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We have used various ab initio methods and basis sets to ascertain that the FN�Cl cation has a singlet
ground state, 1A�, which is more stable than the triplet state 3A�� by ca. 30 kcal mol�1. We have subsequently used
the Gaussian-3 (G3) theory to explore the potential-energy profile for the reaction between singlet FN�Cl and
H2O. The process commences by the effortless formation of a FN�Cl/H2O complex, which, in principle, can
undergo several alternative processes, including isomerization to N-protonated FN(Cl)OH, 1,2-elimination of
HX (X�F or Cl), and 1,1-loss of H2. However, the energy barriers of all these processes are invariably larger
than the energy (�18.1 kcal mol�1) required for the formation of FN�Cl/H2O from FN�Cl and H2O, thus
suggesting that, under gas-phase thermal conditions, FN�Cl should be essentially unreactive toward H2O.
Comparing these theoretical findings with those concerning the reaction between FN�H, ClN�H, F2N�, and
H2O, the reactivity order FN�H�F2N��ClN�H�FN�Cl, was derived, which parallels the trend we recently
found by G2MS calculations concerning the Lewis acidity of these ions. This suggests the conceivable
occurrence of correlations between the reactivity and thermochemical properties of these simple halonitrenium
ions.

1. Introduction. ± Chloro(difluoro)amine, F2NCl [1] [2], has been proposed as an
etchant for fabricating integrated circuits [3], and, more recently, as a fluorine-donor
gas for preparing glass films of electronic materials with low dielectric constants [4].
During the industrial runs, gaseous mixtures containing F2NCl and other volatile
compounds are let into a vacuum chamber containing a substrate, and then activated by
plasma methods. The role of F2NCl is to provide the fluorine and chlorine atoms, which
etch the solid surface or modify the composition of the deposited film. It is, however,
conceivable that additional neutral and ionic species obtained from the plasma-induced
fragmentation of F2NCl affect the outcome of the industrial process. Particularly
relevant are the F2N� and FN�Cl cations, which are the most-abundant ionic fragments
obtained from the electron-impact ionization of F2NCl [5]. It is, in fact, well known
from experimental [6 ± 8] and theoretical studies [9] [10] that the F2N� ion, the
dominant ionic fragment obtained from the ionization of NF3 [11 ± 16], plays an active
role in the industrial etching and cleaning processes. Over the years, this has stimulated
considerable experimental and theoretical interest in the chemistry of gaseous F2N�

[17 ± 34]. However, the structure, stability, and reactivity of FN�Cl are still very little
explored.

In a recent theoretical investigation [35], we found that FN�Cl should be present in
a singlet ground state (1A�) and behave as aLewis acid that is much weaker than FN�H,
ClN�H, and F2N�. As a continuation of this study, we are reporting here more detailed
theoretical evidence on the structure and stability of the singlet and triplet electronic
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states of FN�Cl, as well as the first theoretical insight into the reactivity of this cation. In
particular, we have studied, at the Gaussian-3 (G3) level of theory [36], the reaction
between 1A� FN�Cl and H2O, a nucleophile whose reactivity toward F2N�, FN�H, and
ClN�H in their singlet ground states, respectively, has been investigated in considerable
detail [25] [37] [38], allowing comparison of the gas-phase reactivities of halonitrenium
ions. The study of the reaction between FN�Cl and H2O is also of relevance for the
chemistry of plasmas containing F2NCl, since traces of moisture are usually
unavoidable in industrial equipments used to perform etching and deposition processes.

2. Computational Methods. ± Quantum-chemical calculations were performed with the Unix versions of
GAUSSIAN 98 [39] and MOLPRO 2000.1 [40] sets of programs installed on aAlphaserver 1200 and a Compaq
DS20E machine.

The geometry of singlet and triplet FN�Cl was optimized, with the 6-31G(d), 6-311G(d), 6-311G(2d), and
6-311G(2df) basis sets at the density functional level of theory [41], using the B3LYP functional [42 ± 44], and at
various ab initio levels of theory, including the second-order M˘ller�Plesset with inclusion of the inner
electrons, MP2(full) [45]1), the Quadratic Configuration Interaction with single and double substitutions,
QCISD [46], and the Coupled Cluster with inclusion of the contribution from single and double substitutions
and of an estimate of connected triples, CCSD(T) [47] [48].

