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ABSTRACT Thermal reactions of the CF5*" dication with argon lead to the
formation of an ArCF,*" dication, a new type of metastable species with an
argon—carbon bond. None of the other rare gases undergo a similar reaction with
CF5>". For the lighter rare gases (He and Ne), no reactions with CF5>" other than
those due to electronically excited reactant ions are observed, whereas for the
heavier rare gases (Kr and Xe), the prevailing reactive pathways involve single-
electron transfer. At elevated collision energies, single-electron transfer predomi-
nates for collisions with all rare gases (He—Xe).

SECTION Molecular Structure, Quantum Chemistry, General Theory

he formation of rare-gas compounds, first discovered might be induced to replace this weakly bound fluorine atom
I in 1962," is an attractive field for chemical research, as we have recently demonstrated for the reactions of the
which recently experienced additional stimuli by the heavier analogue SiF5*" '
photochgmical .ggneraFion of ;everal ZI'EN rare-gas com- CF52t + Ar — ArCF,2t + F* (2)
pounds in matrix isolation experiments.
SiF5*" + Ar — ArSiF,*t + F* (1) CF5** + Ar — CF,%" +F + Ar (3)
Inspired by the recent observation of the gaseous dication CFs2* 4+ Ar — CF5* + Ar* (4)

ArSiF,*" having an argon—silicon bond, formed in thermal
collisions of the mass-selected SiF5°" dication with argon

24 AN +

(reaction 1),°> we decided to follow an earlier prediction that CE;™" + Ar = CR" +F + Ar (5)
halocarbene dications should also form reasonably stable 5 .
adducts with rare gases.® In this context, an importgnt con- CF5™" +Ar — CF¥ +2F" + Ar* (6)
clusion from the investigation of reaction 1 was that the Our experiments reveal that the interaction of mass-se-
chances for the successful observation of bond-forming reac- lected CF5>" with neutral argon generates ArCF,>" formed
tions of molecular dications™® are particularly large at low via the substitution reaction 2. Additional processes observed
collision energies, preferentially, in the thermal regime. For (Figure 1) correspond to dication dissociation (reaction 3),
example, earlier studies of SiFs*" + Ar failed to observe either collision-induced or arising from metastable states, and
reaction 1 due to the elevated experimental collision ener- charge separations according to reactions 4—6, of which the
gies.” Accordingly, we felt it worthwhile to reinvestigate the latter has previously been assigned to an excited state of
analogous IOW‘energy collisions of the CF32+ dication with the CF32+‘]O Reactions 3, 5, and 6 have been Clearly observed
rare gases He—Xe. The reactions of CF5*" with the rare gases before at collision energies of 1.8 and 4.4 eV, and weak
have been the subject of several previous investigations at contributions from reaction 4 can be traced at a collision
elevated (few eV) collision energies,'”"" as have the reactions energy of 3.0 eV."" However, the ArCF,*" product and strong
of CF5** with deuterium molecules.'*"? signals due to CF5*, reactions 2 and 4, are only observed

The CF5*" dication can be easily generated by (disso- following the low-energy collisions studied in this work. This
ciative) double ionization of tetrafluoromethane with ener- increase in the ArCF,”" signals at low collision energy is
getic electrons or photons.'*™'® It has a very high single- demonstrated by the energy dependence of the ArCE,*"
electron recombination energy to form CE5", RE(CF5*") =
26.3 eV,'"'® and a weak C—F bond, D(F,C*"™—F) = (1.1 £
0.4) eV,'*'?2% which can be attributed to the presence of a Received Date: November 16, 2009
localized hole in the o-bonding C—F orbital. Accordingly, in Accepted Date: December 2, 2009

