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Abstract

The gas-phase ion chemistry of NF3/SO, mixtures has been investigated by ion trap mass spectrometry and theoretical calculations. SO* and SO,*
react efficiently with NF; giving F—(SO)* and F—(SO,)*. CAD experiments and thermochemical considerations support the exclusive formation
of the sulfur—fluorine cations F—SO* and F—SO,*. NF,* is unreactive toward SO,, and NF;* undergoes exclusively the efficient charge transfer.
On the other hand, NF* activates the OS—O bond, with formation of SO* and NO*. DFT and coupled cluster calculations indicate that these ionic
products arise from a SO*—(FNO) ion—dipole complex, which dissociates into SO* and FNO or NO* and FSO. This intermediate is more stable
than NF* and SO, by nearly 60 kcal mol~!. We have also located a less stable sulfur-nitrogen complex FN—SO,*, whose formation explains the
less efficient observed charge transfer between NF* and SO,. The only observed negative ion—molecule reaction is the formation of F—SO,~ from
the reaction between SO, and NF;. Our investigated processes may be of interest for the plasma and the atmospheric chemistry of NF;, one of
the gaseous compounds most extensively used in the electronic industry to perform etching and cleaning processes.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Nitrogen trifluoride, NFj3, is one of the five presently known
binary N—F compounds [1]. First discovered by Ruff in 1928
[2], its structure, bonding, and molecular properties have been
extensively investigated for many years [3], and new informa-
tion is still emerging [4,5]. At low temperatures, NF3 reacts
only sluggishly, particularly in the absence of reducing met-
als. The thermodynamically favoured reactions with Hy, CHg4,
CO, H,0, H;S, and many other compounds are prevented, at
ambient temperatures, by kinetic factors. The N—F bonds of
NF; are however relatively weak (the average value is less than
70 kcal mol~! [6]) and may be dissociated by plasma or ther-
mal techniques. This decomposition is fast, efficient (up to ca.
90-95%), and does not produce solid residues. For these reasons,
NFj3 is extensively used in the semiconductor industry to per-
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form etching and cleaning processes [7]. This industrial use has
in fact recently increased to such an extent that the adverse envi-
ronmental impact of NF3 as a potent greenhouse gas is becoming
of concern [8,9].

Despite the great chemical stability of NF3, the gaseous NF,*
(x=1-3) are highly reactive and undergo various ionic pro-
cesses with, for example, NFj3 itself [10], CHy [11,12], H,O
[13-15], H2S [16], HN3 [17], HoN—CN [18], CO [19,20], and
N>O [21]. Various ion—molecule reactions involving the neu-
tral NF; have been also observed and investigated [22-24].
The interest in this chemistry, that started essentially for funda-
mental reasons [11,12], has become progressively related to the
above-mentioned industrial use of NF3. In fact, during the etch-
ing and cleaning processes, the dissociation of pure or diluted
(for example, with helium, argon, or oxygen) NF3 generates the
chemically active fluorine atoms as well as ionic species such
as NF,* (x=1-3), NoF*, and NO,* (x=1, 2) [25] whose active
role is substantiated by experimental [26-28] and theoretical
evidence [29,30]. A detailed knowledge of the ion chemistry
of NF3/0, and NF3/N; gaseous mixtures is also of interest
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for the proposed use of Oz- and Nj-based plasmas [31,32] to
reduce the atmospheric emissions of NF3. For example, a recent
kinetic modeling of the NF3 decomposition via dielectric bar-
rier discharge in NF3/N> [33] lists nearly twenty ionic processes
involving NF3; and NF,* (x=1-3). Finally, the chemical inert-
ness of NF3 toward the major neutral tropospheric oxidants
[8] stimulates interest in the conceivable occurrence of ionic
processes promoted, for example, by inorganic aerosols or by
corona discharges during natural events.

