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bstract

The structure, stability, and thermochemistry of the still experimentally unknown Be+–(NF3) and Mg+–(NF3) complexes have been theoreti-
ally investigated at the B3LYP, RCCSD, and RCCSD(T) levels of theory in conjunction with the 6-311G(d), 6-311 + G(2d), and 6-311 + G(3df)
asis sets. Compared with the previously investigated H+–(NF3), Li+–(NF3), Na+–(NF3), and K+–(NF3), the study of M+–(NF3) (M = Be or
g) has revealed novel and somewhat unexpected features of the interaction of NF3 with monoatomic ions. Thus, irrespective of the employed

heoretical level, the ligation of Be+ and Mg+ to NF3 leads to the formation of two distinct isomers, namely the M+–NF3 nitrogen-coordinated
omplexes 1 (M = Be) and 5 (M = Mg) and the insertion products of F2N–MF+ connectivity 2 (M = Be) and 6 (M = Mg). On the other hand, at
ariance with M+–(NF3) (M = Li, Na, and K), neither the fluorine-monocoordinated nor the fluorine-dicoordinated structure were located as
inima on the potential energy surface. The geometry and bonding analysis of the M+–NF3 isomers 1 and 5 and of the F2N–MF+ isomers 2 and
point to ion–dipole complexes between M+ and NF3 and MF+ and NF2, respectively. At the RCCSD(T)/6-311 + G(2d)//RCCSD/6-311G(d)

evel of theory and 298.15 K, the insertion products 2 and 6 are more stable than the nitrogen-coordinated isomers 1 and 5 by 109.2 and
9.2 kcal mol−1, respectively. In addition, assuming the formation of 2 and 6, the Be+ and Mg+ ion affinities of NF3 result as high as 127.3

−1 + +
nd 62.5 kcal mol , respectively. Our results suggest that the Be –(NF3) and Mg –(NF3) complexes could be actually observed as stable
pecies in the gas phase, and support the proposal that techniques such as Mg+ ion attachment mass spectrometry could be used to quantify
he emissions of NF3, one of the perfluorocompounds most extensively used in semiconductor technology.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The structure and stability of the complexes of nitrogen
rifluoride, NF3, with monoatomic and simple polyatomic
ons have been investigated by various experimental and
heoretical methods [1–7]. From the fundamental point of
iew, these studies have provided detailed information on
he behavior of NF3 as a bifunctional Lewis base. In addi-

ion, they serve to evaluate the possibility of using techniques
uch as Li+-attachment mass spectrometry [8–10] to quantify
he industrial emissions of NF3, which is one of the gaseous

∗ Corresponding author. Tel.: +39 0761 357 116; fax: +39 0761 357 179.
E-mail address: fgrandi@unitus.it (F. Grandinetti).

n
c
O
t
o
m

387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2005.07.009
de

erfluorocompounds most extensively used in the electronic
ndustry to perform etching and cleaning processes [11,12].

In the gaseous phase, the thermodynamically favoured
rotonation site of nitrogen trifluoride is the fluorine atom,
he nitrogen atom being less basic by ca. 6–8 kcal mol−1

1–4]. On the other hand, the experimental and theoretical
tudies on the adducts of NF2

+ [3,6] and CH3
+ [4] with

F3 indicated that these two ions add preferentially to the
itrogen atom, the ligation to fluorine being unfavoured by
a. 9 kcal mol−1 for NF2

+ and ca. 23 kcal mol−1 for CH3
+.
ur investigation of the Li+–(NF3) complexes [5] confirmed
hat, similarly to H+, the ligation of the monoatomic ion Li+

ccurs preferentially at the fluorine atoms of NF3, with for-
ation of monocoordinated and dicoordinated isomers which
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re practically degenerate and more stable than the nitrogen-
oordinated isomer by ca. 5 kcal mol−1 at the CCSD(T)/6-
11 + G(2d)//B3LYP/6-311 + G(2d) level of theory. In addi-
ion, at the same computational level, the Li+ ion affinity
f NF3 at 298.15 K resulted as ca. 13 kcal mol−1. Our theo-
etical results have been quite recently confirmed by Li and
o-workers [7], who have also found that, at the QCISD/6-
11 + G(2d) level of theory, the most stable isomer of all the

+–(NF3) complexes (M = Li, Na, and K) is the fluorine-
icoordinated structure, which is practically degenerate with
he fluorine-monocoordinated structure and is more stable
han the nitrogen-coordinated isomer by ca. 4 kcal mol−1 for