The geometries of the various critical points (reactants, transition structures, intermediates, and products)
involved in the reaction between singlet FNCl� and H2O were fully optimized at the MP2(full)/6-31G(d) level,
and the located structures were unambiguously characterized as true energy minima or first-order saddle points
by calculating, at the same computational level, their analytical harmonic vibrational frequencies. Accurate total
energies of all the investigated species were obtained at the MP2(full)/6-31G(d)-optimized geometries, using
the Gaussian-3 (G3) computational procedure by Pople and co-workers [36]. It consists of a sequence of well-
defined ab initio calculations used to derive the total energy of a species according to an additivity scheme, the
results of which are corrected by appending a small higher-level empirical term (HLC). The full details of
the procedure are given in [36], and we simply report the expression used to calculate the G3 total energies
(in hartree) at 0 K, i.e., G3(0 K), of polyatomic, closed-shell species like those investigated in the present
article:

G3(0 K)�E[MP4(fc)/6-31�G(d)]�E[MP4(fc)/6-31G(2df,p)]�E[QCISD(T)/6-31G(d)]
� 2�E[MP4(fc)/6-31G(d)]�E[MP2(full)/G3large]�E[MP2(fc)/6-31G(2df,p)]
�E[MP2(fc)/6-31�G(d)]�E[MP2(fc)/6-31G(d)]� 0.006386nval�ZPE.

In the above equation, nval is the number of valence-electron pairs, and ZPE is the zero-point energy
calculated at the HF/6-31G(d) level and scaled by 0.8929 to take into account known deficiencies at this level
[49]. The G3 total energies of the investigated species at 298.15 K, G3(298.15 K), were computed by adding to
G3(0 K) a thermal correction calculated by standard statistical-mechanics formulae [50], using the scaled HF/6-
31G(d) frequencies for the vibrations in the harmonic approximation, and the classical approximation for
translation, (3/2)RT, and rotation (RT for linear species, (3/2)RT for nonlinear species). The MP2(full)/6-
31G(d) geometry optimizations and the G3 calculations were performed with the GAUSSIAN 98 program
package. We used the 6-31G(d), 6-31�G(d), and 6-31G(2df,p) basis-set standards in this program, whereas the
G3large basis set, introduced in connection with the G3 theory, was downloaded from the website suggested in
[36]. The 6-31G(d), 6-31�G(d), and 6-31G(2df,p) basis sets use six Cartesian d-functions (6d), while the
G3large basis set uses five −pure× d-functions (5d). Both the 6-31G(2df,p) and G3large basis sets use a set of
−pure× 7f-functions.
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1) The terms −full× and −fc× denote inclusion or no inclusion, respectively, of the inner electrons in the
calculation of correlation energies.



3. Results and Discussion. ± 3.1. Structure and Stability of Singlet and Triplet FN�Cl.
Before investigating the reaction with H2O, we decided to get firm evidence on the
electronic ground-state of FN�Cl by studying, at different computational levels and
with various basis sets, the structures and stabilities of the corresponding singlet (1A�)
and triplet (3A��) states. The results obtained are collected in Table 1.

Generally speaking, R1N�R2 nitrenium ions, similar as their isoelectronic carbenes,
possess a nonbonding electron pair and two nonbonding orbitals of similar energy [51 ±
55]. Therefore, they can exist in both singlet and triplet states. In addition, in the singlet
state, the electron pair resides in a nonbonding orbital centered on the N-atom and
placed in the molecular plane. For this reason, the most-important structural difference
between the singlet and triplet states of R1N�R2 concerns the R1�N�R2 bond angle,
which turned out to be smaller for the singlet state. In the case of the parent system,
H2N�, it is well established, both experimentally [56] [57] and theoretically [58 ± 60],
that the singlet state 1A1 gives rise to a bond angle of ca. 108�, and is less stable than the
almost linear triplet ground state 3B1 by ca. 30 kcal mol�1. Replacing H-atom(s) with
mono- or polyatomic substituents may substantially affect the relative stability of the
two states, and, in fact, substituted nitrenium ions usually possess a singlet ground state.
In particular, the results of the various ab initio calculations performed on the structure
and stability of halonitrenium ions [17] [19] [21] [22] [29] [34] [61] [62] have revealed
that the XN�H species (X�F, Cl, Br, I) possess a singlet ground state, 1A�, which is
more stable than the triplet state, 3A�� by ca. 8, 4, 6, and 7 kcal mol-1 for X�F, Cl, Br,
and I, respectively. In addition, for the singlet-state ions, the X�N�H bond angle
ranges from ca. 104� (X�F) to 109� (X�Cl), whereas the triplet-state ions have bond
angles that range from ca. 125� (X�F) to 136� (X� I). For the X2N� ions, the
calculated energy difference between the singlet 1A1 and the triplet 3B1 states was
invariably more pronounced than for XN�H, amounting to ca. 57, 20, 16, and 11 kcal

