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Abstract: The xenon—fluoride bond dissociation energy in XeF;~ has been measured by using energy-
resolved collision-induced dissociation studies of the ion. The measured value, 0.84 + 0.06 eV, is higher
than that predicted by electrostatic and three-center, four-electron bonding models. The bonding in XeFz~
is qualitatively described by using molecular orbital approaches, using either a diradical approach or orbital
interaction models. Two low-energy singlet structures are identified for XeF;~, consisting of Y- and T-shaped
geometries, and there is a higher energy Ds, triplet state. Electronic structure calculations predict the Y
geometry to be the lowest energy structure, which can rearrange by pseudorotation through the T geometry.
Orbital correlation diagrams indicate that that ion dissociates by first rearranging to the T structure before
losing fluoride.

The combination of xenon with other elements through atoms such as O, N, and®3&and even activated carbon-based
chemical means presents a scientific challenge. In 1962, Bhrtlett ligands® bond with xenon.
reported the first evidence of a xenon-containing compound, Although much of the previous work has involved the
and shortly after compounds such as %éKXeF,,® XeFs, and characterization of XeFreagents in the condensed phase, some
XeOF,* were described. Until 1980, the only stable xenon- gas-phase studies have been performed. Both pd<itifeand
containing compounds generally had xenon bonded to F or O, negativ@®2lion mass spectrometry of XgeFRas been reported.

although the carbon-bonded species;Xétf had been detected
by using ion cyclotron resonance mass spectronfétryhe
landscape changed in the early 1980s, when several xenon
nitrogen bonded species were reportetiMany types of xenon-

Positive ion electron ionization (El) of Xefproduces Xef,
XeF", and X&', whereas negative ion El leads to XeFXeR™,
XeF, F;~, and F. Negative ion El mass spectrometry of X%eF
has shown that stepwise losses of F apddeur, giving anionic

containing compounds are now fairly common, and some, suchproducts XeF, XeR,~, XeR™, XeR,~, F;7, and F,2° and the
as xenon difluoride, are commercially available. Because of this negative ion El mass spectra of Xef2hd Xek have also been
availability, the physical properties and reactivity of xenon- reportect® In general, little is known about the bonding in
containing species are becoming better understédd.For Xenon-containing anionic species. One representative example
example, xenon difluoride is known to be a strong Lewis atid, of such a species in the condensed phase is the pentagonal planar
and its Lewis acidity has been studied in both the solid and XeFs~ crystallized as [N(Ch)4"][ XeFs],22 which was char-
solution phases. Thus, molecules with highly electronegative acterized by using X-ray crystallograpiyF/129e NMR, and

F Purdue Universit Raman/IR spect.rosc.opy. Dixon and cp-worl%éhaave recently
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In conjunction with our recent studies of main group = Eam(m+ M) !isused, wherenandM are the masses of the neutral
fluorides1924-26\we have examined the properties and gas-phase and ionic reactants, respectively. All experiments were performed with
reactivity of xenon-containing ions. In this work, we describe both mass filters at low resolution to improve ion collection efficiency
an investigation of Xef, formed by addition of fluoride to and reduce mass discrimination. Average atomic masses were used for
XeF,. Although the ion has not been observed in the condensedaII elements. ) . . .

7 . . The total cross section for a reactionua, is calculated using eq 1,
phasé’ it has been reported previously as a mass spectrometric

L wherel is the intensity of the reactant ion bealyjs the intensity of
20,21
product formed upon ionization of XeFXeF, and Xef. the incoming beaml{ = | + Y1), l; is the intensity of each product

By using energy-resolved mass spectrometry of Xe#e have ion, n is the number density of the collision gas, drid the effective
determined the fluoride affinity of Xef-On the basis of the  coliision length, 13+ 2 cm. Individual product cross sectionsare
experimental data and electronic structure calculations, we equal tooi (/3 1))
provide molecular orbital descriptions of the bonding in and =1 _ | 1
dissociation of the hypervalent ion. = lo &P 00af) @)

Threshold energies are derived by fitting the data to a model function
given in eq 2, wheres(E) is the cross section for formation of the

The bond dissociation energy in XgFwas measured using the  product ion at center-of-mass enerBy Er is the desired threshold
energy-resolved collision-induced dissociation (CID) techrigjtfen energy,o, is the scaling factorn is an adjustable parameter, and
a flowing afterglow tandem mass spectrometer (MS)he instrument denotes rovibrational states having eneEgyand populationg; (3gi
consists of an ion source region, a flow tube, and the tandem MS. The =1). Doppler broadening and the kinetic energy distribution of the
DC discharge ion source used in these experiments is typically set atreactant ion are also accounted for in the data analysis, which is done
2000 V, with 2 mA of emission current. The flow tube is a 92 em using the CRUNCH program written by Armentrout and co-worRefs.
7.3 cm i.d. stainless steel pipe that operates at a buffer gas pressure of Collisionally activated metastable complexes can have sufficiently
0.35 Torr, a flow rate of 200 standard €1, and an ion residence "
time of 10 ms. The buffer gas is helium with up to 10% argon added o(E) = Uoz Pg(E+E-E)IE )
to stabilize the DC discharge. !