= Li and ca. 3 kcal mol−1 for M = Na and K. In addition,
i and co-workers [7] have found that, passing from Li+ to
+, the gas-phase cation affinity of NF3 sharply decreases

rom ca. 13 to ca. 7 kcal mol−1, and becomes even smaller,
a. 5 kcal mol−1, for K+. Stimulated by these previous stud-
es on the interaction of monoatomic ions M+ with NF3, as
art of our continuing experimental and theoretical interest
n the gas-phase chemistry of this molecule [2,4–6,13–21],
e decided to extend the investigation to the adducts of NF3
ith the second-group monoatomic ions Be+ and Mg+. The

tudy of Be+–(NF3) and Mg+–(NF3) is of interest for sev-
ral reasons. First, NF3 is a prototype ligand to probe still
nexplored features of the Lewis acidity of Be+ and Mg+.
hus, despite the intensive experimental and theoretical inter-
st focused over the years on the complexes of the beryllium
nd magnesium monocations with a variety of inorganic and
rganic ligands, clearly summarized in various recent studies
22–41] and in exhaustive review articles [42,43], the ligation
f Be+ and Mg+ to fluorinated molecules is still essentially
nexplored. Second, the study of the interaction of NF3 with
pen-shell cations such as Be+ and Mg+ could provide novel
nformation on the behavior of this molecule as a bifunctional
ewis base. Third, the magnesium-cation affinity of nitrogen

rifluoride could be large enough to suggest the possible use
f Mg+ ion mass spectrometry to detect gaseous NF3. As a
atter of fact, the theoretical results discussed in the present

rticle outline a strong affinity of both Be+ and Mg+ for the
uorine atoms of NF3, and the detailed investigation of the
tructure, stability, and thermochemistry of the Be+–(NF3)
nd Mg+–(NF3) complexes not only confirms their conceiv-
ble formation as stable gaseous species but also reveals novel
nd somewhat unexpected features of the interaction of NF3
ith monoatomic ions M+.

. Computational details

All the calculations have been performed with the GAUS-
IAN 98 [44] and MOLPRO 2000.1 [45] sets of programs.
sing the standard internal 6-311G(d), 6-311 + G(2d), and

-311 + G(3df) basis sets [46–49], the geometries were first
ptimized at the Becke’s three-parameter hybrid functional
evel of theory, B3LYP [50], where the non-local correla-
ion is provided by the Lee–Yang–Parr expression [51], and

C
s
f
b
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ubsequently refined, with the 6-311G(d) basis set, at the
estricted Coupled Cluster level of theory [52–55], including
he contribution from single and double substitutions. The
CCSD/6-311G(d) optimized geometries were also used to
erform single-point calculations, with the 6-311G(d) and
he 6-311 + G(2d) basis sets, at the restricted Coupled Clus-
er level of theory, so to include the contribution of connected
riple excitations, RCCSD(T). The obtained structures were
scertained to be true minima or higher order saddle points on
he B3LYP potential energy surface by calculating their har-

onic vibrational frequencies, whose unscaled values were
lso used to evaluate the zero-point energies and the vibra-
ional contribution to the thermal correction at 298.15 K [56]
both the translational and the rotational contribution have
een evaluated as 3/2RT). The basis set superposition error
BSSE) has been estimated according to the method by Boys
nd Bernardi [57]. Chemical bonding analysis was based on
he theory of Atoms-in-Molecules [58], using the implemen-
ation in GAUSSIAN 98 due to Cioslowski and co-workers
59,60] and the AIM2000 program package [61]. In par-
icular, we have calculated the B3LYP/6-311 + G(2d) total
harges q, the charge densityρ and the Laplacian of the charge
ensity �2ρ at the bond critical points (bcp), intended as the
oints on the attractor interaction lines where �ρ = 0, and the
ovalent bond order of the various chemical bonds.

. Results and discussion

.1. Structure and stability of the Be+–(NF3) and
g+–(NF3) complexes

The connectivities of the various Be+–(NF3) and
g+–(NF3) isomers presently located as stationary points

n the B3LYP and RCCSD potential energy surfaces, hence-
orth indicated as 1–4 and 5–8, respectively, are shown in
igs. 1 and 2. Their detailed geometries and chemical bond-

ng analysis are collected in Tables 1–3, and their relative
nergies at 0 and 298.15 K are reported in Table 4.

For comparative purposes and also to appreciate the per-
ormance of the various employed theoretical levels, we have
lso investigated the uncoordinated NF3. Thus, we first note
hat all the employed theoretical levels correctly predict the
xperimental F N F bond angle of NF3, 102.2◦ [62]. On the
ther hand, the calculated N F bond length is more sensitive
o the theoretical level and to the size of the basis set, and
pans from 1.361 Å at the RCCSD/6-311G(d) to 1.382 Å at
he B3LYP/6-311 + G(2d) level. It is however of interest to
ote the good agreement between the B3LYP/6-311 + G(3df)
alue of 1.375 Å and the experimental value of 1.371 Å [62].