Table 1. Optimized Geometries (bond lengths and angles in ä and �, resp.) and Relative Stabilities (�E in kcal
mol�1) of Singlet (1A�) and Triplet (3A��) FN�Cl

Calculation method 1A� 3A�� �E

N�F N�Cl F�N�Cl N�F N�Cl F�N�Cl
B3LYP/6-31G(d) 1.291 1.612 111.1 1.286 1.613 128.1 25.5
B3LYP/6-311G(d) 1.283 1.608 111.8 1.277 1.609 128.7 24.2
B3LYP/6-311G(2d) 1.285 1.605 111.5 1.280 1.602 128.6 24.9
B3LYP/6-311G(2df) 1.282 1.599 111.7 1.277 1.594 129.2 24.4
MP2(full)/6-31G(d) 1.308 1.573 110.8 1.289 1.572 129.7 34.2
MP2(full)/6-311G(d) 1.284 1.571 111.7 1.267 1.571 129.7 32.2
MP2(full)/6-311G(2d) 1.291 1.580 111.4 1.273 1.572 129.8 33.3
MP2(full)/6-311G(2df) 1.281 1.569 111.5 1.266 1.557 130.2 33.6
QCISD/6-31G(d) 1.309 1.606 110.8 1.299 1.614 128.4 27.1
QCISD/6-311G(d) 1.283 1.603 111.6 1.276 1.609 129.0 25.2
QCISD/6-311G(2d) 1.289 1.610 111.4 1.281 1.612 129.2 25.6
QCISD/6-311G(2df) 1.278 1.596 111.5 1.272 1.596 129.6 25.6
CCSD(T)/6-31G(d) 1.313 1.611 110.7 1.302 1.612 128.5 30.9
CCSD(T)/6-311G(d) 1.289 1.610 111.5 1.280 1.609 129.1 29.2
CCSD(T)/6-311G(2d) 1.296 1.618 111.2 1.285 1.612 129.2 29.8
CCSD(T)/6-311G(2df) 1.285 1.604 111.4 1.276 1.595 129.6 29.8
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mol�1 for X�F, Cl, Br, and I, respectively. In addition, for the singlet-state ions, the
X�N�X bond angles range from ca. 108� (X�F) to 122� (X� I), whereas the triplet-
state ions showed bond angles from ca. 125� (X�F) to 148� (X� I).

Concerning the N�X bond distances of XN�H and X2N�, only minor differences
were invariably found, when passing from the singlet to the triplet state [21]. As to
FN�Cl, we first note from Table 1 that, at all levels considered, the singlet is more stable
than the triplet state by ca. 30 kcal mol�1. In addition, the structural differences
between the two states are consistent with the available data concerning the XN�H and
X2N� cations (X�F, Cl, Br, I). Thus, the F�N�Cl bond angle (ca. 111�) of the singlet
state is smaller than that of the triplet state (ca. 130�), whereas the N�F and N�Cl
bond distances of the two states are quite similar (Table 1).

3.2. Reaction between FN�Cl and H2O. 3.2.1. Structure and Stability of Intermediates
and Transition Structures. Following the detailed investigation of the singlet and triplet
electronic states of FN�Cl, we decided to investigate the reaction between singlet-
ground-state FN�Cl and H2O. The connectivities and the detailed MP2(full)/6-31G(d)
geometries of the various intermediates involved in this process and of their
interconnecting transition structures, respectively, are shown in Figs. 1 and 2, and in
Tables 2 and 3.

The MP2 level should provide an adequate description of the structure of these
species. Thus, it is well known that the properties of N�O molecules, especially with
halogen atoms present, are difficult to calculate [63]. However, investigations
performed on the structure and stability of the nitrosyl halides FNO and ClNO
[64] [65] revealed that the MP2 theory gave rise to fairly accurate geometries, in accord
with the CCSD method. In addition, it has been reported [66] that CCSD(T)
wavefunctions, even in conjunction with the relatively small 6-31G(d) basis set,
produces optimized geometries of the protonated FNO isomers, which were very
similar to those found at the MP2 level of theory.