The present mass spectrometric and theoretical study on
the positive and negative ion—molecule reactions occurring in
NF3/SO, mixtures reveals novel motifs of the gas-phase ion
chemistry of NF;3. In particular, few processes involving NF*
have been observed and discussed in detail, and we report here
the efficient activation of the OS—O bond by NF* with formation
of the atmospherically relevant FNO, FSO, SO*, and NO*. We
have also observed the formation of FSO,* (x=1, 2) from the
efficient oxidative fluorination of SO,* by NF3. This provides a
novel route to the cationic sulfur oxyfluorides, a group of reactive
intermediates involved in the corona discharge decomposition
of SF¢ [34-36]. We have also observed the formation of FSO; ™~
from the reaction between SO, ~ and NF3, and obtained prelim-
inary insights into the still unexplored gas-phase reactivity of
FSO,*.

2. Experimental and computational details

The experiments in the positive ionisation mode were per-
formed using a Finnigan ITMS instrument maintained at 333 K.
Reagent gases and buffer helium were introduced into the trap
at typical pressures of ca. 6.0 x 1077 and ca. 1.0 x 10~* Torr
(1 Torr =133 Pa), respectively, empirically set so to maximize
the abundance of the signals and measured by a Bayard Alpert
ion gauge. The nominal values were corrected for different sensi-
tivity toward different gases,! and for a calibration factor which
depends on the geometry of the instrument [37]. These pres-
sure domains, while ensuring appreciable signal-to-noise (S/N)
ratios, prevent however too much high ion densities into the
trap. This avoids space-charge effects which may compromise
m/z ratio assignments or cause problems of mass discrimination.
Ion densities are also optimized with respect to ionization times
by an Automatic Gain Control [38]. While mass accuracy can be
in principle reduced when resonance ejection is used to extend
the m/z ratio beyond the standard highest limit of the commer-
cial ion trap of 650 [38], our investigated mass-to-charge ratios
are invariably well below this highest limit. Therefore, even
though we have not performed specific determinations of the
dynamic range, we may reasonably assume that it is linear for
all the experiments performed. Electron ionisation was achieved
by an electron beam of 35eV (average energy). The reaction
sequences and the rate constants were determined by selective
ion storage of the reactant ions performed by the apex method
(superimposition of dc and rf voltages). This avoids the pres-
ence of interference ions and allows to maximize the abundance

I M. Decouzon, J.F. Gal, P.C. Maria, A.S. Tchinianga, private communication.

of selected ions so to obtain appreciable S/N ratios. Secondary
reactions were also minimized by typical reaction times of less
than 40 ms. Linear kinetic plots were invariably obtained for
the decay of any selected ion. The scan modes and the methods
used for the data processing have been already described pre-
viously [37] and will not be repeated here. Assuming the usual
uncertainties in measuring absolute pressures with the Bayard
Alpert ion gauge, the phenomenological rate constants are the
average of two determinations and are expected to be accurate
within £20%. The ions detection range was set between 10 and
300 Th. Collisional-activated dissociation (CAD) experiments
were performed by setting the following ITMS parameters:
ion storage time: 10-20 ms; ¢, value: 0.45; helium buffer gas
pressure: 6.5 x 10~* Torr; tickle voltage: 4000 mV. The reso-
nant excitation frequency was manually adjusted to improve the
fragmentation efficiency.