To make Xefk™ for this study, Xek was added to the ion source.  long lifetimes that they do not dissociate on the experimental time scale
Dissociative electron impact gave fvhich undergoes ternary addition  (ca 50 us). Such kinetic shifts are accounted for in the CRUNCH
to the Xek molecule in the presence of helium to make the desired program by RRKM lifetime calculations. Reactant and product
ion. XeF, was cooled in an ice bath to improve control of the vapor vibrational frequencies are needed to determine both the RRKM
flow. Approximately 10 collisions with the buffer gas cool the lifetimes and the reactant internal energy distribution.
metastable ions to room temperature. Experimental vibrational frequency sets are not available forsXeF

The tandem MS includes a quadrupole mass filter, an octopole ion To give a consistent set of frequencies, therefore, vibrational and
guide, a second quadrupole mass filter, and a detector, contained in aotational frequencies were calculated using the B3LYP model and basis
stainless steel box that is partitioned into five interior chambers with sets discussed below. Uncertainties in the derived thresholds due to
differential pumping to minimize collisions with background gases. possible inaccuracies in the frequencies were estimated by multiplying
During CID experiments, the ions are extracted from the flow tube the entire sets of frequencies by 0.9 and 1.1, and by multiplying the
and focused into the first quadrupole for mass selection. The reactanttime window for dissociation by 10 and 0.1. The effect of this scaling
ions are then focused into the octopole, which passes through a reactioron the calculated thresholds is 3 kJ mdbr XeF;~. Final uncertainties
cell that contains an argon collision gas. Use of argon collision gas are reported as the square root of the sum of the square of the standard
gives more precision for the relatively weakly bound Xe&nion and deviation of the reaction thresholds for individual data sets, the
avoids potential fluorine/fluoride transfer reactions between the two uncertainty due to fitting parameters, and a 0.15 eV (laboratory)
Xe atoms. After the dissociated and unreacted ions pass through thecontribution due to uncertainty in the absolute energy scale. Polariz-
reaction cell, the second quadrupole is used for mass analysis. Theabilities for neutral molecules were also taken from the computational
detector is an electron multiplier operating in pulse-counting mode. results; varying these parameters has a negligible effect on the derived

The energy threshold for CID is determined by modeling the cross bond strengths. An ion not sufficiently energized by one collision with
section for product formation as a function of the reactant ion kinetic the target gas may gain enough energy in a second collision to be above
energy in the center-of-mass (CM) franty. The octopole is used as  the dissociation threshold. This effect is eliminated by linear extrapola-
a retarding field analyzer to measure the reactant ion beam energy zerotion of the data taken at several pressures to a zero-pressure cross section
The ion kinetic energy distribution for the present data is typically before fitting the datd33*

Experimental Section

Gaussian, with a full width at half-maximum of 6-:8.8 eV (1 eV= XeF, was obtained from SynQuest Laboratories (Alachua, FL). He,
96.5 kJ/mol). The octopole offset voltage measured with respect to the Ar, and Sk were obtained from BOC, JFwas obtained from Air
center of the Gaussian fit gives the laboratory kinetic enegy, in Products, and Xe was obtained from Spectra Gases. All reagents were
electronvolts. Low offset energies are corrected for truncation of the used as received, except He, which was passed through a drying trap
ion bean?*32To convert to the center-of-mass frame, the equdign at —196 °C prior to use.
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Figure 1. Modeled cross-sectional data for the formation of #pon

energy-resolved CID of XeF. The solid line is the fit to the data, obtained
using eq 2, withEy = 0.83+ 0.05 eV andn = 0.95+ 0.14, where the

uncertainties correspond to one standard deviation of the data from replicate

measurements.

tested. Geometries, energies, and vibrational frequencies for the ionic

and neutral species were calculated using the B3LYP and MP2
approaches. Basis sets for Xe include SDB-cc-pVTZ? which
includes an effective core potential for core electrons, with a cc-pVTZ

basis set for the valence electrons, and the basis set described by

Maroulis#° which includes all electrons. Basis sets for fluorine include
6-31+G*, aug-cc-pVDZ, and aug-cc-pVTZ: 3 Zero-point energy and

