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Abstract

Energy-resolved collision-induced dissociation (CID) experiments using a flowing afterglow-tandem mass spectrome-
ter (MS) have been performed on SF5

− and SF6−, two key components of SF6-based plasmas. G3/B3LYP and G3(MP2)
calculations have also been performed on these systems. The results are compared to other experimental and computational
determinations of the thermochemistry of these species. CID of SF5

− gives a 0 K bond energy ofD(SF4–F−) = 2.38±0.10 eV
(230± 10 kJ mol−1). This is in good agreement with the high-level computational results. The threshold for dissociation of
SF6

− (into SF5
− + F) of 1.85± 0.12 eV (178± 12 kJ mol−1). This dissociation appears to have a barrier greater than the

endothermicity, although the barrier is much smaller than that for photodetachment of the same ion.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sulfur hexafluoride is used extensively as an in-
sulating dielectric[1], in plasmas as a fluorine atom
source[2] and as an etchant[3]. As an indication
of the importance of SF6, Tarnovsky et al.[1] have
noted that “more than 80% of the articles[4] in the
recentProceedings of the VIII International Sympo-
sium on Gaseous Dielectrics deal with. . . SF6 and
SF6-containing gas mixtures.” Thus, the thermody-
namics of neutral and ionic species related to SF6 are
important to the modeling of plasmas. SF6 and re-
lated molecules are also potentially significant global
warming agents[5], partially because of their long
atmospheric lifetimes.
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Because of the relative ease of making SF5
− and

SF6
− from SF6, these ions have long been used as

precursors in many gas-phase studies of ion chemistry
[6,7]. This use is facilitated by the fact that SF6

− is
a strong fluoride donor, while SF5

− is a relatively
weak one (Table 1). Murphy and Beauchamp utilized
these ions in pioneering thermochemical studies of
fluoride affinities[8]. Larson and McMahon included
SF5

− in their fluoride affinity ladder, still the most
comprehensive measured set of fluoride affinities
[9].

Beyond its practical significance, the structure and
bonding of SF6 and related compounds are of funda-
mental interest. For example, attachment of an electron
to SF6 gives an SF6− anion with each bond stretched
by 0.15 Å and vibrational frequencies lowered by an
average of 45%, according to B3LYP/6-311+G(d) cal-
culations discussed below. SF6

− is a classic example
of Franck–Condon factors; the drastic difference in
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Table 1
Selected previous thermodynamic measurements on SFn systemsa

Quantity Value Reference

D(SF5–F) 3.82± 0.14 Thermo [3]
4.35 ± 0.10 Multiple [46]
4.51 ± 0.10 PI [47]
4.62 G2 [40]
4.64 G2(MP2) [39]
4.63 CCSD(T)/CBS [37]
3.49 BLYP/DZP++ [18]
3.69 B3LYP/DZP++ [18]
3.69 BHLYP/DZP++ [18]
3.79 BP86/DZP++ [18]
3.50 NLDF [38]

D(SF4–F) 2.51 Thermo [3]
1.67 G2 [40]
1.65 G2(MP2) [39]
1.59 CCSD(T)/CBS [37]
1.53 BLYP/DZP++ [18]
1.37 B3LYP/DZP++ [18]
1.09 BHLYP/DZP++ [18]
1.72 BP86/DZP++ [18]
1.55 NLDF [38]

D(SF5
−–F) ≤1.85 ± 0.12 ERCID This work

1.14 ± 0.1 ERCI [48]
1.03 ERCID [49]
1.35 ± 0.1 TEA [50]
1.60 G3/B3LYP This work
1.51 G3(MP2) This work
1.59 G2 [36]
1.57 G2(MP2) [39]
1.52 CCSD(T)/CBS [37]
1.97 BLYP/DZP++ [18]
1.65 B3LYP/DZP++ [18]
1.01 BHLYP/DZP++ [18]
2.11 BP86/DZP++ [18]

D(SF4
−–F) 4.19 G2 [36]

