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As a result of fluorine�s high electronegativity, fluorination
can have a dramatic effect on molecular properties. Nowhere
is this perturbation more important than for organic com-
pounds, where fluorination can impart substantial metabolic
stability to prospective pharmaceutically active species.[1]

However, because of their stability and inertness,[1c,2] facile
synthesis of C�F bonds still provides a considerable challenge
for chemists.[1a, 3]

Gas-phase reactions monitored in a mass spectrometer
provide a unique environment to study chemical reactivity
free from the effects of solvents or counterions.[4] Gozzo et al.
have shown that gas-phase SF3

+ ions donate F+ to hetero-
aromatic compounds,[5] and F2

+ has been observed to
fluorinate some molecules.[6] In contrast, fluorination by
gaseous molecular dications has never been specifically
investigated, despite the current interest in the bond-forming
reactivity of these species;[7] for example, collisions of C2H2

2+

with Ar form ArC2H
2+,[8] C2O3

2+ is observed from CO2
2+ and

CO2,
[9] and NH+ is formed upon collisions of N2

2+ with H2.
[10]

However, the rates of these bond-forming reactions are
usually much lower than those for single-electron transfer
between the dication and the neutral [Eq. (1)]. In contrast to
this weak dicationic bond-forming reactivity, herein we report
a series of very efficient reactions involving the fluorination of
a variety of neutral species upon collisions with SF4

2+.
The electron transfer [Eq. (1)] and bond-forming reac-

tions [Eq. (2)] displayed by dicationic systems commonly
generate pairs of monocations as reaction products:[7, 11]

SF4
2þ þ CH4 ! SF4

þ þ CH4
þ then SF4

þ ! SF3
þ þ F ð1Þ

SF4
2þ þH2 ! SF3

þ þH2Fþ ð2Þ

We have used a time-of-flight mass spectrometer
(TOFMS) to detect these pairs of product monocations
formed upon collisions of SF4

2+ with Ar, H2, D2, CO, N2, H2O,
CH4, C2H4, and C2H6.

[7a, 12] For each collision system, this
experimental method measures the masses and the initial
velocities of each pair of product monocations formed upon a
dication–neutral collision. Thus, our raw data for each
collision system is a two-dimensional mass spectrum (exam-
ples shown in Figure 1), a histogram of the number of ion-pair
counts against the masses of the two ions that form each pair.
The signals in such spectra clearly characterize the reactions
of SF4

2+ that result in pairs of product ions.

In all the collision systems investigated we observe intense
fluorination channels (Table 1), which compete effectively
with single-electron transfer.[13] Of special note are those
reactions of SF4

2+ with hydrocarbons that exhibit the facile
formation of C�F bonds (Table 1, entries 4, 7–9). The
efficiency of electron transfer following collisions of SF4

2+

with neutral species has been observed before,[14] and SF4
2+

has also been shown to be reactive at surfaces.[15] Indeed,
when thermodynamically accessible, single-electron transfer
between dications and neutral species usually proceeds very
rapidly and efficiently.[11,16] Our experimental method does
not allow direct measurement of rate constants.[10] However,
from the comparable branching ratios measured (Table 1) for
electron transfer and fluorination, it is clear that the

Figure 1. Two-dimensional mass spectra showing the ion pairs formed
upon collisions of SF4

2+ with a) H2 and b) CH4.
[17]

Table 1: Fluorination reactions observed following reactions of SF4
2+ at

collision energies ECM.

Entry Reactant Products ECM [eV] B [%][a]

1 Ar SF3
+ + ArF+ 3.0 13

2 H2 SF3
+ + H2F

+ 0.2 24
3 D2 SF3

+ + D2F
+ 0.4 29

4 CO SF3
+ + FCO+ 2.5 8

5 N2 SF3
+ + N2F

+ 2.5 13
6 H2O SF3

+ + H2OF+ 1.7 3
7 CH4 SF3

+ + CH2F
+ + 2H 1.0 19

8 C2H4
SF3

+ + C2H2F
+ + 2H 2.5 4

SF3
+ + C2H3F

+ + H 2.5 1
9 C2H6 SF3

+ + C2H3F
+ + 3H 2.6 2

[a] The branching ratio B is the percentage of the ion pairs in the
fluorination channel with respect to the total number of pairs that are
detected after bimolecular reactive events.
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fluorination reactions of SF4
2+ are very fast and efficient.

Indeed, the calibrated and normalized rate[10] of formation of
product-ion pairs indicates that SF4

2+ reacts upon nearly every
collision with the target molecule.

