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Gas-phase reactions of SFs were investigated with 46 different atomic metal and main group cations at room
temperature using an Inductively-Coupled Plasma/Selected-lon Flow Tube (ICP/SIFT) tandem mass spectrometer.
The atomic ions were produced at about 5500 K in the ICP source and allowed to decay radiatively and to thermalize
by collisions with argon and helium atoms prior to reaction downstream in a flow tube in helium buffer gas at 0.35
4+ 0.01 Torr and 295 + 2 K. Rate coefficients and product distributions were measured for the reactions of fourth-
row atomic ions from K* to Se™, of fifth-row atomic ions from Rb* to Te™ (excluding Tc*), and of sixth-row atomic
ions from Cs* to Bi*. The early transition metal ions react with SFg very efficiently (k/k, = 0.56—0.96) to produce
MF,," (m = 1—4) and SF,* (n = 1—4) ions, whereas the late transition metal ions react much less efficiently (k/k;
< 0.2) to form M*(SF¢) adduct ions. Reactions of SFs with Ca™, Sr*, Ba*, Ge*, and As™ proceed efficiently (k/k.
= 0.35—0.85) through various channels, while all other main group metal ions are inert toward sulfur hexafluoride.
Primary and seconday adduct formation was observed to exhibit equilibrium kinetics, and the standard free energy
change for SFg addition is found to correlate with the efficiency of addition according to log[k/k;] = —8.7 + 7.8
log[—AG°/(kcal mol~")]. Several MF,," ions were observed to react further with SF to produce MF ", SF,",

and MF,,"(SFe) as secondary products.

1. Introduction

The chemical and physical properties of sulfur hexafluoride
have been of considerable interest for several decades. With
its octahedrally coordinated sulfur center effectively shielded
by the six fluorine atoms, SF¢ expresses chemical inertness
and has a relatively high dielectric constant. Because of these
properties, SF¢ is widely used in industry as a gaseous
insulator in high-power electrostatic generators, transformers,
condensers and cables.! SF also has been used as a source
of fluorine atoms in plasma etching technology.? Further-
more, sulfur hexafluoride serves as an excellent example for
hypervalent compounds generally.>* Extensive research with
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a variety of experimental techniques has been directed toward
studies of the bonding in SFs and the ionization of this
molecule.’ 2 The molecular ion SF¢" has been found to be
unstable relative to dissociation into SFs™ and F.!!!2

The first experimental study on gas-phase reactions of SFq
with atomic and molecular ions was reported in 1971 by
Fehsenfeld'? and several other ion—molecule reactions of
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SF, have been investigated since then.'* ?* Jiao and Freiser”
performed the first systematic investigation of the reactions
of 21 transition-metal monocations with SFg using FT-ICR
mass spectrometry, with particular attention given to the Sc*
ion. The results of these reactivity measurements led these
authors to propose that at least one empty valence d orbital
of the metal ion with proper symmetry is needed for reaction
to occur. Gibson and co-workers?®?” have recently reported
gas-phase reactions of bare and ligated uranium and protac-
tinium ions with SFg.

Instrumental developments in our laboratory have provided
the means to survey trends in chemical kinetics for reactions
of atomic monocations with neutral molecules across and
down most of the periodic table. For example, we have
surveyed previously reactions of more than 50 bare atomic
cations, including lanthanide cations, with 0,282 NO,30:31
D,0.3233 €0, 335 N,0,362° CS, 335 CH4F, %% CH,C1.%
benzene*' and hexafluorobenzene**** molecules. Quite
recently we reported experimental results for gas-phase

(14) Babcock, L. M.; Streit, G. E. J. Chem. Phys. 1981, 74, 5700.

(15) Richter, R.; Tosi, P.; Lindinger, W. J. Chem. Phys. 1987, 87, 4615.

(16) Tichy, M.; Javaheri, G.; Twiddy, N. D.; Ferguson, E. E. Int. J. Mass
Spectrom. Ion Process. 1987, 79, 231.

(17) Tichy, M.; Javaheri, G.; Twiddy, N. D.; Ferguson, E. E. Int. J. Mass
Spectrom. Ion Process. 1990, 97, 211.

(18) Talib, Z. A.; Saporoschenko, M. Int. J. Mass Spectrom. lon Process.

1992, 116, 1.
(19) Bederski, K.; Wojcik, L. Int. J. Mass Spectrom. lon Process. 1996,
154, 145.

(20) Remscheid, A.; Wiesemann, K.; Huber, B. A.; Ristori, C. Phys. Scr.
1997, T 73, 276.

(21) Coquel, J. M.; Hunt, M. R. C.; Siller, L.; Palmer, R. E. J. Appl. Phys.
1998, 84, 4603.

(22) Williams, T. L.; Babcock, L. M.; Adams, N. G. Int. J. Mass Spectrom.
1999, 185—187, 759.

(23) Jarvis, J. K.; Kennedy, R. A.; Mayhew, C. A.; Tuckett, R. P. J. Phys.
Chem. A 2000, 104, 10766.

(24) Basta, R.; Harvey, B. G.; Arif, A. M.; Ernst, R. D. J. Am. Chem. Soc.
2005, 127, 11924.

(25) Jiao, C. Q.; Freiser, B. S. J. Am. Chem. Soc. 1993, 115, 6268.

(26) Gibson, J. K.; Haire, R. G. Inorg. Chem. 2002, 41, 5897.

(27) Jackson, G. P.; Gibson, J. K.; Duckworth, D. C. J. Phys. Chem. A
2004, 108, 1042.

(28) Koyanagi, G. K.; Caraiman, D.; Blagojevic, V.; Bohme, D. K. J. Phys.
Chem. A 2002, 106, 4581.

(29) Koyanagi, G. K.; Bohme, D. K. J. Phys. Chem. A 2001, 105, 8964.

(30) Blagojevic, V.; Flaim, E.; Jarvis, M. J. Y.; Koyanagi, G. K.; Bohme,
D. K. J. Phys. Chem. A 2005, 109, 11224.