4.21 G2(MP2) [39]
4.23 CCSD(T)/CBS [37]
3.77 NLDF [38]

D(SF4–F−) 2.38 ± 0.10 ERCID This work
2.34 ± 0.52 IMRB [8]
1.90 HPMS [9]
2.3 HPMS(adj) See text

>2.60 ± 0.16 IMRB [33]
2.36 G3/B3LYP This work
2.28 G3(MP2) This work
2.31 G2 [36]
2.27 CCSD(T)/CBS [37]
2.56 BLYP/DZP++ [18]
2.50 B3LYP/DZP++ [18]
2.41 BHLYP/DZP++ [18]
2.61 BP86/DZP++ [18]
2.90 NLDF [38]

Table 1 (Continued )

Quantity Value Reference

EA(SF6) 1.07 ± 0.07 TEA [41]
1.05 ± 0.1 HPMS [42]
1.0 ± 0.2 IMRB [43]
1.11 G2 [36]
1.04 G2(MP2) [39]
0.92 CCSD(T)/6-311G(3df) [11]
0.90 CCSD(T)/CBS [37]
3.22 BLYP/DZP++ [18]
2.66 B3LYP/DZP++ [18]
1.61 BHLYP/DZP++ [18]
3.00 BP86/DZP++ [18]

EA(SF5) 4.2 Thermo [7]
4.13 G2 [36]
4.07 G2(MP2) [39]
4.08 CCSD(T)/CBS [37]
4.74 BLYP/DZP++ [18]
4.70 B3LYP/DZP++ [18]
4.29 BHLYP/DZP++ [18]
4.69 BP86/DZP++ [18]
4.79 NLDF [38]

EA(SF4) 1.5 ± 0.2 IMRB [7]
2.35 ± 0.1 IMRB [33]
1.63 G2 [36]
1.52 G2(MP2) [39]
1.44 CCSD(T)/CBS [37]
2.62 BLYP/DZP++ [18]
2.45 B3LYP/DZP++ [18]
1.99 BHLYP/DZP++ [18]
2.54 BP86/DZP++ [18]
2.56 NLDF [38]

See cited references for details of computational techniques. Exper-
imental techniques abbreviated as follows: ERCI: energy-resolved
collisional ionization; ERCID: energy-resolved collision-induced
dissociation; HPMS: high pressure mass spectrometer equilibrium
measurements; IMRB: ion–molecule reaction bracketing; PI: pho-
toionization; TEA: thermal electron attachment; Thermo: thermo-
dynamic cycle.

a Values in eV.

geometry means that it is not possible to photodetach
an electron from SF6− at the adiabatic threshold near
1 eV (seeTable 1). The experimental detachment en-
ergy is substantially larger, ca. 3.2 eV[10,11]. These
striking effects make measurements of the thermo-
chemistry of sulfur fluorides both a challenge and an
important source of insight into the bonding of these
species.

Although many experimental studies have focused
on the thermochemistry of sulfur fluorides, there
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Fig. 1. Energy diagram for SFn0/−, n = 4–6. The dashed line
indicates dissociative electron attachment to SF6.

remains much uncertainty. This can be seen inFig. 1,
which shows the interconnections between bond
strengths and electron affinities in the larger SFn

0/−

species. The experimental and computed values for
these quantities given inTable 1indicate that there is
still disagreement on almost every value in the system.

Energy-resolved collision-induced dissociation
(CID) of SFn

+ cations was successfully employed
to derive thermochemistry by Fisher et al.[3], but
analogous experiments with the anions have not
been performed. This study involves measuring the
energy-resolved CID of SF6− and SF5− to provide
new thermochemistry. While SF6

− is the main prod-
uct of electron attachment to SF6 at low energies,
SF5

− is the main product in the energy range between
approximately 0.25 and 2.5 eV[12], making both
of these ions major components in high-temperature
plasmas.

Both SF6 and SF5− are classic examples of hyper-
valent bonding[13–15], with 12 electrons around the
central atom. SF6 is octahedral; SF5− has the same
basic structure, with a lone pair replacing a fluorine
ligand. Thus, SF5− is of further interest as part of a
program of measuring the bond strengths in hyper-
valent main-group halides to determine the periodic
trends in these systems[16].