The addition of doublet ground state Be+ (1s22s 2S) [63]
o the nitrogen atom of NF3 leads to the formation of the
3v-symmetry ion 1, which was characterized, with any basis
et, as a true minimum on the B3LYP potential energy sur-
ace. Irrespective of the employed computational level and
asis set, the Be N distance of this ion is invariably pre-
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Fig. 1. Connectivities of the Be+–(NF3) ions 1–4.

icted to be larger than 1.8 Å and is structurally telling of an
on–dipole complex between Be+ and NF3. From Table 3,
he charge at the Be atom is +0.981e and the Be N covalent
ond order is less than 0.3. In addition, at the bond critical
oint on the attractor interaction line corresponding to the
e N bond, the charge density ρ is as small as 0.379 e/Å3

nd the Laplacian of ρ is positive, which is typical of non-
ovalent bonding interactions. From Table 1, as already noted
or the F N F bond angle of NF3, the Be N F and F N F
ond angles of 1 are practically independent on the employed
evel of theory and on the size of the basis set and range
round 113.0◦ and 106.0◦, respectively. In addition, the opti-
ized parameters and bonding analysis of 1 reveal that the

ormal attachment of Be+ to the N atom of NF3 promotes
charge shift from the surrounding fluorines and enhances

he degree of N F interaction. Thus, irrespective of the basis
et employed at the B3LYP level and also at the RCCSD/6-
11G(d) level of theory, the N F distance of 1 is shorter
han uncoordinated NF3 by ca. 0.03 Å, and the F N F bond
ngle is larger by ca. 4◦. Isomer 1 is the corresponding ana-

ogue of the nitrogen-coordinated complex between Be+ and
H3, recently located as a minimum of C3v symmetry on

he MP2(full)/6-311 ++ G(d,p) potential energy surface [37].
ompared with NF3, the interaction of Be+ with the N atom

F
+
d
s

Fig. 2. Connectivities of the Mg+–(NF3) ions 5–8.

f NH3 is stronger (vide infra), and, consistently, the Be N
istance of Be+–NH3 has been predicted as 1.683 Å [37].

Compared with the previously investigated H+–(NF3)
1–4], Li+–(NF3) [5,7], Na+–(NF3) [7], and K+–(NF3) [7],
he study of the ligation of doublet Be+ to the fluorine atoms of
F3 lead to somewhat unexpected results. Thus, in line with

he well ascertained ability of NF3 to form stable fluorine-
onocoordinated adducts of F2N–F–X+ connectivity (X = H,
i, Na, and K), we first tried to locate a conceivably stable
2N–F–Be+ isomer. However, despite careful searching at
arious levels of theory, we did not find any critical point
ith this connectivity. Rather, the approach of Be+ to one of

he fluorine atoms of NF3 invariably resulted in a significant
longation of the N F bond, in the concomitant rotation of
he ensuing BeF+, and in the eventual formation of the “inser-
ion” product 2 of F2N–Be–F+ connectivity. As a matter of
act, the geometry, bonding analysis, and thermochemistry
f this isomer suggest a tightly bound ion–dipole complex
etween ground state BeF+ (1�+) [64] and NF2 (2B1) [65].

rom Table 3, the net charge of the BeF+ moiety is almost
1e, the Be N covalent bond order is less than 0.2, the charge
ensity ρ at the bcp on the attractor interaction line corre-
ponding to the Be N bond is as small as 0.512 e/Å3, and



14 S. Borocci et al. / International Journal of Mass Spectrometry 255–256 (2006) 11–19

Table 1
Optimized geometries of the Be+–(NF3) complexes 1–4 and NF3

Parameter B3LYP RCCSD

6-311G(d) 6-311 + G(2d) 6-311 + G(3df) 6-311G(d)

1 (2A1)
Be N 1.843 1.844 1.840 1.840
N F 1.346 1.348 1.342 1.333
Be N F 112.6 112.8 112.8 112.6
F N F 106.2 105.9 106.0 106.2

2 (2B1)
Be N 1.698 1.699 1.702 1.707
Be F1 1.335 1.331 1.330 1.336
N F 1.297 1.299 1.295 1.290
Be N F 124.7 124.8 124.9 124.7

3 (2A′)
Be N 2.440 2.452 2.438 2.733
Be F 1.407 1.399 1.396 1.393
N F 2.317 2.332 2.324 2.601
N F1 1.212 1.213 1.207 1.181
F Be F 135.8 136.5 136.7 139.3
F N F 68.5 67.7 67.9 60.3
F N F1 115.0 114.8 114.6 100.4

3 (2A′′)
Be N 2.509 2.509 2.502 2.685
Be F 1.407 1.398 1.397 1.395
N F 2.294 2.303 2.299 2.493
N F1 1.213 1.214 1.208 1.185
F Be F 128.9 129.7 129.9 133.8
F N F 67.2 66.7 66.8 62.0
F N F1 102.7 102.8 102.8 100.1

4 (2A1)
Be F 2.383 2.363 2.295 2.356
N F 1.394 1.395 1.390 1.376
Be F N 87.3 87.0 86.3 87.3
F N F 99.3 99.3 99.2 99.4

NF3 (1A1)
N F 1.380 1.382 1.375 1.361
F N F 102.1 101.9 102.0 102.2
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Table 2
Optimized geometries of the Mg+–(NF3) complexes 5–8