Table 1. Calculated Structural Parameters and Relative Energies
for XeF3~

Xe F relative 1D 2D
method basis set? basis set enthalpy?  bond® bond?  angle
Y-Shaped Cz,)

B3LYP | 6-31+G* 0.0 2158 2.217 1452
| 6-311+G(3df) 0.0 2156 2.216 1453
| aug-cc-pvDZ 0.0 2.156 2.217 1452
[ aug-cc-pVTZ 0.0 2.153 2.215 1453
1] aug-cc-pVTZ 0.0 2.161 2.233 145.1

MP2 | 6-31+G* 0.0 2144 2194 1454
1] 6-31+G* 0.0 2156 2.213 145.2

frequencie’s 38, 183, 267, 277, 368, 397
T'Shaped ¢21/)

B3LYP [ 6-31+G* 15,0 2.667 2.062 94.0
| 6-311+G(3df) 14.7 2.661 2.060 94.0
| aug-cc-pvDZ 14.6 2.666 2.061 94.0
| aug-cc-pVTZ 13.2 2.665 2.052 939
1] aug-cc-pVTZ 145 2.681 2.064 945

MP2 | 6-31+-G* 6.5 2.684 2.040 939
1] 6-31+G* 1.7 2.699 2046 94.1

frequencie’s 94i, 194, 217, 222, 448, 487
D3 (Triplet)

B3LYP | 6-31+G* 719 2411
| 6-311+G(3df) 72.8 2.409
| aug-cc-pvDZ 72.6 2.409
| aug-cc-pvTZ 73.6 2.412
1l aug-cc-pVvVTZ 58.5 2.426

MP2 | 6-31+-G* 112.8 2.303
1] 6-31+G* 96.4 2311

frequencies 2 x 72,104, 227, % 257

a|, Maroulis basis sef? Il, SDB-cc-pVTZ basis set. See text for details.

thermal energy corrections were obtained from calculated frequencies® Values in kJ/mol¢ Length of the unique XeF bond in theC,, structures,

at the specified level of theory, where possible.

Results

Electron ionization of Xef produces F, which adds to a
second molecule of XeFto make the desired XgF ion.
Collision-induced dissociation of XgFresults in formation of
F~ as the major product. Very small amounts1@be) of F,~

and the bond length for thBg, structure. Values in Ad Lengths of the
equivalent Xe-F bonds in theC,, structures. Values in A2 Angle between

the 1D and 2D bonds in th€;, structures. Values in de§Harmonic
frequencies calculated using the B3LYP approach with the Maroulis basis
set for xenon and the aug-cc-pVTZ basis set for fluorfniero-point and
thermal energy corrections were obtained using B3LYP harmonic frequen-
cies.

Cross sections for Fformation upon CID of Xef are

were also observed at higher energies but are not discusse@hown in Figure 1, along with the model fit of the data. The

further. Some signal that appears to correspond to eithes XeF
or FXeO was observed. However, it was found that the ratio
of F-/(XeF,~,FXeO") increased slowly over time, indicating
that the two products do not arise from the same ion. After
many hours, the yield of XeF or FXeO™ was negligible,
whereas the cross section for Formation did not change
significantly, indicating that the minor product originated from
an unidentified impurity ion, possibly XeRH,0) or XeROH".

The hydroxylated ion could be formed independently by reaction
of XeF, with solvated hydroxide igt and undergoes CID by
loss of HF to form FXeO. However, because the experiments
were carried out using low-resolution settings (to improve signal
intensity), it was not possible to determine the identity of the
impurity in these experiments.

(37) Martin, J. M. L.; Sundermann, Al. Chem. Phys2001, 114, 3408.

(38) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss,Mbol. Phys.1993
80, 1431.

(39) Check, C. E.; Lobring, K. C.; Keating, P. R.; Gilbert, T. M.; Sunderlin,
L. S.J. Phys. Chem. 2003 107, 8961.

(40) Maroulis, G.; Haskopoulos, A.; Xenides, Dhem. Phys. LetR004 396,
59

(41) Wbon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358.

(42) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(43) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.J.Chem. Phys1992
96, 6796.