Hypervalent compounds are computational chal-
lenges because of the number of electrons involved
and strong electron correlation effects[16,17]. Bond
strengths in fluorine-containing systems in particular
are difficult to calculate. High-level computational
results for relevant thermochemistry are also given in
Table 1. The variation in these numbers is indicative
of the difficulties in calculations on these systems. For
example, Schaefer and co-workers[18] derived val-
ues for the electron affinity of SF6 ranging from 1.61
to 3.22 eV using several density functional methods.
Thus, experimental measurement of the thermochem-
istry of SF5

− is a useful test case for computational
methods.

2. Experimental

Bond activation energies were measured using
the energy-resolved CID technique[19] in a flow-
ing afterglow-tandem mass spectrometer (MS)[20].
The instrument consists of an ion source region, a
flow tube, and the tandem MS. The DC discharge
ion source used in these experiments is typically set
at 4000 V with 2 mA of emission current. The flow
tube is a 92 cm× 7.3 cm i.d. stainless steel pipe that
operates at a buffer gas pressure of 0.4 torr with a
flow rate of 200 standard cm3 s−1. The buffer gas is
helium with up to 20% argon added to stabilize the
DC discharge. The SF6 substantially suppresses the
discharge, such that a higher than usual voltage and
argon flow are required to make a plasma sufficiently
energetic to create a usable amount of SF5

−.
To make the ions for this study, SF6 was added to

the ion source at a low flow rate. Electron capture
produces SF6−, and dissociative electron capture pro-
duces a lesser amount of SF5

−. Approximately, 105

collisions with the buffer gas cool the metastable ions
to room temperature. SF4

−, F−, and a trace of SF3−,
all higher-energy products of electron collisions with
SF6 [12], are also seen, but the amount of SF4

− pro-
duced is insufficient for use in CID experiments.

The tandem MS includes a quadrupole mass filter,
an octopole ion guide, a second quadrupole mass filter,
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and a detector, contained in a stainless steel box that
is partitioned into five interior chambers. Differential
pumping on the five chambers ensures that further col-
lisions of the ions with the buffer gas are unlikely after
ion extraction. During CID experiments, the ions are
extracted from the flow tube and focused into the first
quadrupole for mass selection. The reactant ions are
then focused into the octopole, which passes through
a reaction cell that contains Ar collision gas. After the
dissociated and unreacted ions pass through the reac-
tion cell, the second quadrupole is used for mass anal-
ysis. The detector is an electron multiplier operating
in pulse-counting mode.

The energy threshold for CID is determined by
modeling the cross section for product formation as
a function of the reactant ion kinetic energy in the
center-of-mass (CM) frame,Ecm. The octopole is used
as a retarding field analyzer to measure the reactant
ion beam energy zero. The ion kinetic energy dis-
tribution is typically Gaussian with a full-width at
half-maximum of 0.5–1.2 eV (1 eV= 96.5 kJ mol−1).
The octopole offset voltage measured with respect to
the center of the Gaussian fit gives the laboratory ki-
netic energy,Elab, in eV. Low offset energies are cor-
rected for truncation of the ion beam[21]. To convert
to the CM frame, the equationEcm = Elabm(m +
M)−1 is used, wherem andM are the masses of the
neutral and ionic reactants, respectively. All experi-
ments were performed with both mass filters at low
resolution to improve ion collection efficiency and re-
duce mass discrimination.

The total cross section for a reaction,σtotal, is cal-
culated usingEq. (1), whereI is the intensity of the
reactant ion beam,Io is the intensity of the incom-
ing beam (Io = I + ∑

Ii ), Ii is the intensity of each
product ion, n is the number density of the colli-
sion gas, andl is the effective collision length, 13±
2 cm. Individual product cross sectionsσ i are equal to
σtotal (Ii/

∑
Ii ).