(31) Blagojevic, V.; Flaim, E.; Jarvis, M. J. Y.; Koyanagi, G. K.; Bohme,
D. K. Int. J. Mass Spectrom. 2006, 249—250, 385.

(32) Cheng, P.; Koyanagi, G. K.; Bohme, D. K. J. Phys. Chem. A 2007,
111, 8561.

(33) Cheng, P.; Koyanagi, G. K.; Bohme, D. K. Chem. Phys. Chem. 2006,
7, 1813.

(34) Koyanagi, G. K.; Bohme, D. K. J. Phys. Chem. A 2006, 110, 1232.

(35) Cheng, P.; Koyanagi, G. K.; Bohme, D. K. J. Phys. Chem. A 2006,
110, 12832.

(36) Lavrov, V. V.; Blagojevic, V.; Koyanagi, G. K.; Orlova, G.; Bohme,
D. K. J. Phys. Chem. A 2004, 108, 5610.

(37) Cheng, P.; Koyanagi, G. K.; Bohme, D. K. J. Phys. Chem. A 2006,
110, 2718.

(38) Zhao, X.; Koyanagi, G. K.; Bohme, D. K. J. Phys. Chem. A 2006,
110, 10607.

(39) Koyanagi, G. K.; Zhao, X.; Blagojevic, V.; Jarvis, M. J. Y; Bohme,
D. K. Int. J. Mass Spectrom. 2005, 241, 189.

(40) Zhao, X.; Koyanagi, G. K.; Bohme, D. K. Can. J. Chem. 2005, 83,
1839

41 Koya.nagi, G. K.; Bohme, D. K. Int. J. Mass Spectrom. 2003, 227,
563.

(42) Caraiman, D.; Koyanagi, G. K.; Bohme, D. K. J. Phys. Chem. A 2004,
108, 978.

(43) Caraiman, D.; Koyanagi, G. K.; Cunje, A.; Hopkinson, A. C.; Bohme,
D. K Organometallics 2002, 21, 4293.

reactions of the lanthanide ions with SF.** Here we explore
the kinetics of reactions of the fourth-, fifth- and sixth-row
atomic ions with SFs with a focus on trends in reaction
efficiency and product formation. The atomic ions (M) were
all generated in an Inductively-Coupled Plasma (ICP) source,
and were allowed to react with SFe at room temperature in
helium buffer gas at 0.35 &+ 0.01 Torr using a Selected-Ion
Flow Tube (SIFT) tandem mass spectrometer.

2. Experimental Section

The experimental results reported here were obtained using the
Selected-Ion Flow Tube (SIFT) tandem mass spectrometer described
in detail elsewhere.*>**® This instrument was recently modified to
accept ions generated in an inductively coupled plasma (ICP) torch
(ELAN series, Perkin-Elmer SCIEX) through an atmosphere/
vacuum interface. The ICP ion source and interface have also been
described previously.*”*® Solutions containing the metal salt of
interest with concentrations of about 5 ug L' were peristaltically
pumped via a nebulizer into the plasma. The nebulizer flow was
adjusted to maximize the ion signal detected downstream of the
flow tube. The sample solutions were prepared using atomic
spectroscopy standard solutions commercially available from SPEX,
Teknolab, J.T. Baker Chemical Co., Fisher Scientific Company,
Perkin-Elmer, and Alfa Products. Aliquots of standard solutions
were diluted with highly purified water produced in the Millipore
Milli-Qplus ultrapure water system. Single-isotope solutions were
used for M*(m/z) = Ca'(44) and Se'(80). Readily soluble
compounds of these metals were obtained from Oak Ridge National
Laboratory. The final concentrations were varied between 5 and
20 ppm to achieve a suitable intensity of the resultant ion beam. A
stabilizing agent was usually added to each solution to prevent
precipitation: KOH for base-stabilized slats, HNO; or HCI for acid-
stabilized salts.

Atomic ions emerge from the ICP at a nominal ion temperature
of 5500 K with the corresponding Boltzmann distributions. The
electronic state populations at this temperature have been calculated
previously>® from available optical spectra.*®->° These calculations
show that excited states of the main group elemental cations except
Ba* contribute very little (never more than 10%) to the total ion
population at 5500 K; the ground 2S state and the excited D state
of Ba™ contribute 44% and 55%, respectively. The electronic-state
distributions at 5500 K are more variable for the transition metal
cations: excited states contribute less than 20% to the populations
of Crt, Mn™, Nit, Cu™, Zn™, Rh'*, Pd*, Ag", Cd", Re™, Au™, and
Hg*, 20—50% to the populations of Sc*, V*, Fe*, Co™, Mo™, Ru™,
Hf", Ta*, W, and Pt*, and more than 50% for Ti*, Y, Zr*, Nb*,
La", and Ir" ions. After extraction from the ICP, the plasma ions
may experience electronic-state relaxations via both radiative decay
and collisional energy transfer. The latter may occur by collisions
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with argon, as the extracted plasma cools upon sampling, and with
helium in the flow tube (ca. 4 x 10° collisions with helium) prior
to the reaction region. Almost all of the low-lying electronic states
of these transition-metal ions have even parity; electric dipole
transitions between states of the same parity are forbidden (Laporte
rule).”’ This means that radiative decays of the excited electronic
states in these cations can occur only by magnetic dipole or electric
quadrupole transitions. The probabilities for these transitions are
very low,>? and the resulting radiative lifetimes are of the order of
seconds or larger. In the ICP/SIFT experiments, the time interval
between the exit of the ICP source and the entrance of the reaction
region is about 20 msec, and therefore no major modification of
state distributions can occur in this time interval via forbidden
radiative decay. That having been said, there were no indications
of excited-state effects in our previous measurements of reactions
of atomic cations derived from the same ICP source with N,O,
except for Pt™.*® The many collisions experienced by the atomic
cations with the quite polarizable argon atoms as they emerge from
the ICP and the about 4 x 103 collisions with helium atoms in the
flow tube (the helium buffer gas pressure was 0.35 £ 0.01 Torr)
appear to be sufficient to thermalize the excited states and to ensure
that the atomic ions reach a translational temperature equal to the
tube temperature of 295 4 2 K prior to entering the reaction region.
However, the exact extent of electronic relaxation is uncertain. Clues
to the presence of excited electronic states of the atomic ions in
the reaction region can be found in the product ions observed and
in the shape of the semilogarithmic decay of the reacting atomic
ion upon addition of neutral reactants. Curvature will appear in
the measured atomic-ion decay when the ground state and excited
state react at different rates even when they give the same product
ions. An excited-state effect cannot be seen when the products and
reaction rates are the same for both the ground and excited states,
but in this case the measured atomic-ion decay defines the ground-
state kinetics. Our growing experience has shown that excited states
can reveal themselves when the ground state of the atomic ion reacts
only slowly by termolecular addition and excited states react rapidly
in a bimolecular fashion.