(44) Krouse, I. H.; Wenthold, P. Grganometallic2004 23, 2573.
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threshold energy is 0.8% 0.06 eV. The measudeO K bond
dissociation energy can be combined with calculated vibrational
frequencies to give a bond dissociation enthalpy of &:8206
eV (81 + 6 kJ/mal) at 298 K. This value is only slightly less
than the average XeF bond dissociation enthalpies in XgF
XeFs, and Xef, which are 93.2, 91.2, and 86.2 kJ/mol,
respectively*> The measured fluoride binding energy in this
work can be used to determimeH;(XeR;™) = —437 £ 6 kJ/
mol, by using AHi(XeF,) = —107 & 1 kJ/mof® and AHs
(F7) = —248.8 kJ/mol'¢

Structures, frequencies, and energies were calculated for Y-
and T-shaped anDs, XeFR;~ using both the B3LYP and MP2
methods. In these calculations, the Maroulis and SDB-cc-pVTZ
basis sets were used for xenon, whereas the basis sets for
fluorine were varied. Optimized bond lengths, bond angles, and
relative energies calculated at the different levels of theory are
listed in Table 1, along with the frequencies obtained when using
the B3LYP approach, the Maroulis basis set for xenon, and the

(45) Johnson, G. K.; Malm, J. G.; Hubbard, W.N.Chem. Thermodyri972

(46) Bartmess, J. E. Negative lon Energetics DatdIBT Chemistry WebBook,
NIST Standard Reference Database NumbeMgglard, W. G., Linstrom,
P. J., Eds.; National Institute of Standards and Technology: Gaithersburg,
MD, June 2005.
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Table 2. Calculated Xe—F Bond Dissociation Energies (in eV) in

XeFs~ ﬂ%
Xe F D(XeF,~F), AH(XeF,~F),

method basis set? basis set 0 Kb 298 K % X\é)

B3LYP | 6-31+G* 1.10 1.11 F-  2p22p22p;?
| 6-31++G(3df) 1.14 1.15 *8e’s 6e’s F  2p22p22p,!
| aug-cc-pvDZ 1.05 1.06 ] F  2p22p22p,!
| aug-cc-pvTZ 1.02 1.03 | Xe 5s25p 25p,25p,?
Il aug-cc-pVTZ 1.04 1.05

MP2 | 6-31+G* 0.93 0.94
1] 6-31+G* 0.82 0.83 ¢ E

MP4° 1] 6-31+G* 0.93 0.94

exptl 0.83+0.05  0.84+ 0.06 T 8e7s 0 2e7s

Figure 2. Atomic orbitals used for the basis set of XeFThe orbitals
a|, Maroulis basis set? I, SDB-cc-pVTZ basis set. See text for details.  marked with an asterisk were used to create the MO diagram in Figure 3.
bZPE and thermal energy corrections calculated from the frequencies

calculated at the given level of theory, unless otherwise néteiiP4 single- o . . .
point energies at the MP2 optimized geometry. ZPE and thermal corrections moment of Xek, it is tempting to invoke an ion/quadrupole

were calculated from frequencies listed in Table 1 and Table S1 in the interaction betweenFand XeF. This picture would lead to a
Supporting Information. T-shaped structure, in agreement with valence-shell electron-
) o pair repulsion (VSEPR) predictio&.Indeed, at the B3LYP
aug-cc-pVTZ Iev_el of theory for fluorine. The V|brat|o_na_1l level of theory, the T structure of XeF is found to be a
frequencies obtained at the other levels of theory are similar. stationary point on the potential energy surface, with two short
The choice of fluorine basis set does not have a significant effect o F honds and one long bond. However, as shown in Table
on the computational results. The enthalpy difference between the T-shaped ion is not a stable structure and is calculated to
the Y and T structures ranges from approximately 2 to 15 kJ/ pe 3 transition state ca. 15 kJ/mol higher in energy than a
mol, and the T structure is found to have a single imaginary Y-shaped ion, with one short X&= bond and two longer XeF
frequency at all levels of theory employed. TBe, tripletis  ponds. Moreover, the measured bond strength of theXEF
calculated to be a minimum at all levels of theory but is interaction, 0.84 eV, is much larger than would be predicted
significantly higher in energy than the singlet states. Energies for 4 purely electrostatic ion/quadrupole interacfidm contrast,
and enthalpies for bonding of fluoride, calculated directly using ¢ XeR" ion is knowr§é60 to have a stable, near-T structure,

the energies of Y-shaped XeF XeF, and F, are listed in  ¢opsistent with VSEPR predictions for the 48% structure®®