I = Io exp(−σtotalnl) (1)

Threshold energies are derived by fitting the data
to a model function given inEq. (2), where�(E) is
the cross section for formation of the product ion at

center-of-mass energyE, ET is the desired threshold
energy,σo is the scaling factor,n is an adjustable
parameter, andi denotes rovibrational states having
energy Ei and populationgi (

∑
gi = 1). Doppler

broadening and the kinetic energy distribution of the
reactant ion are also accounted for in the data anal-
ysis, which is done using the CRUNCH program
written by Armentrout and co-workers[21].

σ(E) = σo

∑

i

gi

(E + Ei − ET)n

E
(2)

Collisionally activated metastable complexes can
have sufficiently long lifetimes that they do not disso-
ciate on the experimental timescale (ca. 50�s). Such
kinetic shifts are accounted for in the CRUNCH pro-
gram by RRKM lifetime calculations. The molecules
studied in this work have moderate kinetic shifts, 0.05
and 0.17 eV, respectively for SF5

− and SF6−.
Computational work on these systems was per-

formed using the Gaussian 98 suite[22]. Several
groups have previously calculatedD(SF4–F−) and
D(SF5

−–F) using high-level computational tech-
niques (Table 1). We examined these reactions using
the G3(MP2)[23] and G3/B3LYP approaches[24] re-
cently implemented into the Gaussian 98 suite. These
models give absolute average deviations (AADs)
from experiment within the G2 database of 0.056 and
0.043 eV, respectively, detectable improvements over
the AADs of 0.082 and 0.064 eV determined for the
G2(MP2) and G2 approaches.

The Atoms In Molecules (AIM)[25–27] and Nat-
ural Bond Order Analysis (NBO 5.0)[28] programs
were used to calculate atomic charges. For the AIM
calculations, Cartesiand functions were used for pro-
gram compatibility[29].

Vibrational and rotational constants and polarizabil-
ities for neutral molecules were calculated using the
B3LYP method and the 6-311+G(d) basis set. Schae-
fer and co-workers have performed extensive tests of
the applicability of various computational methods to
anions; they found that the B3LYP method gives good
results for the computational cost, although somewhat
larger basis sets give better energetics[30]. The cal-
culated and known experimental values are given in
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Table 2
Calculated molecular constantsa

Compound Experimental
vibrational (cm−1)b

Calculated vibrational
(cm−1)c

Rotational (cm−1)c Polarizability
(10−24 cm3)c

SF6 347 (3) 314 (3) 0.0858 4.08
525 (3) 471 (3) 0.0858
616 (3) 548 (3) 0.0858 6.54d

642 (2) 587 (2)
774 (1) 684 (1)
948 (3) 871 (3)

SF6
− 95 (3) 0.0715 6.59

210 (3) 0.0715
307 (3) 0.0715
411 (2)
548 (1)
617 (3)

SF5
− 241 (2) 210 (2) 0.0694 5.76

269 (1) 222 (1) 0.1051
342 (1) 291 (1) 0.1051
435 (1) 387 (1)
470 (1) 394 (1)
[435] (2) 406 (2)
522 (1) 470 (1)
595 (2) 589 (2)
796 (1) 732 (1)

SF4 228 (1) 198 (1) 0.1004 3.94
233 (1) 310 (1) 0.1272
353 (1) 413 (1) 0.2093
475 (1) 470 (1)
533 (1) 473 (1)
558 (1) 506 (1)
728 (1) 680 (1)
867 (1) 777 (1)
892 (1) 808 (1)

a Numbers in parentheses are degeneracies.
b [2].
c Present work, calculated at the B3LYP/6-311+G(d) level.
d [31].

Table 2. The experimental polarizability for SF6 [31]
is higher than the calculated value by 60%, suggesting
that the other calculated polarizabilities are also too
low. However, changing the polarizabilities by 60%
has a negligible effect on the derived thermochemistry
(<0.5 kJ mol−1).

Because experimental determinations of the vi-
brational frequencies needed for the modeling are
incomplete[2], the calculated values are used in the
data modeling. The calculated frequencies are lower
than the known experimental values[2] by 7± 10%.