Reactions of 46 atomic ions, fourth-row cations from K* to Se™,
fifth-row cations from Rb" to Te* (excluding Tc*), and sixth-row
cations from Cs* to Bit, were investigated with SFg at a helium
buffer gas pressure of 0.35 + 0.01 Torr and temperature of 295 +
2 K. The highly pure SFs gas was obtained commercially (BOC,
>99.9%) and introduced into the reaction region of the SIFT as a
dilute (15%) mixture in helium (Air Liquide, 99.997%). Reaction
rate coefficients were determined in the usual manner using pseudo
first-order kinetics,*>*¢ and the rate coefficients for the primary
and consecutive reactions reported herein have an estimated absolute
accuracy of & 30%.°°

3. Results and Discussion

The primary reactions exhibit a wide range of reactivity
with the measured rate coefficients ranging from <1071 (K*)
0 9.6 x 1071° (Ti") cm? molecule ™! s~'. The following four
reaction channels were observed (here the nature of the
neutral product in reactions la and 1b, not observed
experimentally, is uncertain and may involve further dis-
sociation):

(51) Condon, E. U.; Shortley, G. H. The theory of atomic spectra;
Cambridge University Press: Cambridge, U.K., 1963.

(52) Garstang, R. H. Mon. Not. R. Astron. Soc. 1962, 124, 321.

(53) Bohme, D. K.; Hemsworth, R. S.; Rundle, H. W.; Schiff, H. 1. J. Chem.
Phys. 1973, 58, 3504.

1020 Inorganic Chemistry, Vol. 48, No. 3, 2009

Cheng et al.

M' + SF,—MF, +SF,_, m=1-3 (la)
—SFE, +MF,_, n=1-5 (lb)
—MSF: +F (o)
—M"(SF,) (1d)

The observed reactions include what formally can be
described as single or multiple F atom transfer, reaction 1a;
single or multiple F atom transfer accompanied by electron
transfer upon product separation, reaction 1b; addition
accompanied by F atom elimination, reaction lc, and SFg
addition, reaction 1d. As expected from the available
ionization energies (IE) of metal ions, which are far below
that of SFs (IE = 15.7 eV),>* electron transfer was not
observed for any of the metal ions studied here.

Of the 46 atomic ions investigated, 16 ions reacted
efficiently with SFs through one or more of the bimolecular
channels la, 1b, or lc. The early transition metal ions, Sc*,
Ti", V*, YT, Zrt, Nb", La™, Hf", Ta", and W', and two
main group ions, Ge' and As™, react efficiently with SFg
through both channels (la) and (1b), forming various
products. Only channel (1b) was observed for the relatively
slow reaction of Fe' with SFg, whereas all Group 2 metal
ions, Ca™, Sr* and Ba™, reacted efficiently through channels
laand 1c. No reaction was observed for the other main group
metal ions and for a few transition metal ions, that is, Mn™,
Re®, Os™, Cd" and Hg™.

The remaining 13 atomic ions studied, that is, Crt, Co™,
Nit, Cut, Znt, Mo™, Rut, Rh*, Pd", Ag®, Ir", Pt", and Au*,
reacted with SFg by slow addition, channel 1d, with effective
bimolecular reaction rate coefficients (k) varying from 3.3
x 107"% t0 1.7 x 107'° cm?® molecule™! s™! for Ir" and Ni*,
respectively. The addition reaction is assumed to occur in a
termolecular fashion with helium atoms acting as the
stabilizing third body. No attempt was made to measure the
pressure dependence of channel 1d since a large range in
pressure was not experimentally accessible.

The results of primary reactions are summarized in Table
1. These results include measured rate coefficients (k) and
primary product distributions, as well as calculated reaction
efficiencies. The reaction efficiency is taken to be equal to
the ratio k/k. where k is the experimentally measured rate
coefficient, and k. is the capture or collision rate coefficient
computed using the Langevin model.>> A typical ion
intensity-flow profile is illustrated in Figure la for the
reaction of Nb* with SFg, and the product ion distribution
for the same reaction is presented in the Figure 1b. The initial
slope of the Nb™ ion signal decay in Figure la provides a
measure of the (effective) bimolecular reaction rate coef-
ficient k. The zero-flow intercepts of the plots of fractional
abundance against flow in Figure 1b provide the branching
ratios (BR) for the primary reaction products. Figure 2
displays a summary of the results presented in Table 1, that
is, primary products and branching ratios, on a periodic table.
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Reactions of SF4 with Transition Metal Cations

Table 1. Rate Coefficients, k (cm® molecule™' s™!), Reaction Efficiencies (k/k.), and Product Ion Branching Ratios for Reactions of Atomic Ions M"

with SFg in Helium at 0.35 4 0.01 Torr and 295 4+ 2 K“

M* k/10710 Kk, MF* MF,* MF;* SF," SF3* SF," SF5* MSFs* M*(SFe)
Sc* 6.5 0.63 8 28 43 21

Y+ 45 0.56 22 38 13 27

Lat 53 0.74 10 37 38 15

Tit 9.6 0.96 1 26 7 20 36 10

Zrt 6.4 0.80 5 23 2 19 18 5

Hf 6.3 0.94 36 20 10 14 16 2

V+b 84 08() 47 3 47 3

Nb* 5.4 0.68 26 15 15 29 15

Ta* 45 0.67 24 26 12 10 24 4

crt 0.08 0.008 100
Mo* 0.01 0.001 100
w 0.73 0.11 9 9 10 50 6 6 10
Mn* <0.001

Re" <0.001

Fe' 041 0.043 90 3 7

Ru* 0.04 0.005 100
Os* <0.001

Co* 0.66 0.071 100
Rh* 0.08 0.010 100
Irt 0.03 0.005 100
Ni* 1.7 0.18 100
Pd* 0.13 0.017 100
Pt* 0.23 0.035 100
Cut 0.85 0.093 100
Ag' 0.03 0.004 100
Aut 0.20 0.031 100
Zn* 0.04 0.004 100
cdt <0.001