The experiments in the negative ionisation mode were per-
formed using a Finnigan GCQ Polaris mass spectrometer
maintained at room temperature. Electron ionisation (EI) and
chemical ionisation (CI) were both achieved by an electron beam
of 35eV (average energy) and an ionisation time of 25 ms. The
EI and CI experiments were however performed using two dif-
ferent types of ion volumes (source geometry). The EI volume
is open but the CI one is closed and with a small hole for leak-
ing ions. This allows higher effective pressures and facilitates
CI conditions. A modified inlet system allowed the introduc-
tion of gases into the ion source through the transfer-line inlet.
Gas pressures were regulated with a needle valve and ranged
from 1.0 x 1075 to 1.0 x 107> Torr for reactant gases, and from
1.0 x 107 to 5.0 x 107 Torr for helium. These values corre-
spond to the pressures read by a Granville-Phillips ion gauge.
Due to high-pressure conditions, any obtained spectrum should
be in principle regarded as a CI spectrum. The EI/CI notation is
however adopted to distinguish the use of the EI or the Clion vol-
ume. Selected ions were isolated by imposition of the ac isolation
waveform voltage applied to the end cap electrodes of the ion
trap, in combination with the main rf voltage. lon—-molecule reac-
tions were observed at variable storage times of up to 100 ms,
obtained by modification of the standard software of the instru-
ment. Difficulties encountered in the calibration of the ion gauge
prevent however the measurement of rate constants by the GCQ
instrument. The use of standard reactions, including the pseudo-
first order decay of CH4* reacting with methane [39], is in fact
precluded by the low abundance of the precursor ions invariably
obtained in the high pressure domain of the ion source.

NF3 (Rivoira, >99.99%) and SO; (SIAD, 99.99%) were dried
by sodium sulfate before using, while He (SIAD, 99.998%) was
used without further purification.

The calculations were performed with the GAUSSIAN 03
[40] and MOLPRO 2000.1 [41] sets of programs using the
standard internal 6-311+G(2df) basis set [42]. The geometries
were optimised at the Becke’s three-parameter hybrid functional
level of theory, B3LYP [43], where the non-local correla-
tion is provided by the Lee—Yang—Parr expression [44]. The
obtained structures were ascertained to be true minima on the
B3LYP potential energy surface by calculating their harmonic
vibrational frequencies. The unscaled values were also used to
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Table 1

Positive ion—molecule reactions in ionised NF3/SO,

Reaction Kexp > kexp keon® Efficiency® AH (kcalmol~1)°
NF* +S0, — NO* + FSO 1.2 9.7 0.62 —102.79/—106.1¢
NF* +S0; — SO* + FNO 4.6 —48.5

NF* +S0; — SO,* + NF 0.2 6.0 2.1

NF,* + SO, — No reaction

NF;*+S0; — SO,* + NF3 4.1 4.1 7.8 0.53 —13.6

S* +NF3 — No reaction

SO* +NF; — FSO* + NF, 6.8 6.8 8.3 0.82 —-27.3

SOQJr +NF; — FSOzJr +NF, 1.7 7.7 0.27 —25.0

SO,* +NF3 — NF,* +FSO, 0.4 2.1 3.4f/-0.28
FSOZ++NF3 — NF2++FQSOZ 5.1 5.1 7.2 0.71 —18.6

FSO;* +NF; — NF,* +F, + SO, 91.8

Rate constants are expressed as 10710 cm® molecule ! s~!

; uncertainty is within 20%. Despite the presence of buffer helium, it is always difficult to estimate how

truly thermal the ions are in an ion trap. The quoted values must be therefore regarded as phenomenological rate constants.
2 Collisional rate constants have been calculated according to the Parametrized Trajectory Theory (Ref. [56]) taking the polarizability of NF3 and SO, from Ref.

[57].
b Calculated as the ratio Zkexp/kwu.
¢ Based on the thermochemical data at 298 K listed in Table 2.
d Based on the theoretical AHg of FSO from Ref. [36].
¢ Based on the theoretical AHy of FSO from Ref. [58].
f Based on the theoretical AHg of FSO, from Ref. [36].
& Based on the theoretical AHp of FSO; from Ref. [58].

evaluate the zero-point energies and the vibrational contribution
to the thermal correction at 298.15 K [45] (both the translational
and the rotational contribution were evaluated as (3/2)RT). The
total energies of the investigated molecules and ions were sub-
sequently refined by single-point calculations at the restricted
coupled cluster level of theory [46—49], including the contri-
bution from single and double substitutions, and an estimate of
connected triples. The atomic charges were calculated by natural
bond orbital (NBO) analysis [50] of the B3LYP/6-311+G(2df)
wave function.