However, using the experimental frequencies instead
of the calculated frequencies for dissociation of SF5

−

changes the derived thermochemistry by less than
0.01 eV; the effect of changing the frequencies in
the activated complex essentially cancels the effect
of changing the frequencies in the transition state.
Therefore, the calculated frequencies were used with-
out scaling. Uncertainties in the derived thresholds
due to possible inaccuracies in the frequencies were
estimated by multiplying entire sets of frequencies for
reactants, activated complexes, or transition states by



366 K.C. Lobring et al. / International Journal of Mass Spectrometry 227 (2003) 361–372

0.9 and 1.1. The resulting changes in internal energies
were less than 0.04 eV. Other possible inaccuracies in
transition state modeling were simulated by multiply-
ing the time window for dissociation by 10 and 0.1.
These variations change the derived thresholds by
±0.06 eV or less. These uncertainties are included in
the final uncertainties of the derived thresholds. The
cross sections for minor products have a negligible
effect on the derived threshold values (<0.01 eV) and
are not included in the fits.

An ion not sufficiently energized by one collision
with the target gas may gain enough energy in a sec-
ond collision to be above the dissociation threshold.
This effect is eliminated by linear extrapolation of the
data taken at several pressures to a zero pressure cross
section before fitting the data[32].

3. Results

CID of SF5
− and SF6− gives predominantly loss

of fluoride anion and fluorine atom, respectively (re-
actions (3) and (4)). This is consistent with the order
of electron affinities, EA(SF5) > EA(F) > EA(SF4).
Two minor products, F− and F2− (reactions (5) and
(6)), are also seen in the dissociation of SF6

−. Appear-
ance curves for these reactions are shown inFigs. 2

Fig. 2. Cross section for collision-induced dissociation of SF5
− as a function of energy in the center-of-mass frame. The solid and dashed

lines represent convoluted and unconvoluted fits to the data, as discussed in the text.

Table 3
Fitting parameters for CID of SF5− and SF6−a

Anion ET (eV) n σ0

SF5
− 2.38 ± 0.09 1.27± 0.14 2.5± 0.7

SF6
− 1.85 ± 0.10 1.09± 0.08 19± 2

a See text for discussion of fitting parameters.

and 3. Eq. (2)fitting parameters are given inTable 3,
and the fits are shown inFigs. 2 and 3as well. The dis-
sociation thresholds correspond to bond activation en-
ergies at 0 K, since the effects of reactant and product
internal energy are included in the fitting procedure.
The final uncertainties in the energies are derived from
the standard deviation of the thresholds determined
for individual data sets, the uncertainty in the reactant
internal energy, the effects of kinetic shifts, and the
uncertainty in the energy scale (±0.15 eV lab).

SF5
− → SF4 + F− (3)

SF6
− → SF5

− + F (4)

SF6
− → SF5 + F− (5)

SF6
− → SF4 + F2

− (6)

This gives final values ofD(SF4–F−) = 2.38 ±
0.10 eV (230± 10 kJ mol−1) and D(SF5

−–F) =
1.85± 0.12 eV (179± 12 kJ mol−1).
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Fig. 3. Cross sections for collision-induced dissociation of SF6
− as a function of energy in the center-of-mass frame. The solid and dashed

lines represent convoluted and unconvoluted fits to the data, as discussed in the text.

In the absence of a reverse activation energy, the
bond activation energy is equal to the bond strength.
For the current molecules, given the substantial geo-
metry changes discussed above, the possibility of
a nonzero reverse activation energy is significant;
possible barriers are discussed below.

The 0 K bond energies can be converted into 298 K
bond energies and enthalpies using the heat capaci-
ties of the reactants and products. The heat capaci-
ties are determined using the frequencies calculated at
the B3LYP/6-311+G(d) level (Table 2). These three
thermodynamic quantities are nearly identical for both
systems (Table 4). Different thermodynamic methods
use different conventions; for example, electron affini-
ties are typically 0 K values, while G(n) results are
typically reported as bond energies at 298 K. Because
these adjustments are significantly smaller than the ex-
perimental uncertainties, the thermochemical values
in Table 1have not been adjusted from the original
reports.