Parameter B3LYP RCCSD

6-311G(d) 6-311 + G(2d) 6-311 + G(3df) 6-311G(d)

5 (2A1)
Mg N 2.517 2.538 2.519 2.528
N F 1.359 1.362 1.356 1.345
Mg N F 114.1 114.4 114.3 114.1
F N F 104.4 104.1 104.3 104.4

6 (2B1)
Mg N 2.195 2.179 2.180 2.208
Mg F1 1.734 1.720 1.712 1.733
N F 1.311 1.313 1.308 1.302
Mg N F 125.7 125.8 125.9 125.8

7 (2A′)
Mg N 3.147 3.175 3.133 3.189
Mg F 2.454 2.487 2.451 2.508
N F 1.440 1.437 1.430 1.402
N F1 1.315 1.322 1.316 1.319
F Mg F 52.3 51.6 52.2 50.0
F N F 97.4 97.8 97.9 98.3
F N F1 102.7 102.5 102.6 102.6

8 (2A1)
Mg F 2.872 2.928 2.889 2.916
N F 1.388 1.390 1.383 1.370
Mg F N 91.9 92.4 92.0 92.5
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the B3LYP potential energy surface, with any basis set,
ond lengths in angstroms, bond angles in degrees (for connectivities and
abeling of the atoms, see Fig. 1).

he corresponding Laplacian is definitely positive. In addi-
ion, at the RCCSD/6-311G(d) Be–N distance of 1.707 Å,
he dissociation enthalpy at 298.15 K of 2 into BeF+ and
F2 is computed as 42.3 kcal mol−1 at the RCCSD(T)/6-
11 + G(2d)//RCCSD/6-311G(d) level of theory (including a
SSE correction of 3.9 kcal mol−1). However, the probably
ost relevant finding concerning isomer 2 is its exceedingly

arger stability with respect to 1. Thus, from Table 4, at any
omputational level, the enthalpy difference between the two
somers results as ca. 110 kcal mol−1, and is predicted in
articular as 109.2 kcal mol−1 at the highest RCCSD(T)/6-
11 + G(2d)//RCCSD/6-311G(d) level of theory. Compared
ith the previously investigated M+–(NF3) isomeric struc-

ures (M = H, Li, Na, and K) [1–5,7], whose nitrogen- and
uorine-coordinated isomers are usually quite close in energy
vide infra), the relative stability of the Be+–(NF3) isomers 1

nd 2 is somewhat unexpected and provides the first case of
y far stability of the fluorine-coordinated isomer from the
igation of NF3 to a singly charged gaseous cation.

w
i
m

F N F 100.6 100.6 100.7 100.7

ond lengths in angstroms, bond angles in degrees (for connectivities and
abeling of the atoms, see Fig. 2).

At the B3LYP level of theory, with any employed basis
et, the dicoordinated ion 3 of Cs symmetry is a first-order
addle point, unstable with respect to the formation of two
quivalent isomers 2. The two electronic states 2A′ and
A′′ of this ion (the B3LYP/6-311 + G(3df) imaginary fre-
uencies are 755.1i (2A′) and 462.5i cm−1 (2A′′), respec-
ively), are practically degenerate and less stable than iso-

er 2 by ca. 10 kcal mol−1. Their optimized geometries and
onding analysis are consistently quite similar and point to
eakly bound electrostatic complexes between ground state
F+ (2�) [66] and BeF2 (1�g

+) [67]. In particular, at the
CCSD(T)/6-311 + G(2d)//RCCSD/6-311G(d) level of the-
ry and 298.15 K, they are more stable than the separated
F+ and BeF2 by only 3.1 (2A′) and 4.2 kcal mol−1 (2A′′),

espectively. Finally, the tricoordinated structure 4 is the
east stable of all the fluorine-coordinated Be+–(NF3) ions,
nd is also less stable that the nitrogen-coordinated struc-
ure 1 by ca. 9 kcal mol−1. It is in fact a second-order saddle
oint on the B3LYP potential energy surface, unstable with
espect to the degenerate bending motion of the beryllium
tom (the B3LYP/6-311 + G(3df) doubly degenerate imagi-
ary frequency is 209.6i cm−1).