Hg* <0.001

Ca® 6.3 0.61 84 16

Srt 5.7 0.70 97 3

Ba® 6.1 0.85 99 1

Ge* 3.1 0.36 34 40 8 18

As® 45 0.53 2 14 6 3 75

“ k is the measured reaction rate coefficient for ground-state atomic ions with an estimated accuracy of &+ 30%; k. is the calculated collision rate coefficient
(see text). Product branching ratios are expressed as percentage, with an estimated accuracy of £ 5%; the products from excited-state metal ions in the
reactions of Cr™(5%), Mo™(5%), Mn"(3%), Os™(1%), and Ir"(2%) are not shown. ” Because of isobaric interference, the product ions VF, ™ and SF,,+,"
cannot be distinguished in our instrument; the branching ratios in brackets represent one-half of the sum of branching ratios for VF,* and SF,+," ions.

No further reaction was observed for the primary products
SF," and MSFs*, produced from channels 1b and lc,
respectively. On the other hand, several MF,," products form
channel 1a reacted further with SF¢ to produce MF,, 1", SF,*
(n = 3-5), and MF,,"(SFs) ions as secondary products,
reaction 2a.

MF," +SF,—MF, " + SF4) k=1-3 (2a)
—SFE, +MF, 6 n=3—5 (2b)
—MF,,"(SFy) (2¢)

We also observed higher-order SF¢ clustering, reaction 3,
for Co™, Nit, Cut, Ir", Pt*, and Au™.

M (SFy) + SF,— M (SFy), 3)

Figures 3, 4, and 5 display the kinetics data obtained for
selected ions of the fourth, fifth, and sixth rows of the
periodic table, respectively.

3.1. Early Transition Metal Cations (Group 3—6).
Abstraction of single or multiple fluorine atoms resulting in
generation of the corresponding ionized metal fluorides
(reaction 1a) or partially defluorinated SF¢ cations (reaction
1b) dominated the primary chemistry of the early transition
metal ions with SF4. The occurrence of reaction la versus
reaction lb for a particular metal ion depends on the

0.5
10*
- 0.4
~10° 4
:m, 0.3 _
2 10% $ Loz~
g
L] 01 )
10" ¢ - 0.1
100 4 - 0.0

SF, Flow / (10" molecules s™)

Figure 1. (a) Reactant and product-ion intensities observed for the reactions
of Nb* with SF4 as a function of SFs flow. The solid lines represent fits to
the experimental data points. (b) Plot of fractional abundance of ionized
products as a function of SFs flow. The zero-flow intercepts provide the
Branching Ratios (BR) for the primary reaction products listed in Table 1.

ionization energy (IE) of the MF, and SF¢, species.
Sometimes, both reactions were observed, indicating com-
parable IEs for the above species. Jiao and Freiser”> have
pointed out that an empty valence d orbital at the metal center
can interact with a molecular orbital of SF4, which have a
significant contribution from sulfur 3d orbital, to form an
intermediate [M+++SF6]". This intermediate has a sufficiently
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Figure 2. Periodic variations observed in the reaction efficiency (k/k.), represented by solid circles, for the reactions of ground-state atomic cations with
SFs. Small excited-state effects in the reactions of Crt(5%), Mo*(5%), Mn*(3%), Os*(1%), and Ir"(2%) are not shown. The numbers in parentheses indicate
the number of sequential F-atom transfer reactions observed, or the number of sequential SF addition reactions.
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Figure 3. Reactant and product-ion intensities observed for the reaction of the fourth-row ions Sc™, Tit, Fe™, and As* with SFg as a function of SF4 flow

in helium buffer gas at 0.35 Torr and 295 K.
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long lifetime to allow metal insertion, sequential F atom
transfer, and elimination to occur. The reaction mechanism
can be expressed by Scheme 1.

Most of the primary reactions of the early transition metals
can thus be described as single or multiple F-atom transfer,
with or without an electron transfer upon product separation.
The following primary reactions were observed for Group
3, 4, and 5 metal ions (again, the nature of the neutral
products, not observed experimentally, is uncertain and may
involve further dissociation):

M" 4 SF,—MF" + SF, (4a)
—MF + SE,* (4b)
M" + SF,— MF," + SF, (5a)
—MF, + SE,* (5b)
M" + SF,— MF," + SF, (6a)
—MF, + SF,* (6b)
M" + SF,— SE," + MF, (7)

For the ions of Groups 3, 4, and 5, the ground-state
electronic configuration is d's/ with i < 4, so that all ions

Ion Signal/(s'l)

4 6
SF, Flow/(10'” molecules s™)

8

10

10'4  Rh*
"””’"‘*‘-’——oﬂ-—.
10° -
_‘F\
= Rh'(SF)
<
5 10
2 o s~ °Rh* 0)
g A H,
L] Bo
10
10° T T T T
0 5 10 15 20

SF, Flow/(10"” molecules s™)

Scheme 1
M+ SF, — [M---SF,|"