3. Results and discussion
3.1. Reactions between SO,* (x=1, 2) and NF3

Fig. 1 shows a typical time-delayed mass spectrum from
ionised NF3/SO,.
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Fig. 1. 35eV positive mass spectrum of NF3/SO, (reaction time: 100 ms).

Besides the signals from NF3 (NF*: m/z=33; NF,*": m/z=52;
NF3*: m/z=71) and SO, (S*: m/z=32; SO*: m/z=48; SO,*:
mlz=64), we note in particular the two readily detected peaks
at m/z=67 and m/z=83. These ions arise exclusively from the
F-abstraction reactions

SO +NF3 — F—SO)" + NF, (D
SO, " +NF; — F—(SO,)" +NF, )

(all the presently observed ion—molecule reactions and their
relevant thermochemical data are listed in Tables 1 and 2, respec-
tively. The rate constants are obtained from kinetic plots such as
the one reported in Fig. 2).

The results of previous ab initio calculations [34] suggest
the nearly exclusive formation of the singlet sulfur—fluorine
cations F—S—O" and F-S(0)—O*. The Gaussian-3 (G3)
enthalpy of formation (A Hf) of the singlet F—=S—O™ is in fact
164.6 4 2 kcal mol !, which is consistent with an experimen-
tal estimate of 169.5 # 1.6 kcal mol~! based on the appearance

4,35 T . T T T T T T
0.0 0005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
time (s)

Fig. 2. Time dependence of In[SO,*] for the reaction between SO,* and NF;.
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Table 2
Thermochemical data (ground state, 298 K) of the species involved in the positive
ion—molecule reactions in ionised NF3/SO,

Neutral 1E (eV) AHfO (kcal mol’l) Ton AHt‘? (kcal mol’l)

NF 12.26 59.5 NE* 34222

NE, 11.63 10.1 NE,* 278.32

NF; 12.94 -31.6 NF;* 266.82

SO 10.29 12 So* 238.5%

SO, 12.35 —70.9 SO, * 213.92

SF 10.16 3.1 SF+ 237.42

F—SO 9.52b —66.543.0° F—SO* 169.5+1.64
—69.942.0° 164.6 +2.0°

F—S0, —92.6+3.0° F—SO,t  147.2+1.68
—96.243.0° 156.6 +2.0°

F»2SO, 13.04 —181.3 F>SO,* 119.42

NO 9.26 21.6 NO* 235.12

F—NO 12.65 —15.7 F—NO* 276.0°

0, 12.07 0 0yt 278.32

o 13.62 59.6 ot 373.7°

F 17.42 19.0 F* 420.7*

S 10.36 66.2 S* 305.12

Unless stated otherwise, all thermochemical data are taken from Ref. [6].

 Obtained as the sum of the A Hf and the IE of the corresponding neutral.

b QCISD/6-311G(2df) theoretical estimate from Ref. [52].

¢ G2 “corrected” theoretical estimate from Ref. [36].

d Based on the appearance energy from F2SO, of 18.62 4 0.07 eV quoted in
Ref. [51].

¢ CBS-q theoretical estimate from Ref. [58].

' G3 theoretical estimate from Ref. [34].

& Based on the appearance energy from F,SO, of 15.07 0.07 eV quoted in
Ref. [51].

energy (AE) of structurally unknown FSO* from F,SO; [51].
Therefore, from Table 2, assuming the formation of this ion,
reaction (1) is exothermic by nearly 27 kcal mol~!. The forma-
tion of triplet F—S—O* and of any singlet or triplet F—O—S™*
is instead substantially endothermic, as their G3 A Hf's range
from 230 to 270 kcal mol~! [34]. As for reaction (2), the G3
AH of the singlet F-S(0)—O" is 156.6 4= 2kcal mol~! [34],
which is only slightly higher than the experimental estimate of
147.2 & 1.6 kcal mol~! based on the AE of structurally unknown
FSO,* from F,SO; [51]. Therefore, assuming the formation of
this ion, reaction (2) is exothermic by ca. 20-25kcal mol~!.
The formation of the triplet F—S(O)—O™" and of any singlet or
triplet F-O—SO™ is instead substantially endothermic, as their
G3 A H{'s range from 200 to 260 kcal mol~—! [34].