The results on the complexes between doublet ground
tate Mg+ ([Ne]3s 2S) and NF3 are qualitatively similar to
hose obtained for the Be+–(NF3) complexes. In fact, on
e have located the nitrogen-coordinated isomer 5 and the
nsertion product 6 of F2N–Mg–F+ connectivity as energy

inima [68], the dicoordinated ion 7 as a first-order saddle
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Table 3
B3LYP/6-311 + G(2d) Atoms-in-Molecules (AIM) analysis of NF3, of the Be+–(NF3) complexes 1–4, and of the Mg+–(NF3) complexes 5–8 (see Figs. 1 and 2)

Species q (Be or Mg)a q (N)a q (F)a q (F1)a Bond ρb �2ρc BOd

NF3 (1A1) 0.732 −0.244 N F 2.058 −2.747 1.208

1 (2A1) 0.981 0.570 −0.182 Be N 0.379 5.446 0.283
N F 2.348 −7.061 1.212

2 (2B1) 1.751 0.359 −0.145 −0.821 Be N 0.512 8.362 0.162
Be F1 1.140 38.462 0.358
N F 2.585 −13.592 1.407

3 (2A′) 1.763 0.827 −0.763 −0.063 Be F 0.911 28.798 0.260
N F 0.209 3.085 0.304
N F1 3.165 −32.534 1.753

3 (2A′′) 1.768 0.827 −0.765 −0.070 Be F 0.911 28.916 0.256
N F 0.213 2.844 0.292
N F1 3.151 −32.196 1.736

4 (2A1) 0.988 0.887 −0.300 Be F 0.108 0.105 0.112e

N F 2.045 −3.085 1.125e

5 (2A1) 0.991 0.702 −0.226 Mg N 0.123 1.229 0.193
N F 2.247 −5.880 1.182

6 (2B1) 1.769 0.428 −0.180 −0.834 Mg N 0.229 4.531 0.138
Mg F1 0.597 20.773 0.391
N F 2.477 −11.688 1.379

7 (2A′) 1.022 0.873 −0.359 −0.186 Mg F 0.094 1.104 0.003
N F 1.822 0.581 1.072
N F1 2.490 −10.965 1.257

8 (2A1) 1.010 0.878 −0.300 Mg F 0.050 0.282 0.071
N F 2.072 −3.470 1.127

a AIM formal charge (e).
b Charge density (e/Å3) at the bond critical point on the specified bond.

pecified

p
d
B
e
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1
2
3
3
4
5
6
7
8

c Laplacian of the charge density (e/Å5) at the bond critical point on the s
d Covalent bond order of the specified bond.
e At the B3LYP/6-311 + G(d) level of theory.

oint, and the tricoordinated ion 8 as a second-order sad-
le point. However, from the quantitative point of view, the
e+–(NF3) and Mg+–(NF3) ions feature significant differ-
nces, which arise essentially from the weaker Lewis acidity
f Mg+ and MgF+ with respect to Be+ and BeF+. Similarly

o the corresponding Be+–NF3 isomer 1, the bonding anal-
sis of isomer 5 points to an electrostatic complex between
g+ and NF3. Compared with the addition of Be+ to the N

tom of NF3, which is exothermic by ca. 18 kcal mol−1 at the

t
d

i

able 4
elative stabilities (kcal mol−1) at 0 K (in parentheses) and 298.15 K of the Be+–(N

pecies B3LYP

6-311G(d) 6-311 + G(2d) 6-

(2A1) 0.0 (0.0) 0.0 (0.0)
(2B1) −110.8 (−111.2) −111.3 (−111.7) −1
(2A′) −98.4 (−98.7) −99.8 (−100.1) −
(2A′′) −100.1 (−100.4) −101.6 (−101.9) −
(2A1) +9.0 (+9.5) +10.2 (+10.7) +
(2A1) 0.0 (0.0) 0.0 (0.0)
(2B1) −54.9 (−55.4) −57.2 (−57.7) −
(2A′) −4.8 (−4.4) −2.6 (−2.2) −
(2A1) −2.6 (−1.7) −0.5 (+0.4) −
a At the RCCSD/6-311G(d) optimized geometries.
bond.

CCSD(T)/6-311 + G(2d)//RCCSD/6-311G(d) level of the-
ry, the corresponding interaction of Mg+ is much weaker
nd amounts to ca. 3 kcal mol−1. Consistently, from Table 2,
he Mg–N distance of 5 is as long as ca. 2.5 Å, and the struc-
ural parameters, charge distribution, and charge density of

he NF3 moiety are only slightly different from the uncoor-
inated NF3.

Similarly to isomer 2, the insertion product 6 is an
on–dipole complex between ground state NF2 and MgF+

F3) complexes 1–4 and the Mg+–(NF3) complexes 5–8

RCCSD(T)a

311 + G(3df) 6-311G(d) 6-311 + G(2d)

0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
10.4 (−110.9) −108.5 (−109.0) −109.2 (−109.7)
97.9 (−98.3) −97.2 (−97.6) −100.2 (−100.6)
99.8 (−100.1) −98.3 (−98.6) −101.3 (−101.6)
10.3 (+10.8) +9.1 (+9.6) +8.8 (+9.3)

0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
57.7 (−58.3) −56.0 (−56.6) −59.2 (−59.8)