The adduct 1 (Fig. 1) formally arises from the direct association between FN�Cl and
H2O. At the G3(0 K) level of theory, this process is exothermic (�18.1 kcal mol�1),
which is consistent with our recent estimate of� 17.3 kcal mol�1 [35] at the G2MS level
of theory. Ion 1 can be also perceived as theO-protonated isomer of the hydroxylamine
FN(Cl)OH, and we note that, as expected, its computed N�Obond distance of 1.791 ä
is significantly longer than in the unprotonated molecule (1.360 ä). Isomer 2 formally
arises from a −1,2 shift× of a H-atom from the O- to the N-atom of 1; it can, therefore, be
described as the N-protonated form of FN(Cl)OH. At variance with 1, the computed
N�Obond distance of 2, 1.351 ä, is slightly shorther than in FN(Cl)OH. In addition, at
the G3(0 K) level of theory, isomer 2 is predicted to be more stable than 1 by 10.6 kcal
mol�1. It is of interest to note here that, at the G3 level of theory, the N-protonated
isomer of the hydroxylamines X�NH�OH (X�F, Cl) was found to be more stable
than the O-protonated isomer by 19.5 and 19.9 kcal mol�1 for X�Fand Cl, respectively
[38]. In addition, for hydroxylamine proper (H2N�OH), the energy gap between the
O- and the more-stable N-protonated isomers has been computed earlier as 25 kcal
mol�1 at both the G1 [67] and G2 [68] levels of theory.

Upon searching for conceivable intermediates arising from the elimination of HX
(X�F or Cl) from 1 and 2, we identified four distinct structures: 3, 4, 5, and 6. The
optimized geometries of isomers 3 and 4 indicate the formation of loosely-bound
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adducts between HF and the H-atom of ClN�(O)H or ClN�OH. The computed
F�H(1) bond of 3 (1.559 ä) is longer than in 4 (1.440 ä), and, consistently, at the
G3(0 K) level of theory, the stability of the two adducts with respect to the dissociations
into ClN�(O)H and HF or ClN�OH and HF, respectively, was computed as 14.9 and
20.7 kcal mol�1. Therefore, although the ClN�(O)H isomer is more stable than
ClN�OH by more than 11 kcal mol�1, the latter interacts with HF more strongly than
the former, and isomer 3 is more stable than 4 by only 5.6 kcal mol�1.
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Fig. 1. Molecular connectivities of the intermediates 1 ± 7 involved in the reaction between singlet FN�Cl andH2O.
H-Bonds are indicated by dashed lines. The overall symmetries of the species are indicated in parentheses.
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Table 2. MP2(full)/6-31G(d)-Optimized Geometries (bond lengths d, bond and dihedral angles � and �, resp.)
of the Intermediates and Dissociation Products Involved in the Reaction between Singlet FN�Cl and H2O. For

atom numbering, see Fig. 1.

Species d [ä] � [�] � [�]

1 N�O 1.791 N�O�H(1) 103.0 F�N�O�H(1) 31.4
N�Cl 1.643 N�O�H(2) 102.1
N�F 1.361 F�N�Cl 107.5
O�H(1) 0.994 F�N�O 97.0
O�H(2) 0.993

2 N�O 1.351 N�O�H(1) 106.1
N�Cl 1.730 N�F�O 110.3
N�F 1.394 O�N�H(2) 104.8 H(1)�O�N�H(2) 179.2
O�H(1) 0.991
N�H(2) 1.039

3 N�O 1.201 O�N�H(1) 121.7
N�Cl 1.669 Cl�N�O 123.6
N�H(1) 1.078 N�H(1)�F 167.0
F�H(1) 1.559 H(1)�F�H(2) 127.3
F�H(2) 0.948

4 N�O 1.264 N�O�H(1) 105.8 Cl�N�O�H(1) 180.0
N�Cl 1.628 Cl�N�O 111.8
O�H(1) 1.059 O�H(1)�F 173.3
F�H(1) 1.440 H(1)�F�H(2) 121.9
F�H(2) 0.950

5 N�O 1.164 O�N�H(1) 128.8
N�F 1.349 F�N�O 120.5
N�H(1) 1.112 H(2)�Cl�H(1) 105.7
Cl�H(1) 1.289 N�H(1)�Cl 174.6
Cl�H(2) 1.924

6 N�O 1.243 N�O�H(1) 113.7 F�N�O�H(1) 2.9
N�Cl 2.735 F�N�O 109.3
N�F 1.323 N�Cl�H(2) 105.2
O�H(1) 1.017
Cl�H(2) 1.286
Cl�O 3.289

7 N�O 1.170 N�O�H(1) 62.0
N�Cl 1.657 N�O�H(2) 69.7
N�F 1.354 F�N�O 119.9
O�H(1) 3.222 Cl�N�O 128.9
O�H(2) 3.740
F�H(1) 2.783
N�H(1) 2.866