The formation of the singlet F—S—O™ and F—S(0)—O" from
reactions (1) and (2) is also consistent with the results of the
CAD experiments, which sample in particular the lowest energy
decompositions of selected ions [38]. We observed in fact the
loss of 19 Th (F atom) from the ion at m/z=64 and the loss of
16 Th (O atom) from the ion at m/z = 83. From Table 2, these are
indeed the lowest-energy decompositions of the singlet F—-S—O*
and F—S(0)-0™.

The efficient reactions (1) and (2) are further examples of
oxidative fluorinations of gaseous cations by NF3. Other inves-
tigated processes include, for example, the formation of ZnF*
from Zn* [22], of CtF,* (n=1-4) from CrF,_;* [24], and of
FCO* from CO* [19]. The mechanistic details of these pro-

cesses are still poorly understood. We note however from Table 1
that the formation of F—SO;* from reaction (2) is accompanied
by a minor but still detectable formation of NF,* and FSO,.
This suggests the intermediacy, along the reaction coordinate,
of a (FSO,—NF,)* complex, which dissociates according to two
different competitive reaction paths.

The structure and reactivity of the gaseous FSO* obtained
by air/SFg corona discharge have been recently investigated by
experimental and theoretical methods [35]. Consistent with our
results, structurally diagnostic CAD experiments supported the
exclusive formation of the sulfur—fluorine isomer F—S—O*. In
addition, reactivity experiments revealed that this ion is inert
toward nucleophiles such as SOF;, CO,H,0O, N3, Oz, CO,,N;0,
SO,, C2H», and CH3CN. The only observed reaction was the
charge transfer from CgHg, whose IE of 9.24 eV is indeed lower
than the theoretically predicted value of F—SO, 9.52¢eV [52].
In the present study, we found that F—-S—O* is also unreactive
with NF3. We observed also that F—SO,* is unreactive with SO,
but undergoes the efficient fluoride abstraction from NF3. From
Table 1, the driving force of this process is the formation of the
highly stable F2SO5.

3.2. Reactions between NF,* (x =1-3) and SO;

NF,* is unreactive toward SO, and NF3* undergoes exclu-
sively the efficient exothermic charge transfer. On the other
hand, NF* forms two abundant ionic products, namely NO* and
SO*, and a minor amount of SO,*. The formation reactions of
NO™* and SO* are exothermic and efficient and provide the first
example of molecular activation by NF*. The only previously
observed process is in fact the formation of NF,* by reaction
with NF3 [17]. The formal F* transfer between NF* and CO has
been also theoretically investigated [53]. To explain the some-
what surprising reaction between NF* and SO,, we explored
the involved potential energy surface at the B3LYP and coupled
cluster level of theory. The relevant results are summarized in
Figs. 3 and 4.

NF* has a doublet ground state (*IT) [54] and its formally
empty p orbital may in principle interact with both the oxy-
gen and the sulfur atom of SO;. We have in fact located two
distinct NF*—(SO») energy minima, whose predicted structures
are however quite different. The complex 1 located by explor-
ing the ligation of NF* to the O atom of SO, is indeed an

1.282 A

O6e -be

0 1155 A

1(Cy 2(C)

Fig. 3. B3LYP/6-311+G(2df) optimised geometries and NBO atomic charges
(italics) of the NF*—(SO,) isomers.
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Fig.4. CCSD(T)/6-311+G(2df)//B3LYP/6-311+G(2df) relative enthalpies (top)
and free energies at 298.15K of the species involved in the reaction between
NF* and SO,.