Our experimental technique allows us to probe the
mechanisms of the fluorination reactions by revealing corre-
lations between the velocity vectors of the reactant and the
product ions.[12] We show these correlations using scattering
diagrams in the center-of-mass (CM) frame. These scattering
diagrams (Figure 2) are radial histograms that plot the

magnitude of the product-ion velocity and the angle q (0<
q< 1808) between that velocity and the velocity vector of the
reactant dication.[7a] These scattering diagrams (e.g. Figure 2)
for all the fluorination reactions (Table 1) clearly show that
there is no correlation between the product velocities and the
original velocity of the reactant SF4

2+ ion. This scattering
shows that all the fluorination reactions involve the initial
formation of a complex between the reactants; this complex
lives for at least a few rotational periods before decaying to
the observed products.

Examination of the correlations between the velocities of
the products[7a] shows that fluorination arises through the
fragmentation of the collision complex [SF4�X]2+ into SF3

+ +

FX+, followed by subsequent decay of the FX+ ion [Eq. (3)
and (4)].

SF4
2þ þ CH4 ! ½SF4-CH4�2þ ! SF3

þ þ CH4Fþ ð3Þ

CH4Fþ ! CH2Fþ þ 2 H or H2 ð4Þ

To rationalize these facile fluorination reactions we have
probed the structure of SF4

2+ computationally.[18] These
calculations (Figure 3) show that the lowest lying triplet
state of SF4

2+ has Cs symmetry with one highly extended, and
presumably weak, S�F bond. We could also locate (Figure 3)
a higher lying C2v triplet state and a lower-lying Td singlet
state.[19] The fact the SF4

2+ ions in our beam readily donate F+

ions strongly hints that the 3Cs structure is responsible for
fluorination. Indeed, the calculations show that the distinct F
atom in the 3Cs structure bears a considerably higher (+ 0.37e)

charge than the other fluorine atoms (+ 0.05e). Similar
structural arguments have been used to explain the propensity
of CF3

2+ to lose a neutral F atom in collisions.[20] Further to
these qualitative arguments, as explained below, the ener-
getics revealed by our coincidence experiments strongly point
to the 3Cs state of SF4

2+ being the fluorinating agent and a
major species in our dication beam.

From the velocities of the product ions we can derive the
translational-energy release of a given reactive process.[7a]

Translational-energy release is readily related to the reaction
exothermicity, given the known velocity of the SF4

2+ ion, if the
internal excitation of the reactants and products is negligible.
The reaction of SF4

2+ with Ar to form SF3
+ + F + Ar+ should

involve minimal vibrational excitation of the products, as two
of the products are atoms. Since the energies of the other
products and the reactants are known, the translational-
energy release that we measure for this reaction yields a
double ionization energy for SF4 of 32.8 eV, in excellent
agreement with the calculated energy of the 3Cs minimum
(Figure 3), thus supporting the conclusion that the lowest
triplet (3Cs) electronic state of the dication is responsible for
the fluorination reactions. The large count rates of product-
ion pairs that we measure, given the ion-beam current and the
neutral-gas density,[10] strongly hint that the state of SF4

2+

responsible for the fluorination, the 3Cs state, is the dominant
configuration of this reagent in our dication beam. This
observation therefore suggests that the population of the
ground 1Td state of SF4

2+ from SF6 is significantly disfavored,
possibly on Franck–Condon grounds.

Our results show that gas-phase SF4
2+ ions are very

efficient fluorinating agents for a wide variety of molecules.
The next challenge is to transfer this reactivity into solution.
Methods to achieve this could involve the selective in situ
photoionization of SF4 or SF6 or the generation of zwitterions
of the form R2��SF4

2+. Certainly our observation of the
efficient fluorination of neutral molecules by SF4

2+ prompts
further investigation of the chemistry of this unusual class of
ions.

Experimental Section
We generated the SF4

2+ ions by 150 eV electron ionization of SF6.
These ions were energy selected, mass selected, and pulsed before
interacting with the neutral target gas in the source region of a
TOFMS. Typical transit times for SF4

2+ ions from the ion source to
collision with the neutral species are 0.1 to 0.2 ms. After a dication
pulse has interacted with the neutral gas we used the TOFMS, which
was equipped with a position-sensitive detector, to identify the pairs
of product ions formed. The detector gives the time and position of

Figure 2. CM scattering diagram for the formation of CH2F
+ and SF3

+

following the interaction of SF4
2+ with CH4. The diagram is a radial

histogram showing the orientation of the velocities of SF3
+ and CH2F

+

with respect to the direction of the reactant velocities w(SF4
2+) and

w(CH4) (see text for details).

Figure 3. Calculated geometries of SF4
2+. The point group of each

structure, and their energy relative to the ground state of SF4, are
shown. For the 3Cs state, the bond angles are:
]F1F2 = ]F1F3 = ]F2F3 = 1088, ]F2F4 = ]F3F4 = 1098, and
]F1F4 = 1128.
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each ion�s arrival, thus allowing the determination of the masses and
velocities of the product ions.[7a, 12]
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