ClN�(O)H N�O 1.308 H�N�O 111.3
N�Cl 1.709 Cl�N�O 115.8
N�H 1.037

ClN�OH N�O 1.295 Cl�N�O 11.9 Cl�N�O�H 0.0
N�Cl 1.684 H�O�N 112.2
O�H 1.099

FN�(O)H N�O 1.279 F�N�O 116.1
N�F 1.325 F�N�H 110.0
N�H 1.042

FN�OH N�O 1.262 F�N�O 105.8 F�N�O�H 0.0
N�F 1.311 H�O�N 110.7
O�H 1.001

ClN�(O)F N�O 1.298 Cl�N�O 116.2
N�F 1.336 Cl�N�F 111.9
N�Cl 1.739

FN�Cl N�F 1.308 F�N�Cl 110.8
N�Cl 1.572

H2O O�H 0.969 H�O�H 104.0
HF H�F 0.934
HCl H�Cl 1.280
H2 H�H 0.738



Similar to 3 and 4, the isomers 5 and 6 are loosely bound adducts between HCl and
the two ions FN�(O)H or FN�OH. The former species is more stable than the latter by
ca. 10 kcal mol�1, but the interaction energy of the former with HCl, 27 kcal mol�1, is
larger than for FN�OH (17 kcal mol�1). Thus, isomer 5 is more stable than 6 by ca.
20 kcal mol�1. This significant difference in the stability of the two ions is mirrored in
their computed structures. Particularly, in 5, the ligation of HCl to FN�(O)H occurs
through the H-atom, whereas in 6 the Cl-atom of HCl interacts with the N�O bond of
FN�OH, although the N ¥¥¥ Cl distance (2.735 ä) is shorter than the O ¥¥¥ Cl distance
(3.289 ä).

Isomers 4 and 6 can be perceived as the F- and the Cl-protonated forms of the
hydroxylamine FN(Cl)OH, and it is of interest to note that the former is more stable by
more than 40 kcal mol�1. As a matter of fact, 4 is the most stable among the various
isomeric structures of protonated FN(Cl)OH, thus suggesting that the F-atom is the
thermochemically favored protonation site.

Species 7 is an intermediate involved in the unimolecular loss of H2 from isomer 1.
The optimized geometry of this ion indicates the formation of a loosely bound adduct
arising from the weak interaction of H2 with the F-atom of the ClN�(O)F cation. The
F ¥¥ ¥H(1) distance is as large as 2.783 ä, and the interaction energy between the two
moieties is lower than 0.5 kcal mol�1.

The conversion of 1 into 2 occurs through the transition structure TS1 (Fig. 2). The
single imaginary frequency of this three-centers species, computed as 1774.0i cm�1,
refers to the in-plane motion of the H-atom, which shifts from the O- to the N-atom.
The activation energy of this process was computed as 38.2 kcal mol�1 from the
G3(0 K) energy difference between TS1 and 1. In the transition structure TS1, the
N�O bond distance, computed as 1.621 ä, is slightly shortened with respect to the
intermediate 1 (1.791 ä), and the migrating H-atom lies in between the O- and N-
atoms.

The extrusion of HF from the intermediate 1, under formation of the intermediate
4, occurs through the four-center transition structure TS2. The single imaginary
frequency of this ion, computed as 1472.2i cm�1, refers to the in-plane motion of the H-
atom, which shifts from the O- to the F-atom. The O ¥¥¥H(2) and N�F bonds of TS2,
computed as 1.287 and 1.646 ä, respectively, are significantly longer with respect to 1,
and, overall, an appreciable structural rearrangement is required to overcome the
activation barrier, computed as 22.9 kcal mol�1 at the G3(0 K) level of theory. Similarly,
the extrusion of HCl from 1, with formation of the intermediate 6, occurs through the
four-center transition structure TS3. The single imaginary frequency of this ion,
computed as 1458.0 cm�1, refers to the in-plane motion of the H-atom, which shifts
from the O- to the Cl-atom. The O ¥¥¥H(2) and N�Cl bond distances, computed as
1.384 and 1.880 ä, respectively, are significantly longer with respect to 1, and the
activation barrier is computed to be as large as 28.1 kcal mol�1 at the G3(0 K) level of
theory. Also, the energy of TS3 is higher than that of TS2 by almost 5 kcal mol�1.