2.5 (−2.2) −4.2 (−3.9) −3.0 (−2.7)
0.4 (+0.5) −2.7 (−1.8) −1.6 (−0.7)
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1�+) [69]. The net charge of the MgF+ moiety is almost
1e, the Mg N covalent bond order is less than 0.2,

he charge density ρ at the bcp on the attractor interac-
ion line corresponding to the Mg N bond is as small
s 0.229 e/Å3 and the corresponding Laplacian is pos-
tive. In addition, from Table 2, the Mg N bond dis-
ance, computed as ca. 2.2 Å, is appreciably longer than
he Be N distance of isomer 2, and the dissociation
nthalpy into MgF+ and NF2, computed as 17.9 kcal mol−1

t the RCCSD(T)/6-311 + G(2d)//RCCSD/6-311G(d) level
f theory and 298.15 K (including a BSSE correction of
.8 kcal mol−1), is consistently lower than the dissocia-
ion enthalpy of 2 into BeF+ and NF2. From Table 4, at
he RCCSD(T)/6-311 + G(2d)//RCCSD/6-311G(d) level of
heory and 298.15 K, isomer 6 is more stable than 5 by
9.2 kcal mol−1. Although this difference is significantly
ower than the enthalpy gap between the Be+–(NF3) isomers

and 2, it still clearly indicates that, similarly to Be+, the
roduct of the insertion of Mg+ into the N F bond of NF3 is
y far more stable than the nitrogen-coordinated adduct. In
his respect, it is of interest to note that, as part of a detailed
heoretical investigation on the structure and stability of the

g+–(NH3) complexes [23], Bohme and co-workers have
ocated the insertion product H2N–Mg–H+ as a minimum
n the B3LYP/6-31 + G(d) potential energy surface. How-
ver, at this level of theory, this species resulted less stable
han the nitrogen-coordinated isomer by 51.0 kcal mol−1 and
ven higher in energy than the isolated Mg+ and NH3 by
0.7 kcal mol−1. These findings clearly evidence the pro-
ound effect of the degree of fluorination on the relative
tability of the Mg+–NX3 and X2N–MgX+ isomeric struc-
ures (X = H and F).

The relatively lower affinity of Mg+, compared with Be+,
or the fluorine atoms of NF3 is clearly evident from the opti-
ized geometry of the dicoordinated structure 7, which is the

ransition structure for the interconversion of two equivalent
somers 6 (the B3LYP/6-311 + G(3df) imaginary frequency
s 96.3i cm−1). At variance with the corresponding ion 3,
hich is a complex between NF+ and BeF2 (the charge at

he Be atom is ca. +1.8e), ion 7 is a complex between Mg+

nd NF3. From Fig. 2 and Table 2, the charge at the Mg
tom is ca. +1.0e, the Mg F bond distances are as long as
a. 2.5 Å, and the parameters of the NF3 moiety show only
inor deviations from uncoordinated NF3. The interaction

etween Mg+ and NF3, clearly electrostatic from the results
f the bonding analysis, amounts to 5.7 kcal mol−1 at the
CCSD(T)/6-311 + G(2d)//RCCSD/6-311G(d) level of the-
ry and 298.15 K. Therefore, ion 7 is slightly more stable
han the nitrogen-coordinated isomer 5, but is less stable than
he insertion product 6 by ca. 55 kcal mol−1. The character-
zation of 7 as a first-order saddle point is in line with the
esults of a very recent study by Dunbar and Petrie [41] on

he complexes of the magnesium monocation with a variety of
igands, including difunctional molecules such as HCOOH,
H3COOH, HCOOCH3, HCOCH2OH, and HCONH2. In
articular, only HCOCH2OH was found to form a truly biden-

o
o
e
c

s Spectrometry 255–256 (2006) 11–19

ate complex with Mg+, whereas all efforts to locate chelat-
ng geometries with HCOOH, CH3COOH, and HCOOCH3
nvariably resulted in the collapse to one or other of the mon-
dentate complexes between Mg+ and the carbonyl or the sp3

atom.
Similarly to ion 4, the tricoordinated structure 8 is unsta-

le with respect to the degenerate bending motion of the
agnesium atom (the B3LYP/6-311 + G(3df) doubly degen-

rate imaginary frequency is 83.0i cm−1). The electrostatic
nteraction between Mg+ and NF3 is even weaker than
on 7 and amounts to 4.3 kcal mol−1 at the RCCSD(T)/6-
11 + G(2d)//RCCSD/6-311G(d) level of theory.

.2. Be+ and Mg+ ion affinity of NF3: thermochemistry
f the Be+–(NF3) and Mg+–(NF3) complexes

The gas-phase beryllium and magnesium cation affinity
f NF3, defined here as the minus enthalpy change of the
eaction

+ + NF3 → M+–(NF3) (M = Be or Mg) (1)

btained at various computational levels assuming the forma-
ion of the nitrogen-coordinated isomers 1 and 5 and of the
nsertion products 2 and 6 are collected in Table 5. We have
lso calculated the Be+ and Mg+ ion affinity of NH3 and com-
ared our results with previous experimental and theoretical
tudies on Be+–NH3 [37] and Mg+–NH3 [23,27,28,41,70].