bimolecular encounters, more strongly bonding substituents
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Figure 1. Reaction of mass-selected CF5>" dications with argon at
an octopole voltage of Uy, = —2 Vand p(Ar) = 2 x 10~ % mbar;
these conditions correspond to a nominal laboratory energy of
reactant ions set close to zero. The vertical scale refers to the
precursor dication with an intensity of 1.00 (off-scale). The signals
denoted with asterisks are due to reactions with background
moisture and air (i.e., H,O", Hs0™, N,*, and 0,™). Inset (a) shows
the energy dependences of the major channels in the center-of-
mass scale. Note that the sum of CE,;" monocations is shown for
the sake of clarity in the graph; also, the Ar' trace is omitted.
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Figure 2. Minima on the potential energy surface of the CF5*"
dication reacting with argon according to B3LYP/6-311+G(2d,p)
calculations and a representation of the bonding C—Ar orbital.
Energies are expressed in eV relative to the reactant asymptote.
The selected bond lengths are given in A.

signal in inset (a) of Figure 1, which shows a sharp maximum
near a nominal collision energy of 0 eV. We note in passing
that Figure 1 of ref 10 taken at a collision energy of 3.3 eV
shows some elevated noise at m/z 45, perhaps corresponding
to the ArCF,”" product, which is consistent with the energy
dependence shown in Figure 1. Similarly, the yield of the CF5 "
monocation (not separately shown in the inset of Figure 1)
also has a maximum at Ecyy = 0 eV with a rapid decline at
elevated collision energies.

The experimental results described above are further
supported by theoretical calculations using density functional
theory (Figure 2). The precursor dication CFs*' has C,,
symmetry with two short (rcgp = 1.184 A) and one long
(rce = 1.574 A) C—F bond; the bond dissociation energy is
computed as Deaie(CE,>T—F) = 1.80 eVand is thus somewhat
larger than the experimental estimate quoted above. The
initial interaction of CF5** with neutral argon should lead to
an encounter complex, but all attempts to localize this struc-
ture led to charge separation into CF5+ and Ar*. However, we
have found a transition structure (TS, E = —1.77 €V; see
inset structure in Figure 2) for the substitution of fluorine, as a
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leaving group, by argon, as a nucleophile, and also located the
corresponding complex of the ArCF,** product with a fluor-
ine atom (E,; = —1.89 eV). The C—Ar bond length in the
transition structure amounts to 2.101 A. The crossing between
the Coulomb-repulsion potential energy curve and that of the
dication/induced dipole interaction is located at ~2.35 A.*?
Hence, single-reference calculations at geometries expected
for the encounter complex, that is, the C—Ar bond most
probably larger than 2.3 A, lead to the dissociation along
the CEs"—Ar" coordinate, and therefore, the encounter com-
plex cannot be localized at this level of theory.

The final product ArCE,*" is formed by the elimination of
a fluorine atom from the product complex and lies 1.37 eV
below the entrance channel. The C—Ar bond length in
ArCF,*" is calculated to be 1.842 A. Both the single-bond
and double-bond covalent radii of Pyykko and Atsumi predict
a C—Ardistance of about 1.7 A,*® whichiis significantly shorter
than the value found here. According to natural bond analysis,
the o Ar—C bond is formed by the overlap 2pc and 3pa,
orbitals along the axis of the bond with an occupancy of 1.98 e.
This bond however is weakened by the 0.20 e occupancy of
the antibonding Ar—C orbital, where predominantly the lone
pairs of the fluorine atoms contribute to the Ar—C interac-
tions. Thus, upon analysis of the bonding, we expect the Ar—C
bond to be indeed slightly longer than a “typical” Ar—C o
bond.

A major difference between the CF5>"/Ar collision system
compared with the homologous SiF5*"/Ar interaction is that,
due to the much higher single-electron recombination energy
(RE) of CF5°T, nondissociative electron transfer (reaction 4)
as well as dissociative electron transfer (reactions 5 and 6) are
much more pronounced in the CE5*/Ar system. The compet-
ing, very exothermic electron-transfer processes to yield pairs
of monocations explain the low yield of the substitution
product ArCE,*". The significant exothermicity of the elec-
tron-transfer process between CF5s*" and Ar also accounts for
the dominance of dissociative electron transfer with two
major pathways, formation of CF,™ + F +Ar™ via dissociation
of an energized CF5" product of a primary electron transfer
event (reaction 5) and via the primary reaction 2 followed by
the subsequent dissociation of the ArCF,** product.'® Con-
ceptually, our results also imply that mere electrophilicity (i.e.,
the recombination energy) is by no means the sole criterion
for a chemically useful superelectrophile in the gas phase. In
this case, precisely the opposite is true; the extreme electro-
philicity of CE5*" appears to lead to the suppression of bond-
forming processes due to competition with single-electron
transfer (particularly for the heavier rare gases; see below).
For a more successful rationalization of the bond-forming
processes of molecular dications, a larger set of characteristic
parameters has to be considered, as recently demonstrated
for the silicon analogue of the title species.”