Table 4
Bond dissociation thermochemistry for SFn

− anions in kJ mol−1

Bond �E (0 K) �E (298 K) �H (298 K)

SF4–F− 230 ± 10 229± 10 232± 10
SF5

−–F ≤178 ± 12 ≤176 ± 12 ≤178 ± 12

4. Discussion

4.1. Comparison to previous studies: D(SF4–F−)

There have been three previous experimental mea-
surements of this bond strength. Babcock and Streit
derivedD(SF4–F−) ≥ D(SF3–F−) = 2.60± 0.16 eV
[33]. The numerical value is marginally consistent
with the present result; other values forD(SF3–F−)
give better agreement. Murphy and Beauchamp[8] re-
ported a value of 2.34±0.52 eV for the bond strength,
in very good agreement considering the quoted
uncertainty.

Larson and McMahon derivedD(SF4–F−)=1.90 eV
by using a series of equilibrium measurements of rel-
ative fluoride affinities in a high-pressure mass spec-
trometer (HPMS). While this method generally gives
very good accuracy on relative values, absolute values
on the fluoride affinity ladder depend on the accuracy
of “anchors” measured through other techniques, as
well as multiple individual measurements. Wenthold
and Squires suggested on the basis of an absolute
measurement of the fluoride affinity of HF that higher
values on the fluoride affinity ladder may be consis-
tently low by ca. 0.4 eV[34]. Adjusting the Larson
and McMahon value by this amount gives a bond
energy of 2.3 eV, in good agreement with the present
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value of 2.38 ± 0.10 eV. New work on the fluoride
affinity of SO2, where the bond energy derived from
the present technique is also ca. 0.4 eV higher than
the HPMS result, discusses this issue in more detail
[35].

Four groups have previously calculatedD(SF4–F−)
using high-level computational techniques. The G2
value of Miller et al.[36] (2.31 eV), the CCSD(T)/CBS
value of Bauschlicher and Ricca[37] (2.27 eV),
and our G3(MP2) and G3/B3LYP results (2.28 and
2.36 eV) agree well with the present experimental
result and with each other. The density functional
values are higher than experiment by 0.03–0.23 eV;
the BHLYP and B3LYP values are closer than the
BLYP and BP86 values[18]. Another density func-
tional calculation is substantially higher still[38]. The
computer-intensive G(n) and CCSD(T)/CBS tech-
niques are quite accurate; the faster density functional
methods can be accurate but are not as consistent.

4.2. Thermodynamic cycles

There are three two-step paths to go from SF5
− to

[SF4 + F + e−], as shown in reactions (7)–(9). These
reactions correspond to initial loss of an electron, a
fluorine atom, and a fluoride anion, respectively.

SF5
− → SF5 + e− → SF4 + F + e− (7)

SF5
− → SF4

− + F → SF4 + F + e− (8)

SF5
− → SF4 + F− → SF4 + F + e− (9)

EA(SF5) + D(SF4–F) = D(SF4
−–F) + EA(SF4)

= D(SF4–F−) + EA(F) (10)

The sum of the energies for each of these processes is
the same, giving the thermodynamic relationships in
Eq. (10). Since EA(F) = 3.40 eV is well known, the
present bond energyD(SF4–F−) = 2.38 ± 0.10 eV
can be added to give a value of 5.78±0.10 eV for each
of the sums inEq. (10). This is in good agreement
with the G2 value of 5.80 eV, the G2(MP2) value of
5.73 eV[39], and the CCSD(T)/CBS value of 5.67 eV
[37]. The density functional values are quite scattered,

with the BHLYP value closest to the present result
(Table 1).