Generally speaking, we first note that at both the
3LYP and the RCCSD(T) level of theory, the smallest
-311G(d) basis set slightly overestimates the experimen-
al Mg+ ion affinity of ammonia, obtained by collision-
nduced dissociation measurements [27] as 36.9 ± 2.8
cal mol−1 at 0 K and extrapolated as 38.0 ± 2.8 kcal mol−1

t 298 K. On the other hand, all the values calcu-
ated at 0 K using the larger 6-311 + G(2d) and 6-
11 + G(3df) basis sets range around 37 kcal mol−1, and
he RCCSD(T)/6-311 + G(2d)//RCCSD/6-311G(d) estimate
f 36.9 kcal mol−1 (corrected to 38.0 kcal mol−1 at 298.15 K)
oincides with the experimental value. Passing to NF3, the
carce experience on the calculation of the Be+ and Mg+ ion
ffinities of simple fluorinated molecules prevents a critical
valuation of the B3LYP and RCCSD(T) estimates reported
n Table 5. We note however that all the obtained values show
argest deviations of less than 2 kcal mol−1, and we will refer
ere to the in principle most accurate data obtained at the
CCSD(T)/6-311 + G(2d)//RCCSD/6-311G(d) level of the-
ry.

At 298.15 K, the ligation of Be+ to the N atom of NF3,
ith formation of isomer 1, is exothermic by 18.1 kcal mol−1.
his value is much lower than the Be+ ion affinity of NH3,
reviously estimated as 75.2 kcal mol−1 [37] and presently

btained as 75.9 kcal mol−1, and confirms the sharp decrease
f basicity of the nitrogen atom usually found with any
lectrophile passing from NH3 to NF3. However, if one
onsiders the formation of the insertion product 2, the
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Table 5
Be+ (upper values) and Mg+ ion affinities (kcal mol−1) at 0 K (in parentheses) and 298.15 K of NH3 and NF3 (all the presently obtained values include the
BSSE)

B3LYP RCCSD(T)a Literature

6-311G(d) 6-311 + G(2d) 6-311 + G(3df) 6-311G(d) 6-311 + G(2d) Experiment Theory

NH3 75.8 (74.6) 75.2 (73.9) 75.5 (74.2) 78.9 (77.6) 75.9 (74.6) 75.2b

40.5 (39.4) 38.4 (37.2) 38.3 (37.2) 39.6 (38.5) 38.0 (36.9) 36.9 ± 2.8c 35.5d; 36.1e; 37.7f; 38.3b; 39.7g; 40.1h; 40.5i

NF3(N)j 20.3 (19.7) 20.3 (19.7) 21.3 (20.7) 18.1 (17.5) 18.1 (17.5)
4.7 (4.6) 4.5 (4.3) 5.1 (5.0) 3.2 (3.1) 3.3 (3.2)

NF3(F)k 131.1 (130.9) 131.6 (131.4) 131.7 (131.6) 126.6 (126.5) 127.3 (127.2)
59.6 (60.0) 61.7 (62.0) 62.8 (63.3) 59.2 (59.7) 62.5 (63.0)

a At the RCCSD/6-311G(d) optimized geometries.
b At the CCSD(T)(full)/6-311 ++ G(d,p)//MP2(full)/6-311 ++ G(d,p) level of theory, Ref. [37].
c Collision-induced dissociation measurement at 0 K, Ref. [27]. The 298 K-extrapolated value given in the same paper is 38.0 ± 2.8 kcal mol−1.
d At the MP2(full)/6-311 + G(2d,2p)//MP2(full)/6-31G(d) level of theory and 0 K, Ref. [27].
e At the CP-dG2thaw level of theory, Ref. [41].
f At the MCPF/TZP level of theory and 0 K, Ref. [70].
g At the MP4SDTQ(fc)/6-311 ++ G(2df,p) level of theory, Ref. [23].
h At the B3LYP/DZVP level of theory, Ref. [28].
i At the B3LYP/6-31 + G(d) level of theory, Ref. [28].
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j With formation of isomers 1 and 5, respectively.
k With formation of isomers 2 and 6, respectively.

nthalpy change of reaction (1) (M = Be) becomes as large as
127.3 kcal mol−1, and the Be+ ion affinity of NF3 results

igher than NH3 by more than 50 kcal mol−1. This somewhat
urprising result simply reflects the high stability of isomer 2
nd clearly suggests that, with selected electrophiles, NF3
ay behave as a strong Lewis base, able to form “inser-

ion” products of exceptional thermodynamic stability. This
onclusion is confirmed by the thermochemistry of the com-
lexation of NF3 by Mg+. Thus, if one considers the ligation
o the N atom, the Mg+ ion affinity of NF3, 3.3 kcal mol−1,
s even lower than poor ligands such as CO and CO2 [41].
owever, if one assumes the formation of the insertion prod-
ct 6, the enthalpy change of reaction (1) (M = Mg) becomes
s large as −62.5 kcal mol−1, and the Mg+ ion affinity of
F3 becomes significantly higher than NH3 and other strong

igands such as H2NCN and HCONH2, whose Mg+ affini-
ies range around 45 and 48 kcal mol−1, respectively [41].

e note also that the Be+ and Mg+ ion affinities of NF3
re large enough to suggest their conceivable observation
s stable species in the gas phase. This supports the pro-
osal that Mg+ ion attachment mass spectrometry could be
sed as a conceivable technique to detect gaseous nitrogen
rifluoride.