[FM:+-SF,]* —> [F,M:-SF,]* —
MF* + SF MF,* + SF,
MF + SF,* MF, + SF,*
have at least one empty d orbital. According to Jiao and
Fresier, these early transition metal ions should react very
efficiently with SF¢. Our results for the reactions of early
transition metal ions with SFy are listed in Table 1. The
primary product distribution (branching ratios) of MF,,* and
SF," ions from reactions 4a to 7 are also included. Assuming
that only exothermic or thermoneutral reactions can be
observed under our experimental conditions, for the F-atom
abstraction reactions to occur efficiently, the F-atom affinity
(FA) of the metal ions, FA(M™), should be higher than that
of SFs, that is, FA(SFs) = 93.6 kcal mol~1.°® The F-atom
affinities are available for several metal monocations either
from theory or experiment and are listed in Table 2. A plot
of reaction efficiency (k/k.) versus F-atom affinity is shown
in Figure 6. As indicated in this figure, the metal ions for
which FAM™) > 93.6 kcal mol™!' react with SFs very
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Figure 4. Reactant and product-ion intensities observed for the reaction of the fifth-row ions Srt, Zr*, Rh™, and Pd™ with SF; as a function of SFs flow in

helium buffer gas at 0.35 Torr and 295 K.
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Figure 5. Reactant and product-ion intensities observed for the reaction of the sixth-row ions Hf", Tat, W', and Au™ with SFs as a function of SF, flow

in helium buffer gas at 0.35 Torr and 295 K.

Table 2. F-Atom Affinities, D°[F-M"] in kcal mol™!, for Some Metal
Cations”

Mt FA(M™) /K ref.
Ca* 133.0 298 56
Srt 139.8 298 56
Ba® 153.1 298 56
Sct 150.2 298 25
La* 174.9 0 60
Tit 118 +£9 298 61
Crt 73 0 62
Fe* 925+£75 0 63
Co* 91.9 0 64
Cu* 76.2 0 65
Aut 18 0 66

@ D°[F-SFs5] = 93.6 kcal mol™!, from ref 56.
efficiently (k/k. > 0.5), while the other ions react at much
lower rates (k/k. < 0.2).

For Group 3 cations, Sc*, Y*, and La*, the primary
products are MF', MF,", SF,", and SF;", produced from
reactions 4a, Sa, 6b, and 7, respectively. The ionization
energies*® of SF5 (9.6 = 0.5 eV) and SF, (12.0 £ 0.3 eV)
are significantly larger than those of the MF species, ScF
(6.5+0.3eV), YF (6.3 4+0.3eV),and LaF (6.3 +0.3¢eV),
and MF,, ScF, (7.0 £ 0.3 eV), YF, (7.0 & 0.3 eV), and
LaF, (6.8 £ 0.3 eV). Therefore, reactions 4a and Sa are
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Figure 6. Dependence of the reaction efficiency (k/k.) on the F-atom affinity
of the atomic metal ions. Reactions on the right of the dashed line with
dark symbols are F-atom abstraction reactions with single F-atom transfer
being exothermic, whereas those on the left with hollow symbols are those
for which F-atom transfer is endothermic.

thermodynamically more favorable compared to 4b and 5b,
and the branching ratios for MF* and MF," ions should be
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significantly larger than those of SFs* and SF, ions,
respectively, in accordance with Stevenson’s rule.”’ Our
experimental results were consistent with these predictions,
as we did not observe any SFs™ or SF,* ions to be produced
through primary reactions of Sc* and La* with SFs. Because
of the existence of isobaric ions, Y' (88.906 amu) versus
SF;* (88.967 amu), the YF™/SF,* and YF,"/SFs" pairs are
indistinguishable in our instrument. However, on the basis
of the ionization energies listed above, the main products of
the primary reactions 4a and 5a for Y* are assumed to be
YF" and YF,", respectively, as opposed to SFs™ and SF,*.
We did not observe any MF;t or MF," ions for M = Sc, Y,
and La, consistent with the fact that the highest oxidation
number for Group 3 metals is +3.

Although reaction 6a is significantly more exothermic than
reaction 7 for Sc* ion,>> we observed that the branching ratio
for SF,™ (42%) is larger than that of SF;* (21%). Jiao and
Freiser™ speculated that SF,* might be produced from the
dissociation of SF;* product, which is formed from reaction
6a. However, the reaction profile of Sc* (Figure 3) and our
product ratio analysis clearly indicate that SF," is a primary
product formed directly from reaction 7. The large branching
ratio for SF," (42%) can be explained by the conservation
of electron spin in the reaction; because the ground-state
Sc*(*’D) has two unpaired electrons, reaction 6a to form
SF;*(singlet) and ScFs(singlet) is spin-forbidden while
reaction 7 is spin-allowed.

The primary products ScF,*, YF,", and LaF," reacted
further with SF¢ by termolecular addition, reaction 2c, to
form MF,"(SF¢) clusters. Small amounts of SF,* and SFs*
ions were also observed as secondary products for Sc*,
consistent with the findings of Jiao and Freiser.?

For Group 4 cations, Ti*, Zr", and Hf", all primary
products of reactions 4a—7 except SFs" (4b) were observed,
and the results are listed in Table 1. The ionization energy>®
of SF;3 (8.18 £ 0.07 eV) is smaller than that of TiF; (10.8 +
0.3 eV) and slightly larger than that of ZrF; (7.5 & 0.3 eV),
which is reflected in the relative branching ratios of these
ions in Table 1; the relative branching ratios (SF;*/TiF;h)
and (SF;7/ZrFs;™) are 5 and 0.8, respectively. No MF," ions
were observed for M = Ti, Zr, and Hf, consistent with the
fact that the highest oxidation number for Group 4 metals is
+4.

The major secondary product of the reactions of Ti*, Zr*,
and Hf" with SF is the SFs™ ion. We also found that SF;"
and SF,© are produced by both primary and secondary
reactions. For the Ti' and Zr" ions, the following reactions
are exothermic®® and likely to be responsible for the
formation of secondary product ions.

MF," + SF,— MF, + SF," M=Ti, Zr (8a)
—MF, +SE," M =Ti, Zr (8b)
—MF,+SF,"+F M=Ti, Zr (8¢)

Reactions 8a, 8b, and 8c for TiF," are exothermic by 105,
102, and 109 kcal mol !, respectively, while for ZrF,* they

(56) http://webbook.nist.gov/chemistry/ (accessed Sept. 30, 2008).
(57) Stevenson, D. P. Discuss. Faraday Soc. 1951, 10, 35.

are exothermic by 112, 157, and 164 kcal mol !, respec-
tively.”® There is no thermochemical data available for the
HfF," ion, and the exothermicity of the above reactions for
HfF,* cannot be evaluated.