Table 1indicates that most high-level calculations
of D(SF4–F) give a value near 1.6 eV[37,39,40]. The
previous experimental value[3] involves data from
thermodynamic cycles, and some of the data included
are apparently in error. TakingD(SF4–F) = 1.6 eV
then implies that EA(SF5) = 4.2 eV. This result is in
accordance with an experimental value of 4.2 eV[7]
derived from thermochemical cycles. It is also in good
agreement with the G2, CCSD(T)/CBS, and BHLYP
calculated values given inTable 1, but the other density
functional methods give values that are too high.

There are fewer data for the other sum,D(SF4
−–F)+

EA(SF4). The CCSD(T)/CBS and G2(MP2) values
give values in good agreement with each other and
with the experimental sum. This suggests that the
individual values are accurate, and therefore that
EA(SF4) is ca. 1.56 eV. This agrees well with one of
the experimental values[7], but not the other[33].
Possible reasons for this discrepancy have been dis-
cussed[7]. The G2 computational value, EA(SF4) =
1.63 eV [36], is also consistent, but again the density
functional electron affinities are generally too high.

4.3. D(SF5
−–F)

EA(SF6) has been determined experimentally to be
1.07 ± 0.07 eV [41], 1.05 ± 0.1 eV [42], and 1.0 ±
0.2 eV [43]. The average of the first two determina-
tions has been taken to be the best available value[12],
and we will use this average value of 1.06±0.1 eV in
this work. These results are in good agreement with
the other values inTable 1except for the density func-
tional results; such discrepancies have been found in
density functional calculations on other radical anions
[30].

The dissociative electron attachment energy
(DEAE) of SF6 to form SF5− and F has been mea-
sured to be 0.12± 0.02 eV [44]. Many other studies
[12] are consistent with this value, although some oth-
ers give higher values such as 0.42±0.02 eV[45]. The
thermochemical cycle inFig. 1 shows that the DEAE
for SF6 is equal to the difference between EA(SF5)
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and D(SF5–F). Taking the value EA(SF5) = 4.2 eV
chosen above,D(SF5–F) = 4.3 or 4.6 eV, depending
on which DEAE is chosen. These bracket the two
direct experimental determinations, 4.35 ± 0.10 eV
[46] and 4.51± 0.10 eV[47].

Adding EA(SF6) to DEAE(SF6) givesD(SF5
−–F)=

1.2–1.5 eV. Temperature effects have not been taken
into account in this result, but will not change the final
bond energy significantly. The three previous exper-
imental values listed inTable 1 [48–50]tend toward
the low end of the 1.2–1.5 eV range. However, the
value ofD(SF5

−–F) computed using several high ac-
curacy models, 1.5–1.6 eV (Table 1), is in agreement
with the higher end of this range.

Values forD(SF5
−–F) of 1.2–1.5 eV, compared to

the experimental dissociation threshold of 1.85 eV,
correspond to a barrier ca. 0.3–0.6 eV higher than
the reaction endothermicity. Thus, we think that the
reaction threshold measured in this work corresponds
to a barrier.

We attempted to model the reaction coordinate
for S–F bond cleavage, locate the transition state,
and determine the barrier energy by scanning the
potential energy surface computationally using the
B3LYP/6-31+G(d) model. This proved unsuccessful.
When the dissociating fluorine atom was not con-
strained, it moved off the four-fold molecular axis
as the S–F distance increased, and moved randomly
around the quadrilateral face, which ultimately led
to nonconvergence of the self-consistent field (SCF).
When the fluorine was constrained to remain on the
four-fold axis, the SCF converged properly at all
points, but the fragments continued to show signs of
wavefunction overlap even at distances greater than
10 Å; that is, the energy of the system never attained
the sum of the energies of the individual fragments.
Even at a distance of 24 Å, the S–F bond energy was
calculated to be ca. 0.5 eV. Counterpoise calculations
showed that this did not result from basis set superpo-
sition error. Furthermore, inspection of the spin den-
sity and charge matrices showed that the [SF5

− + F]
and [SF5 + F−] configurations were mixed. Thus, the
dissociation of SF6− cannot be modeled effectively
by a single configuration approach.