More generally, the experimental evidence (Figure 1) in
conjunction with the theoretical data (Figure 2) is clear proof
for the existence of the metastable ArCF,%" dication, a new
kind of organo-argon species in the gas phase.** In this
context, a brief comparison to the recently studied SiF5**/
Ar system® is quite instructive. For the silicon analogue,
reaction 1 is indeed the major channel at thermal energies,

DOI: 10.1021/jz900274p | J. Phys. Chem. Lett. 2010, 1, 358-362



THE JOURNAL OF

PHYSICAL CHEMISTRY
[etters

Table 1. Product Ions and Abundances (given in % of the parent
ion) Observed in the Reactions of Mass-Selected CF5*>" Dications
with Rare Gases at an Octopole Voltage of U,y = —2 V, Which
Corresponds to a Nominal Laboratory Collision Energy of ~0 eV

RgCF,?"  CR*"  Rg'“ CF" CF,"  CFs"
He’¢ 0.3 <0.1 0.4 0.3
Ne>¢ 1.6 <0.1 0.5 0.6
Ar? 0.3 0.2 0.3 0.1 2.2 0.4
Kr — <0.1 1.8 0.3 2.1 0.1
XeS 0.1 6.8 1.2 1.8 0.1

“sum over all isotopes. ” The observed products are not corrected for
collisions with background gases, and for helium and neon, the charge
separation yields are likely to have major contributions from this source.
“Despite a careful search, no significant signals due to RgCF,*" were
observed. ¢In addition, traces of ArF" (<0.1 %) are formed. ¢ Only for
the major isotope ®*KrCF,*" could a signal significantly above the
noise level be detected. /Given the large amount of electron transfer,
the single-collision regime was not strictly maintained in the case of
xenon.

whereas the maximal branching of the ArCF,*" channel in
the CF5*/Ar system amounts to only about 10 % of all product
channels and, hence, is only a minor pathway. However,
reaction 2 is still a much more efficient process than earlier
examples of argon—carbon species generated in ion/mole-
cule collisions, ArC*",?>?¢ ArCH,",>” and ArC,H*".?® The
differences between CFs>/Ar and SiF5*"/Ar can be ascribed
to the much larger exothermicities of the charge-transfer
reactions of CF5°" (RE = 26.3 eV) with argon (IE = 15.76
eV)as compared to those of SiF5** (RE = 22.4 eV),*’ such that
most of the transient ArCF,”*" species formed in reaction 2
will rapidly undergo charge-separation reactions. Indeed,
coincidence experiments of the corresponding reaction 3
gave no evidence for the formation of long-lived intermediate
complexes."

We also briefly explored the reactions of the other rare
gases with mass-selected CF5*" in order to probe if other
organo rare-gas bonds can be made via this approach (Table
1). Except for a very weak signal which might correspond to
KrCF,**, none of the other rare gases undergo a bond-
forming process analogous to reaction 2. This observation
can be rationalized by the operation of two different effects.
For the heavier rare gases, electron transfer leading to charge-
separation reactions is more and more favored due to the
lower ionization energies of krypton (IE =14.00 eV) and
xenon (IE = 12.13 eV). This is not the case for the two lighter
rare gases, helium (IE = 24.59 eV)and neon (IE = 21.56 eV),
which are resistant to one-electron oxidation by CF,*". On the
other hand, helium and neon clearly do not have potential for
formation of strong donor—acceptor complexes with CF,* ™,
as indicated by their inability to replace the fluorine atom in
CF5*". These experimental results suggest that D(Rg—CF,*")
< D(F,C*"—F) for Rg = He and Ne, which may be traced to a
poor overlap between the contracted ns-valence orbitals of
these rare gases and the relatively diffuse sp-hybrid on
carbon.