For Group 5 cations, V', Nb* and Ta%, all primary
products of reactions 4a—7 except SFs" (4b) were observed.
Because of the existence of isobaric ions, V' (50.944 amu)
versus SF™ (50.970 amu), the VF'/SF,*, VF,"/SF;", and
VF,"/SFs" pairs were indistinguishable in our instrument.
We also observed NbF,", TaF,", and VF,T (or SFs") ions
as the main secondary products formed from the reactions
of VF,,*, NbF,,™ and TaF,,* (m < 3) with SF, reaction 2a.
This is clearly indicated for Nb* in Figure 1b; the relative
signal intensity of NbF," increases with increasing flow,
while those of NbF," and NbF;* decrease. We also observed
that SF;" is produced by both primary and secondary
reactions of Nb™ and Ta™ with SFs. However, there is not
enough thermochemical data available to evaluate the en-
thalpies of the reactions yielding these secondary products.
Another higher order reaction of Group 5 ions was the
termolecular addition of SFs to TaF,", reaction 2c. The
formation of VF,*, NbF,", and TaF," ions has been reported
previously from the reactions of bare metal ions with
hexafluorobenzene**** or other fluorocarbons.>®

The Group 6 cations, Cr*, Mo™, and W, react with SF4
with relatively low rates. The ground-state electronic con-
figurations of Cr*, Mo, and W are 3d°, 4d° and 6s'5d*,
respectively. Because of the special stability of the half-filled
valence shell orbitals,> the ground-state Cr* and Mo™ react
with SFg very slowly (k/k. < 0.01). In an ICP ion source at
5500 K temperature, the 4s'3d* excited state of Cr* has a
population of about 16%, and the 5s'4d* excited state of Mo™
has a population of about 14% at that temperature.’® By
inspecting the reaction profiles of Cr" and Mo* ions, we
found traces of excited states (~ 5%) to be present. Excited
Cr* ions react with SFg to produce SF;*, SFs*, and CrSFs™,
whereas excited Mo™ ions produce SF;*, SFs*, and SF,".
Although the overall reaction Mot + SFs — MoF; + SF;*
is exothermic by 106 kcal mol~',>® only excited-state Mo™
ions appear to have enough energy to overcome the reaction
barrier. The ground-state Cr™ and Mo™ ions react very slowly
by termolecular SFg addition, reaction 1d. The other ion of
Group 6, W, has an empty d orbital in its ground electronic
state and is significantly more reactive toward SF¢ (k/k, =
0.11). The W ions react with SF4 through various channels,
la, 1b, and 1d, and as many as seven primary products were
observed (Table 1). The major primary product of the
reaction between W and SFy is SF3*(50%), and the higher-

(58) Gibson, J. K. J. Fluor. Chem. 1996, 78, 65.

(59) Armentrout, B.; Kickel, B. L. In Organometallic Ion Chemistry;
Freiser, B. S., Ed.; Kluwer Academic: Dordrecht, 1996.

(60) Zhang, D.; Zhang, C.; Liu, C. J. Organomet. Chem. 2001, 640, 121.

(61) Uppal, J. S.; Staley, R. H. J. Am. Chem. Soc. 1980, 102, 4144.

(62) Harrrison, J. F. J. Phys. Chem. 1986, 90, 3313.

(63) Aguirre, F.; Husband, J.; Thompson, C. J.; Stringer, K. L.; Metz, R. B.
J. Chem. Phys. 2002, 116, 4071.

(64) Chen, Q.; Freiser, B. S. J. Phys. Chem. A 1998, 102, 3343.

(65) Schwerdtfeger, P.; Boyd, P. D. W.; Bowmaker, G. A.; Aldridge, L. P.
Struct. Chem. 1989, 1, 405.

(66) Schwerdtfeger, P.; McFeaters, J. S.; Liddell, M. J.; Hrusak, J.; Schwarz,
H. J. Chem. Phys. 1995, 103, 245.
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order products are SFst, WF,", and WF,*(SFe), see Fig-
ure 5.

The reaction efficiencies of Group 3, 4, and 5 ions
(excluding Hf") with SFy reported previously by Jiao and
Fresier using the FT-ICR technique® are systematically
smaller than our k/k. values obtained using the ICP-SIFT/
MS technique. For example, k/k, for the reaction of Sc* with
SFs in the FT-ICR experiment was 0.27, whereas a value of
0.63 was obtained for the same reaction in our experiments.
The reason for this discrepancy might be associated with
the reaction environment and instrument. In our ICP-SIFT
experiment, reaction occurs in helium buffer gas at 0.35 £
0.01 Torr, whereas in the FT-ICR experiment the reaction
occurs in a reaction cell containing SFe at a pressure of 2 x
1077 Torr. Jiao and Fresier” have also reported “product
distributions” at 1 s. reaction time for reactions of some early
transition metal ions with SFs (~ 2 x 1077 Torr). These
distributions, measured at a fixed reaction time, will be
influenced by any secondary reactions that may occur with
SFe and so will not be true primary product distributions if
secondary reactions occur within 1 s. The branching ratios
reported in Table 1 are true primary product distributions as
they are determined from to zero-flow intercepts of the plots
of fractional abundance against the flow of reactant. There
is reasonable agreement between the two reported branching
ratios only for non-reactive primary products. For example,
the SF;" branching ratios in the reactions of Sc*, Y*, and
La™ ions with SF¢ (Table 1) are 21%, 27%, and 15%,
respectively, and the corresponding “product distributions”
reported by Jiao and Freiser> were 20%, 35%, and 10%,
respectively.

3.2. Late Transition Metal Cations (Group 7—12).
Unlike Group 3—5 ions, most late transition-metal ions react
with SF¢ by slow termolecular addition (k/k. < 0.2), with
helium atoms acting as the stabilizing third body.