The loss of H2 from the O-atom of 1 occurs through the transition structure TS4,
whose single imaginary frequency of 1878.3i cm�1 refers to the symmetric stretching of
the two O�H bonds, which appear to be appreciably longer relative to 1. The N�O
bond length of TS4, 1.285 ä, is also smaller than in 1 by ca. 0.5 ä, and, overall, a
significant structural rearrangment is observed when passing from 1 to TS4.
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Consistently, at the G3(0 K) level of theory, the energy difference between the two
structures is computed to be as large as 79.3 kcal mol�1, and TS4 is the highest-energy
species among the presently investigated ones.

Next, we investigated the mechanism of the loss of HF or HCl from the
intermediate 2. Both of these processes may, in principle, occur by two distinct paths,
i.e., either 1,1-abstraction of HX from the N-atom (X�F or Cl) under eventual
formation of 4 or 6, or 1,2-elimination of HX under eventual formation of the
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Fig. 2. Molecular connectivities of the transition structures TS1 ±TS8 involved in the reaction between singlet
FN�Cl and H2O. The overall symmetries of the species are indicated in parentheses.
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Table 3. MP2(full)/6-31G(d)-Optimized Geometries (bond lengths d, bond and dihedral angles � and �, resp.)
of the Transition Structures Involved in the Reaction between Singlet FN�Cl and H2O. For atom numbering, see

Fig. 2.

Species d [ä] � [�] � [�]

TS1 N�O 1.621 O�N�H(2) 50.9 H(1)�O�N�F 8.2
N�Cl 1.663 N�O�H(1) 103.8
N�F 1.358 N�O�H(2) 48.9
O�H(1) 1.001 F�N�O 105.5
O�H(2) 1.276 Cl�N�F 111.9
N�H(2) 1.240 Cl�N�H(2) 131.1

TS2 N�O 1.498 N�O�H(1) 103.6 H(1)�O�N�Cl 143.5
N�Cl 1.628 N�O�H(2) 79.6
N�F 1.646 F�N�O 84.8
O�H(1) 0.998 Cl�N�F 106.2
O�H(2) 1.287 Cl�N�O 107.4
F�H(2) 1.178 N�F�H(2) 76.7

TS3 N�O 1.480 N�O�H(1) 107.4 H(1)�O�N�F 28.8
N�Cl 1.880 F�N�O 103.3 O�N�Cl�H(2) 7.8
N�F 1.362 Cl�N�O 90.5
O�H(1) 0.998 N�Cl�H(2) 69.5
O�H(2) 1.384
Cl�H(2) 1.493

TS4 N�O 1.285 N�O�H(1) 113.5 H(1)�O�N�F 37.6
N�Cl 1.686 N�O�H(2) 114.6
N�F 1.364 F�N�O 110.6
O�H(1) 1.197 Cl�N�O 117.4
O�H(2) 1.510
H(1)�H(2) 1.042

TS5 N�O 1.285 N�O�H(1) 112.2 H(1)�O�N�Cl 18.6
N�Cl 1.654 Cl�N�O 119.6
N�F 1.806 O�N�H(2) 116.9
O�H(1) 1.002 N�H(2)�F 96.6
F�H(2) 1.254
N�H(2) 1.164

TS6 N�O 1.273 N�O�H(1) 88.7 H(1)�O�N�Cl 130.8
N�Cl 1.644 F�N�O 87.4
N�F 1.782 Cl�N�F 118.4
O�H(1) 1.189 Cl�N�O 119.4
F�H(1) 1.328 Cl�N�H(2) 114.8
N�H(2) 1.041

TS7 N�O 1.276 N�O�H(1) 111.2 H(1)�O�N�F 19.0
N�Cl 2.248 F�N�O 113.6
N�F 1.341 Cl�H(2)�N 107.1
O�H(1) 1.005
Cl�H(2) 1.581
N�H(2) 1.199

TS8 N�O 1.244 F�N�O 116.9 H(1)�N�O�H(2) 128.3
N�Cl 2.074 Cl�N�O 94.5
N�F 1.376 N�O�H(1) 90.2
O�H(1) 1.309
Cl�H(1) 1.628
N�H(2) 1.046



intermediates 3 or 5. Indeed, our calculations showed all four transition structures TS4,
TS5, TS6, and TS7.