Combining the enthalpy changes at 298.15 K of reaction
1) (M = Be or Mg) with the experimental enthalpy of for-
ation of Be+, 292.4 kcal mol−1; Mg+, 211.5 kcal mol−1;
F3, −31.6 kcal mol−1, the enthalpies of formation of iso-
ers 1 and 5 are obtained as 242.7 and 176.6 kcal mol−1,

espectively. Using the relative stabilities reported in Table 4,

he enthalpies of formation of the various Be+–(NF3) and

g+–(NF3) ions are obtained as 133.5 (2), 142.5 (3(2A′)),
41.4 (3(2A′′)), 251.5 (4), 117.4 (6), 173.6 (7), and 175.0
8) kcal mol−1, respectively.

a
N
s
t

.3. Comparison between the various M+–(NF3)
omplexes (M = H, Li, Na, K, Be, and Mg)

The comparison between the presently investigated
e+–(NF3) and Mg+–(NF3) and the previously investigated
+–(NF3) (M = H, Li, Na, and K) [1–5,7] suggests general

onsiderations on the factors which control the structure and
tability of the complexes of NF3 with monoatomic ions M+.

Due to the electron withdrawing effect of the three fluorine
toms, the nitrogen atom of NF3 is usually much less basic
han NH3. Thus, compared with the proton affinity of NH3,
04.0 kcal mol−1, the addition of H+ to NF3 with formation
f H–NF3

+ is exothermic by ca. 130 kcal mol−1 [1–4], and
he absolute affinities of Li+, Na+, and K+ for the N atom
f NF3, evaluated as 7.5, 3.4, and 2.0 kcal mol−1, respec-
ively [7], are appreciably lower than the Li+, Na+, and K+

ffinities of NH3, which amount to 39.1 [71], 24.4 [72], and
9.6 kcal mol−1 [73], respectively. Consistently, our calcu-
ated Be+ and Mg+ affinities for the N atom of NF3 are sig-
ificantly lower than NH3. In addition, all the N-coordinated

+–NF3 complexes (M = Li, Na, K, Be, and Mg) are invari-
bly predicted to be electrostatic, and their orders of stability
ollow similar periodic trends, namely Li+ < Na+ < K+, and
e+ < Mg+. Concerning the ligation of M+ to the F atom(s)
f NF3, the present characterization of the “insertion” prod-
cts F2N–BeF+ and F2N–MgF+ as ion–molecule complexes
etween NF2 and MF+ (M = Be and Mg), the previous iden-
ification of the F2N–FH+ isomer as an electrostatic complex
etween NF2

+ and HF [1–4], and the characterization of the

dducts between the alkali-metal cations and the F atoms of
F3 as weakly bound complexes suggest the following con-

iderations. If a cation M+ has a thermochemical affinity for
he fluorine atom which is significantly lower than the dis-
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ociation energy of the F2N F bond, ca. 60 kcal mol−1, the
nteraction with the F atom(s) of NF3 does not produce an
ppreciable structural reorganization, and leads to monoco-
rdinated or dicoordinated structures which are essentially
lectrostatic complexes between M+ and NF3. This is the
ase, for example, of the alkali-metal ions Li+, Na+, and K+,
hose affinities for the F atoms of NF3 regularly decrease

rom ca. 13 to ca. 5 kcal mol−1 and place NF3 in the lower
egions of the Li+ [71], Na+ [72], and K+ [73] affinity scales.
n the other hand, cations such as H+, Be+, and Mg+, which
ave a strong affinity for the fluorine atom, form F2N–FM+

ons which feature strongly elongated N F bonds. If the ion-
zation potential (IP) of MF is higher than NF2, 11.6 eV, these
ons are predicted to have a F2N+–FM connectivity, which
nsures the more favourable orientation of the MF dipole
ith respect to NF2

+. This is the case, for example, of the
2N+–FH isomer (the IP of HF is 16.0 eV). On the other
and, if the IP of MF is lower than NF2, the connectivity
f the ions is expected to be F2N–MF+, which ensures the
ore favourable interaction between the positively charged
atom of MF+ and the N atom of NF2. This is the case of

2N–BeF+ and F2N–MgF+ (the IPs of BeF and MgF are 9.1
nd 7.7 eV, respectively), whose stability is so large that the

+ ion affinity of NF3 becomes comparable, and even larger,
han typically strong Lewis bases.
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