M" + SF, + He — M (SF,) + He 9)

The efficiencies of the above reaction increase from Group
7 to 10, and decrease from Group 10 to 12. Reaction 9 was
not observed for Mn*, Re™, Fe™, Os™, Cd", and Hg" ions.
On the other hand, second-order SF¢ addition, reaction 3,
was observed exclusively for the ions of Group 9—11 in the
fourth and sixth rows of the periodic table, that is, Co™, Nit,
Cu™, Ir™, Pt*, and Au™.

The only late transition-metal ion that expresses a bimo-
lecular reaction with SFy is Fe', which reacts through channel
1b, although the reaction is not very efficient (k/k. = 0.04).
The dominant product of this reaction is SF37(90%), while
SF,"(3%) and SFs"(7%) are minor products. The linearity
observed in the reaction profile of Fe with SFy (Figure 3)
suggests that any excited states that may be present react
with a similar rate. Jiao and Freiser® also have observed
the products SF;™ and SFs* for the same reaction. From the
available thermochemical data,”® we find that reaction 10 is

exothermic by 118 kcal mol~'.%°
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Fe' 4 SF,— FeF, + SF," (10)

So a likely reason for the low efficiency of this reaction is
the existence of a kinetic barrier. This channel appears to
be the most exothermic of all possible channels, although
the enthalpy change for the channel leading to FeF" could
not be determined because of the unknown enthalpy of
formation of this ion.

3.3. Main Group Metal Cations. Reactions of SF¢ were
measured with main group cations in the fourth, fifth, and
sixth rows of the periodic table. The only main group cations
that react with SFs are Ge*, As™ and the Group 2 metal
ions, Ca™, Sr*, and Ba™. The reactions efficiencies (k/k.) for
Ge' and As™ ions were 0.36 and 0.53, respectively, and those
for the Group 2 ions were in the 0.61—0.85 range.

High reactivities of Ge™ and As™ ions toward other neutral
molecules, for example, with CH3F, have been reported
previously.*® Reactions of these two ions with SF are similar
to those of the early transition-metal ions (Group 3—5) so
that MF,," and SF," are the primary products derived from
channels la and 1b. The primary products for Ge™ and As™
and their branching ratios are listed in Table 1; the major
difference between these ions and those of Group 3—5 is in
the formation of SFs™ as a significant primary product. The
branching ratios of SFs" in the reactions of Ge' and As*
with SFy are 18% and 75%, respectively, whereas SFs* is
only a secondary product for the Group 3—5 ions. No
secondary or higher-order reaction was observed for Ge™*,
but the product ratio analyses revealed that SFs* is produced
also as a secondary product for As™ from the following
reaction.

AsF," 4 SF,— AsF, + SF, " (11)

From the available thermochemical data, reaction 11 was
found to be exothermic by 58.7 kcal mol~'.%°

For Group 2 metal ions, the dominant primary product is
MF™, produced from the following bimolecular reaction.

M* + SF,—MF" + SF, M=Ca, Sr,Ba (12)

Reaction 12 is exothermic for Ca™, Sr*, and Ba' ions by
39.4, 46.2, and 59.5 kcal mol !, respectively, because the
F-M™ bonds (M = Ca, Sr, Ba) are significantly stronger than
the F-SFs bond (see Table 2). The CaF', SrFt, and BaF*
product ions have branching ratios of 84%, 97%, and 99%,
respectively. The only other primary product for Group 2
metal ions is MSFs™, produced by reaction 1c. No secondary
or higher-order reactions were observed for these ions.

3.4. Reactions with Water Impurity. We also observed
reactions with the water impurity (<5 ppm) in the helium
buffer gas. These reactions were observed exclusively for
the late transition-metal ions that form M™(SFs) clusters.
Figures 4 and 5 display the formation of M*(H,0) cluster
ions parallel to M*(SF) for the Rh*, Pd*, and Au" ions.
Since the concentration of H,O in the helium buffer gas is
very small (ppm) and the direct water clustering reactions
for the bare metal ions Rh™, Pd™, and Au™ are not efficient
(klk. < 0.01),%? the formation of M*(H,0) clusters in these
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Figure 7. Profile of the reaction between D,O and the product ions of the
Au'/SF, reaction, see text.

experiments is attributed to the following H,O-SF, exchange
reaction.

M (SF,) + H,0—M"(H,0) + SF, (13)

Bimolecular “solvent switching reactions” of type 13 are
often fast and can proceed near the collision rate.®’

We performed a separate experiment to confirm the
occurrence of reaction 13 for the MT = Au®. In this
experiment, constant amounts of SFs gas were added into
the first sample inlet to form the Au™(SFg) cluster upstream
of the flow tube. D,O was then added downstream, and
variations in the ion signals were measured with increasing
flow of D,0O. Figure 7 displays the reaction profile for the
SF¢/D,0 exchange. It is clear from this reaction profile that
Aut(D,0) is produced quite rapidly from the Au*(SFy)
cluster ion by SF¢/D,0 exchange rather than by addition of

Table 3. Rate Coefficients (cm® molecule™' s™'), Reaction Efficiency
(klk.), and the Standard Free Energy Changes (kcal mol™") for
Sequential SFs Addition to Metal Cations at 295 + 2 K

M*(SF) M*(SFy),

M" k* klk> —AG° € k¢ Kk —AG° €
Cot 6.6 x 107'"  0.071 9.5 4.0 x 107" 0.061 8.6
Nit 1.7 x 107 0.18 10.1 79 x 107'" 0.12 9.5
Cut 85 x 107" 0.093 10.0 39 x 107" 0.059 8.8
ZnT 4.0 x 1072 0.004 6.6

Ru™ 4.0 x 1072 0.005 6.7

Rh™ 8.0 x 1072 0.010 7.5

Pd* 13 x 107'"" 0.017 8.1

Agt 3.0 x 1072 0.004 6.3

Pttt 23 x 107" 0.035 8.6 4.0 x 107" 0.067 8.7
Aut 2.0 x 107" 0.031 8.6 6.3 x 1072 0.010 7.4