The 1,1-elimination of HF from 2 occurs through the three-center transition
structure TS5, whose single imaginary frequency of 1621.3i cm�1 refers to the in-plane
motion of the H-atom from the O- to the F-atom. The activation barrier of this process
was computed as 32.9 kcal mol�1 from the G3(0 K) energy difference between TS5 and
2. The four-center transition structure TS6, whose single imaginary frequency of
2112.8i cm�1 refers to the in-plane motion of the H-atom from the O- to the F-atom, is
higher in energy than TS5 by 6.7 kcal mol�1. Therefore, the loss of HF from 2 is
predicted to occur practically exclusively by a 1,1- rather than a 1,2-abstraction process.
Similarly, the loss of HCl from 2 is predicted to occur by a 1,1- rather than a 1,2-
mechanism. Indeed, at the G3(0 K) level of theory, the transition structure for the 1,1-
loss, i.e., TS7, is more stable than that for the 1,2-loss, TS8, by 4.6 kcal mol�1. Also, the
absolute values of 43.4 and 48.0 kcal mol�1 predicted for the activation barriers of these
two processes are larger than the activation barriers for the corresponding processes
involving HF. As for TS5 and TS6, the single imaginary frequencies of the three- and
four-center transition structures TS7 and TS8, respectively, computed as 1555.5i and
2447.7i cm�1, refer to the in-plane motion of the H-atom from the O- to the Cl-atom.

3.2.2. Competitive Reaction Pathways. The absolute and relative energies, at the
G3(0 K) level of theory, of the various intermediates, transition structures, and
dissociation products involved in the reaction between singlet FN�Cl and H2O,
reported in Table 4, have been used to generate the diagram shown in Fig. 3.

The first important conclusion we draw from the potential-energy profile shown in
Fig. 3 is that, under gas-phase thermal conditions, singlet FN�Cl is predicted to be
essentially unreactive toward H2O. In fact, generally speaking, according to the double-
well-potential model for gas-phase ion/molecule reactions [69], the collision between a
cation A� and a neutral molecule B may eventually result in the efficient formation of
ionic and neutral product(s) only when the energy gained in the usually unhindered
association of the two fragments under formation of an [A�B]� complex is higher than
the various activation barriers the latter species has to overcome to undergo formation
of a given reaction product. According to Fig. 3, the energy (18.1 kcal mol�1) gained in
the association between FN�Cl andH2O under formation of 1 is appreciably lower than
the activation barriers for the hydrolysis of this ion into FN�OH and HCl (28.1 kcal
mol-1) and into FN�(Cl)O and H2 (79.3 kcal mol�1), as well as for the interconversion
with isomer 2 (38.2 kcal mol�1). However, the transformation of 1 into ClN�OH and
HF involves an activation barrier of only 22.9 kcal mol�1, which is not far from the
exothermic heat of reaction upon formation of 1 from FN�Cl and H2O, assuming an
uncertainty of ca. 2 kcal mol�1 in the computed values. However, if one includes the
thermal and entropy contributions at 298.15 K, the free energy change for the
association between FN�Cl and H2O is 9.1 kcal mol�1, which is significantly lower than
the free energy barrier for the decomposition of 1 into ClN�OH and HF (23.7 kcal
mol�1). Therefore, the only reaction channel probably accessible from the collision
between FN�Cl and H2O, i.e., the elimination of HF, should be observed only at very
low temperatures and with a very low efficiency.

3.3. Reactivity of FN�H, ClN�H, F2N�, and FN�Cl toward H2O. As already
mentioned in the Introduction, the reactions of the halonitrenium ions FN�H, ClN�H,
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Fig. 3. G3(0 K) Relative energies (in kcal mol�1) of the intermediates, transition structures, and dissociation products involved in the reaction between singlet FN�Cl and
H2O



and F2N� and H2O have been investigated in considerable detail [25] [37] [38], and the
lowest-energy portions of the corresponding potential-energy profiles are reported in
Fig. 4.

On the basis of the diagrams in Figs. 3 and 4, we came to the conclusion that FN�Cl
should be less reactive towards H2O than FN�H, ClN�H, and F2N�.

Like the reaction between FN�Cl andH2O, the above reactions invariably start with
the formation of XN�H/H2O (X�F, Cl) or F2N�/H2O complexes, which may, in turn,
undergo two lowest-energy processes: 1,2-elimination of HX or isomerization to theN-
protonated hydroxylamine XN(H)OH (X�F, Cl) or F2NOH. For FN�H (see Fig. 4,a)
the energy gained in the formation of the FN�H/H2O complex, 52.1 kcal mol�1, is large
enough to allow both isomerization to FN�(H2)OH or formation of HN�OH by 1,2-
elimination of HF. However, the energy difference of the transition structures involved
in these two processes, ca. 8 kcal mol�1, is large enough to support the expectation that
the reaction between FN�H and H2O should occur efficiently, leading to nearly
exclusive elimination of HF. When passing to F2N� (see Fig. 4,b), we still expect
exclusive 1,2-elimination of HF under formation of FN�OH, since the −isomerization×
of the F2N�/H2O complex to FN�OH/HF is the only process whose energy barrier,
computed as 27 kcal mol�1, is lower than the association energy between F2N� and H2O
(36 kcal mol�1). These two values are, however, close enough to suggest that, compared
with FN�H, the process should occur less efficiently. As a matter of fact, we have
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Table 4. Absolute and Relative Energies (in atomic units and kcal mol�1, resp.) and MP2/6-31G(d) Total
Entropies (S, in cal mol�1 K�1) of the Species Involved in the Reaction between Singlet FN�Cl and H2O