In conclusion, we have demonstrated that the open-shell
molecular dication CF5*" can serve as a suitable reagent for
the generation of novel gaseous rare-gas—carbon species in
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thermal ion—molecule reactions. The efficiency of this super-
electrophile®® with respect to Ar—C bond formation is limited
by the competing charge-transfer reactions. Accordingly,
formation of RgCF,”" is suppressed for Rg = Kr and Xe,
while the lighter rare gases He and Ne cannot serve as
Lewis bases of sufficient strength toward CF,*" and conse-
quently cannot replace the fluorine atom in the CF5*" pre-
cursor. As a result of these different effects, among all RgCF,> "
species, only ArCE,”" is formed in significant yields in
CF5*" + Rg collisions. In a more general sense, the present
results underline the importance of low-energy collisions in
attempts to understand the bimolecular reactivity of gaseous
dications.”®?'!

Experimental Methods

The experiments were performed with a TSQ Classic mass
spectrometer’>>> equipped with an ion source for electron
ionization (EI) and an analyzer of QOQ configuration (Q
stands for quadrupole and O for octopole), which permits a
variety of MS/MS experiments. The octopole, serving as a
collision cell, has a separate housing which limits the penetra-
tion of gases admitted to the octopole to the ultrahigh vacuum
of the manifold. The kinetic energy of the ions entering the
octopole can be varied, which allows the investigation of ion/
molecule reactions at quasi-thermal conditions or at elevated
kinetic energies.”* " The CF5*" dications generated by EI of
CF, were mass-selected by means of the first quadrupole (Q1)
at a mass resolution fully sufficient to select only dicationic
species. The mass-selected dications were then reacted with
rare gases admitted to the octopole at pressures of typically
2 x 10~ * mbar. The collision energy was adjusted by changing
the offset between the first quadrupole and the octopole,
while the offset of Q2 was locked to the sum of the offsets of
Q1 and O. The zero point of the kinetic energy scale, as well as
the width of the kinetic energy distribution, was determined
by means of retarding potential analysis; for the dicationic
species reported here, the beam width at half-maximum
amounts to (2.2 £ 0.2) eV in the laboratory frame. The
bimolecular reactions reported below were recorded at a
nominal laboratory collision energy of the reactant ions close
to zero, that is, at the point of inflection of the curve obtained
by retarding potential analysis of the reactant,’® thatis, Up, =
(1.8 £ 0.2) V in the present experiments. lonic products
emerging from the octopole were then mass-analyzed by
scanning Q2 at unit mass resolution. Ion abundances were
determined using a Daly-type detector operating in the
counting mode. Because the reactions of CF5*" with rare
gases have been previously investigated in quite some detail
and multipole arrangements are not ideally suited to investi-
gate the reaction kinetics of ion/molecule reactions,”® we
neither convert the relative reactivities revealed by our ex-
periments to absolute rate constants nor make corrections for
the differences in the transmission of the light and heavy
product ions to the detector.*”

For the (spin-unrestricted) calculations, we used the den-
sity functional methodology B3LYP*' ~**in conjunction with a
6-3114+G(2d,p) triple-G basis set as implemented in the Gauss-
ian 03 suite;*> BSSE was not accounted for. Frequency
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analysis at the same level of theory was performed for all
optimized structures in order to assign stationary points on
the potential energy surface as genuine minima or transi-
tion structures, as well as to calculate zero-point vibrational
energies (ZPVEs).

SUPPORTING INFORMATION AVAILABLE Calculated total
energies and geometries as well as a NBO analysis of ArCE,*" This
material is available free of charge via the Internet at http://pubs.acs.org.
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