We are uncertain about the origin of the barrier
to reaction (4), but two possible explanations follow.
Both electron loss and fluorine atom loss from the
13-electron anion SF6− give 12-electron species (SF6

and SF5−). As noted above[10,11], the threshold for
photodetachment of an electron from SF6

−, ca. 3.2 eV,
is significantly in excess of EA(SF6) = 1.06 eV. This
barrier is attributed to substantial geometry differences
between SF6 and SF6−. Loss of a fluorine atom from
SF6

− gives SF5− where the bond length to the atom
opposite the departed fluorine atom has decreased sig-
nificantly [18]. This may be a cause of the presumed
barrier to dissociation.

Another consideration is that the radical electron in
SF6

− is calculated to be in an orbital delocalized over
the entire molecule. During dissociation, the radical
electron must become localized on the departing flu-
orine atom. This electron interacts in an unfavorable
way with the lone pair forming on the sulfur atom in
SF5

−. We note that neither of these two theories is
applicable to SF5−, which should dissociate without
a barrier[51].

4.4. AIM and NBO calculations

The inapplicability of the expanded octet model to
SF6 has been previously discussed[52], so we will
compare our computational results to the three-center,
four-electron (3C–4E) model[13–15]. Excluding the
effects of bond polarity, the charges on the termi-
nal atoms in 3C–4E bonds are predicted to be−0.5.
The other fluorine atoms are predicted to have zero
charges, and the sulfur atoms in SF4, SF5

−, and
SF6 are predicted to have charges of+1, +1, and
+2, respectively. The additional electron in SF6

−

is delocalized over the molecule, so that expected
charges on atoms in SF6

− are not well defined. These
charges can be compared to atomic charges (Table 5)
derived using the AIM and NBO techniques. Pre-
viously reported AIM calculations for SF4 and SF6
using the MP2 model[25] also appear in this table.
The results depend on the computational method
chosen, but some observations are independent of
method.
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Table 5
Structural properties of sulfur fluoride bondsa

Molecule Bond r (Å) q (F) (NBO) q (F) (AIM) q (F) (AIM)b q (S) (NBO) q (S) (AIM) q (S) (AIM)b

SF4 ax 1.705 −0.52 −0.56 −0.59 1.87 2.20 2.35
eq 1.597 −0.41 −0.54 −0.59

SF5
− ax 1.636 −0.47 −0.56 1.82 1.97

eq 1.792 −0.59 −0.60
SF6 1.607 −0.42 −0.56 −0.60 2.52 3.38 3.62
SF6

− 1.761 −0.52 −0.53 2.13 2.20

a Results calculated using B3LYP/6-311+G(d) unless otherwise noted.
b MP2/6-311++G∗∗ results from[25].

First, the fluoride atoms all have charges ranging
from −0.4 to 0.6 using the B3LYP model. This sug-
gests that S–F bond polarity, which is not included
in the simple model, strongly affects the charge dis-
tribution. However, the differences in the charges on
the axial and equatorial fluorine ligands are consis-
tent with greater charge density on the fluorine atoms
involved in 3C–4E bonding. (In SF4, the axial fluo-
rines are involved in 3C–4E bonding, while in SF5

−,
the four equatorial fluorines are involved in 3C–4E
bonding.)

The charges on sulfur are in agreement with the
prediction of the sulfur atom in SF6 being more oxi-
dized than in SF4 and SF5−. The AIM technique gives
an unusually high charge for the sulfur atom in SF6,
but not SF6− (indeed, the fluorine atoms in SF6 are
predicted to be more negatively charged than those in
SF6

−). It is known that AIM calculations on fluorides
can be problematic[53].

5. Conclusions

The threshold for collision-induced dissociation of
SF5

− givesD(SF4–F−) = 230± 10 kJ mol−1, which
we believe is the best experimental measurement of
this value. The threshold for collision-induced disso-
ciation of SF6−, on the other hand, appears to cor-
respond to a barrier in excess of the endothermicity.
Computional results at the G(n) and CCSD(T)/CBS
levels are consistent with the available experimen-
tal results. Density functional techniques give good
results in some, but not all, cases.
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