Species G3(0 K) G3(298.15 K) S (298.15 K) �E (G3(0 K))

1 � 690.455048 � 690.449844 73.2 0.0
2 � 690.471931 � 690.467841 68.1 � 10.6
3 � 690.536847 � 690.530877 79.0 � 51.3
4 � 690.527841 � 690.521912 77.8 � 45.7
5 � 690.495152 � 690.489229 80.1 � 25.2
6 � 690.463342 � 690.457177 79.5 � 5.2
7 � 690.406661 � 690.399460 84.7 � 30.4
TS1 � 690.394229 � 690.389822 69.3 38.2
TS2 � 690.418554 � 690.414401 68.3 22.9
TS3 � 690.410293 � 690.405853 69.4 28.1
TS4 � 690.328658 � 690.324168 69.3 79.3
TS5 � 690.419512 � 690.415220 69.2 22.3
TS6 � 690.408797 � 690.404685 68.7 29.0
TS7 � 690.402785 � 690.398135 71.0 32.8
TS8 � 690.395500 � 690.391144 69.5 37.4
FN�Cl � 614.042884 � 614.039806 61.4
ClN�OH � 590.093022 � 590.089848 61.6
FN�OH � 229.797009 � 229.793967 59.1
ClN�(O)F � 689.238596 � 689.235003 66.1
ClN�(O)H � 590.111319 � 590.108163 61.6
FN�(O)H � 229.812879 � 229.809857 59.0
H2 � 1.167616 � 1.165255 31.1
H2O � 76.383370 � 76.380536 45.1
HF � 100.401760 � 100.399399 41.5
HCl � 460.639176 � 460.636815 44.6
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Fig. 4. G3(0 K) Relative energies (in kcal mol�1) of the lowest-energy intermediates, transition structures, and
dissociation products involved in the reaction between H2O and a) singlet FN�H, b) singlet F2N�, and c) ClN�H



observed experimentally [25] that the reaction between F2N� and H2O leads to the
exclusive, but scarcely efficient, elimination of HF. Concerning ClN�H (Fig. 4,c), the
energy of formation of the ClN�H/H2O complex from ClN�H and H2O, 24 kcal mol�1,
is comparable not only with the energy barrier for the isomerization to the
ClN�(H2)OH intermediate (28 kcal mol�1), but also with the energy barrier for the
formation of the HN�OH/HCl complex (24 kcal mol�1). Taking into account an
uncertainty of ca. 2 kal mol�1 in these G3-computed values, the three values are nearly
the same, and the ClN�H cation should react with H2O even less efficiently than F2N�.

Concerning FN�Cl, we have already discussed in the previous paragraph that the
energy barriers of all the unimolecular processes involving the FN�Cl/H2O complex are
higher than the energy liberated upon ligation between FN�Cl and H2O, and this ion is
expected to be basically unreactive toward H2O. Therefore, in conclusion, the results of
our calculations support the reactivity order FN�H�F2N��ClN�H�FN�Cl towards
H2O. Interestingly we have recently found by G2MS calculations [35] that the Lewis
acidity of the above ions ± quantified as the dissociation enthalpy at 298.15 K of the
XN�H/L, X2N�/L (X�F, Cl), and FN�Cl/L adducts (L�HF, HCl, H2O, H2S, NH3,
PH3) ± follow a quite similar trend. This suggests the conceivable occurrence of
correlations between the reactivity of the simplest halonitrenium ions and their
thermochemical properties.

4. Conclusions. ± Our calculations clearly indicate that the gaseous FN�Cl cation
has a singlet ground state 1A�, which is more stable than the triplet 3A�� state by ca.
30 kcal mol�1. Concerning the reaction between 1A� FN�Cl and H2O, our calculations
indicate that this cation is significantly less reactive than other fluoro- and
chloronitrenium ions such as FN�H, ClN�H, and F2N�. This raises the question on
the actual role of FN�Cl in the chemistry of plasmas containing F2NCl, whose detailed
investigation clearly deserves further experimental and theoretical work.

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