proc. Roy. Soc. A 273 (1963) (1999) 5853.

275. [75] M. Marquez, F. Mari, C.A. Gonzalez, J. Phys. Chem. A 103
[72] K. Hiraoka, S. Fujimaki, K. Aruga, T. Sato, J. Chem. Phys. (1999) 6191.

101 (1994) 4073. [76] M.B. Sullivan, K. Brown, C.J. Cramer, D.G. Truhlar, J. Am.
[73] O. Dopfer, D. Roth, J.P. Maier, Chem. Phys. Lett. 310 (1999) Chem. Soc. 120 (1998) 11778.

201.



	Adducts of NF2+ with diatomic and simple polyatomic ligands: a computational investigation on the structure, stability, and thermochemistry
	Introduction
	Computational details
	Results and discussion
	Structure, stability, and thermochemistry of gaseous NF2+
	Adducts of gaseous NF2+ with diatomic and polyatomic ligands
	Lewis acidity of NF2+: the difluoronitrenium ion affinity (DFNA) and basicity (DFNB) scale

	Conclusions
	Acknowledgements
	References