ion—dipole complex between SO* and FNO. The S—O distance is
as long as 2.4 A and the two constituent moieties are essentially
unperturbed SO* and FNO. In addition, according to the large
difference between the IE of SO and FNO (see Table 2), the NBO
calculations predict a total charge of nearly +1 e on the SO group.
From Fig. 3, the formation of 1 is exothermic and exoergic by ca.
60 and ca. 54 kcal mol ™!, respectively, and its dissociation into
SO* and FNO is endothermic by only 7 kcalmol~!, and essen-
tially ergoneutral. This explains the efficient formation (ca. 50%)
of SO* from the reaction between NF* and SO,. We note also
that isomer 1 has two additional exothermic and exoergic exit
channels, namely NO* + FSO and FSO* + NO. However, only
the former process is experimentally observed with an overall
efficiency of nearly 12%. This suggests that the involved activa-
tion barrier is comparable with the (barrier-free) dissociation of
1 into SO* and FNO.

The reaction between NF* and SO, produces also minor
amounts of SO,*. This slightly endothermic but slightly exoer-
gic charge transfer (see Fig. 3) is however not compatible with
the formation of isomer 1. We rather suggest the intermediacy
of the sulfur-coordinated isomer 2 located by approaching the
empty orbital of NF* to the sulfur atom of SO,. With respect to
the S—O distance of isomer 1, the N—S distance is shorter, and
the SO, moiety is appreciably perturbed with respect to the free
molecule (S—O: 1.443 A; 0—S—0: 118.7°). The complexation
enthalpy and free energy are also relatively large and predicted
as ca. 29 and ca. 20 kcal mol~!, respectively. The quite simi-
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Fig. 5. Time dependence of the percentage abundances of SO,~ and F—SO,~
for the reaction between SO, ~ and NF;.

lar IEs of NF and SO, (see Table 2) suggest also that isomer 2
should feature a significant charge transfer from SO, to NF*.
Consistently, the NBO calculations predict a positive charge of
the NF moiety of less than 0.2 e. From Fig. 3, the back dissocia-
tion of isomer 2 into NF* and SO, and its dissociation into SO, *
and NF involve comparable enthalpy and free energy changes.
This explains the low measured efficiency (ca. 2%) of the charge
transfer between NF* and SO;.

3.3. Negative ion—-molecule reactions

Under both EI and CI conditions, the only negative
ion—molecule reaction observed in ionised NF3/SO, is the F-
atom abstraction

SO,” + NF3 — F-SO;™ + NF, 3)

The time-dependence of the intensities of the reactant and prod-
uct ions is shown in Fig. 5.

Sulfur oxyfluoride anions such as SOF;~, SOF5~, SOF~,
and SO, F, ™ are formed in SF¢/H,O negative corona discharge,
and their structure, bonding, and thermochemistry have been
investigated by experimental and theoretical methods [36]. In
particular, mass spectrometric experiments and G3 calculations
[55] indicate that the gaseous F—SO;~ has a sulfur—fluorine
connectivity and a non-planar structure of Cg symmetry. From
the measured fluoride affinity of SO, 54 + 2 kcal mol !, the
AHF of F=SO,™ is obtained as —184 &2 kcal mol~!. Reaction
(3) is therefore exothermic by 46 kcal mol~!, and it is the first
observed fluorination of a gaseous anion by NF3. This suggests
a novel still unexplored strategy for the preparation of gaseous
fluorinated anionic species.

4. Concluding remarks

Nitrogen trifluoride is extensively used in the electronic
industry to perform etching and cleaning processes. Once
released in the atmosphere, it is inert toward the major tropo-
spheric oxidants, and it is therefore of interest to investigate
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its conceivable participation in ionic processes. Our experimen-
tal and theoretical study reveals that, in the presence of SO;,
ionised NF3 undergoes the efficient formation of ionic and neu-
tral species such as NO*, SO*, FNO, and FSO, which may be
indeed of atmospheric relevance. Ionized SO also reacts with
NF;3 giving FSO* and FSO,*. From a fundamental point of view,
we have reported here the first case of chemical activation by
NF*, and the possible use of NF; as a fluorinating agent of
gaseous anionic species.
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