“ Measured reaction rate coefficient with an estimated accuracy of £
30%. © Reaction efficiency, k. is the calculated collision rate coefficient
(see text). “ The standard free energy changes with an uncertainty estimated
to be no more than 0.3 kcalmol ™'

D,O to Au™; the Au™ ion signal is almost constant. The
exchange 14a appears to compete with the simple addition
of D,O (14b) as a minor (<20%) channel. We measured

the rate coefficient for reaction 14a to be 8 x 1070 cm?

molecule™! s™!, which corresponds to a reaction
Au(SF,) + D,0— Au"(D,0) + SF, (14a)
—>Au+(SF6)(D20) (14b)

efficiency of k/k, = 0.4; the effective bimolecular rate
coefficient for the direct formation of Au™(D,0) from Au*
and D,O in 0.35 Torr of helium buffer gas has been
reported” to be 5.8 x 1072 cm® molecule™' s~' and so is
smaller than this value by 2 orders of magnitude. The rapid
occurrence of reaction 14a suggests that D(Au™-D,0) >
D(Au*-SF) so that D(Au™-SFs) < 40 + 2 kcal mol %8
Figure 7 also displays the occurrence of the conversion of
Aut(SF)(D,0) to Aut(D,0), and some conversion of
Aut(H,0) to Au™(D,0) by switching reactions with D,O.

3.5. Equilibrium Kinetics and Standard Free
Energies of Association. Equilibrium analyses performed
on the kinetic results indicate that equilibrium is attained in

[Ni*(SFy),V/INi*(SFy), ,]

Ni'
10° 4 Ni*(SF,)
‘_(A Lo
)
=
g 102 - a .
20 o/ Ni'(SF,
7]
=
S 9
[
10! <
100 T T T
0 4 8 12

16 0 4 8 12 16

SF, Flow / (1017 molecules s'l)

Figure 8. Variation observed in the ion signal ratio of /[Ni(SF),]"//[[Ni(SFs),—1]* (n = 1,2) for the sequential addition of SFs to Ni* with the flow rate of

SF.
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almost all the SFg¢ addition reactions. These analyses are
based on plots of product-to-reactant ion signal ratios as a
function of SFs flow. Equilibrium is achieved when this plot
achieves linearity, namely, when [M"(SFs),]/[M*(SFe),-1]
= K[SFs] where K is the equilibrium constant. The equilib-
rium kinetics for the association reactions that were observed
was well behaved, and the ion-signal ratio plots were linear.

(67) Bohme, D. K. In lonic Processes in the Gas-Phase; Almoster Ferreira,
M. A., Ed.; D. Reidel Publishing Company: Dordrecht, The Nether-
lands, 1984; NATO ASI Series, pp 111—134.

(68) Poisson, L.; Lepetit, F.; Mestdagh, J.-M.; Visticot, J.-P. J. Phys. Chem.
A 2002, 106, 5455.
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This is demonstrated in Figure 8 for the sequential addition
of two SFs molecules to Ni*. Table 3 lists the reaction rate
coefficients, reaction efficiencies, and standard free energies
for the addition of up to two molecules of SF¢ to various
M ions.

As far as we are aware, the reaction rate coefficients,
reaction efficiencies, and standard free energy changes for
SFe addition that are reported in Table 3 are generally
unknown from previous measurements and calculations.
Figure 9 explores the periodic variation in the values of the
measured reaction efficiencies and the standard binding free
energies for the addition of SFs to M* observed at 295 + 2
K. There is a clearly periodic correspondence in the trends
of the reaction efficiency and standard binding free energy
across three periods of the periodic table. The log/log plot
in Figure 10 displays the dependence of the reaction
efficiencies (k/k.) of one and two SF4 additions to the bare
metal cations on the relative standard free energy change
AG®°/(kcal mol™!). The dependence fits the equation log[k/
k] = —8.7 + 7.8 log[~AG®/(kcal mol™")] for the addition
of one SFs molecule. The plot versus log AH° would look
similar (but shifted in the intercept) if the entropy change in
these addition reactions is independent of the metal cation,
as is likely to be the case. An increase in the efficiency of
ligation is expected as the binding enthalpy or free energy
increases as this increases the lifetime of the intermediate
adduct (in the two-step association mechanism) that is
collisionally stabilized by the helium buffer gas atoms. The
efficiency of ligation will depend on the lifetime of the
intermediate [M*(SFs)]* against dissociation back to reac-
tants which in turn depends on D(M "-SF4) according to 7
= 70{( D + 3RT)/3RT}*! where s is the number of degrees
of freedom in the transient intermediate [M*(SFy)]* effective
in intramolecular energy redisposition.”” The slope of the
log/log plot in Figure 10 provides a measure of s. If the slope
is taken to be equal to s—1, then the effective number of
degrees of freedom is s = 8.8 which is slightly less than
half of the total number of degrees of freedom for [M*(SFe)]*
which contains 8 atoms. As expected from the increase in
the number of degrees of freedom of the transient intermedi-
ate, the value of s = 11 that can be estimated from Figure
10 for the second addition of SFs is somewhat larger than s
= 8.8 obtained for the first addition.

4. Conclusions

The results of our systematic study on the reactivity of
46 metal monocations with SFg have revealed trends across
and down the periodic table with regard to both the type
of chemistry and the reaction efficiency. Reactions of early
transition-metal ions with SFq are very efficient (k/k. >
0.5) and are dominated by multiple F-atom transfer
resulting in formation of MF,," (m < 3) and SF," (n < 4)
ions as primary products. Reactions of late transition-metal
ions with SFe are significantly less efficient and are
dominated by SFs addition. Reactions of Ge™, As™, and
the Group 2 metal ions with SF¢ are very efficient, while
all other main group cations are inert toward SF¢. Several
MF,t ions were observed to react further with SFg to
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produce MF,,.", SF,", and MF,"(SFs) as secondary
products. Primary and secondary adduct formation with
atomic ions exhibits equilibrium kinetics under the condi-
tions of the SIFT experiments, and the standard free energy
change for SF¢ addition is found to correlate with the
efficiency of addition.
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