Table 2. Alternatively, the bonding in Xef can be described by using
Discussion a molecular orbital approach. Although a simple 3C-4E model
is not applicable, the valence molecular orbitals in XeEan
Although fluoride does not add to Xgk solution?” XeFs~ be created from a basis set that includes the 5s and 5p orbitals
can be formed in the gas phase. In order to understand theon xenon and the 2p (but not the 2s) orbitals on fluorine, as
formation of Xelz™ and its dissociation to form Xefand F, shown in Figure 2. The relevant symmetry-adapted orbitals of

it is necessary to understand the electronic structure ofXeF XeF;~, corresponding t®s, symmetry, are shown in Figure 3.
itself. The electronic descriptions of systems that disobey the All of the other electrons, including theelectrons, fully occupy
so-called octet rufé-“°have been somewhat unclear, and various pairs of bonding and antibonding orbitals, and therefore the
models have been proposed and uSe@ystems that are  orbitals do not contribute to the stable electronic structure.
electron-deficient have been called “hypovalent”, and Musher  Ten electrons occupy the set of molecular orbitals shown in
has defined “hypervalent” systems as species of Groups 15 Figyre 3. When using an aufbau approach, the last two electrons
18 with 10 or more electrons in the valence shell of the central 5re put into an‘epair of molecular orbitals. With two electrons
atom>! There have been many approaches for describing then two degenerate orbital®a, XeFs~ is technically a biradical
bonding in hypervalent systems. Initially, d-electrons were used yith four possible electronic statésA Hund’s rule approach

to support the concept of an expanded octet, but this notion prefers adding the electrons to the two orbitals with parallel

has been mostly discredited through experiméhtatd com-  spins to give a triplet state. Three singlet states can be created

four-electron (3C-4E) bonding model more accurately accounts grpjtals, or adding one to each to create an open-shell singlet
for ngsggsﬂdlng in hypervalent systethsuch as the trihalide  gtate. However, proper description of these states requires multi-
lons£>>t configurational wave functions.

There are many different models that could be used t0  on the other hand, the closed-shell singlet states are not stable
describe the bonding in XgF. Given the large quadrupole  4¢ high symmetry and undergo second-order 3Jaeller

distortion to lower symmetrg,, states. The nature of the Jahn

(47) Brel, V. K.; Zezirov, N. S. Hypervalent Compounds of XenonChremistry
of Hypewalent CompoundsAkriba, K.-Y., Ed.; Wiley-VCH: New York,

1999; pp 389. (56) Liebman, J. FJ. Fluorine Chem1976 7, 531.
(48) Langmuir, 1.J. Am. Chem. Sod.919 41, 868. (57) Calculated to be 0.25 eV by using the quadrupole moment of dtetBined
(49) Lewis, G. N.J. Am. Chem. Sod.916 38, 762. from electronic structure calculations at the optimized geometry of the
(50) Gillespie, R. J.; Silvi, BCoord. Chem. Re 2002 233-234, 53. T-shaped structure.
(51) Musher, J. [Angew. Chem., Int. Ed. Endl969 8, 54. (58) McKee, D. E.; Adams, C. J.; Zalkin, A.; Bartlett, Bl. Chem. Soc., Chem.
(52) Reed, A. E.; Schleyer, P. v. B. Am. Chem. S0d.99Q 112 1434. Communl973 26.
(53) Curnow, O. JJ. Chem. Educ1998 75, 910. (59) McKee, D. E.; Zalkin, A.; Bartlett, Nlnorg. Chem.1973 12, 1713.
(54) Nizzi, K. E.; Pommerening, C. A.; Sunderlin, L.B.Phys. Chem. A998 (60) Boldrini, P.; Gillespie, R. J.; Ireland, P. R.; Schrobilgen, Gndrg. Chem.
102 7674. 1974 13, 1690.
(55) Sunderlin, L. SAdv. Gas Phase lon Chen2001, 4, 49. (61) Salem, L.; Rowland, CAngew. Chem., Int. EA972 11, 92.
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Figure 3. Simplified symmetry-adapted frontier molecular orbitals of XeF AN \? ‘
derived from the basis atomic orbitals shown in Figure 2. The symmetry \;\ ? ‘ ’ ,)—
labels for the two singly occupied orbitals correspondCtp symmetry. \\‘—’ 4

Figure 5. Simple molecular orbital diagram describing the electronic
structure of the Y-shaped XgF structure as interactions between FXe
and k. Alternatively, a similar diagram could be constructed for the
interaction of XeF with F2~ by moving two electrons from XeF to the
antibonding orbital of k&

]
? » | ! TMM has two electrons that occupy a degenerate pair of orbitals
[ N SO NP @ — @ at theD3, geometry82-65 Moreover, the singlet states of TMM
5 9 ’\ /’ s 2 undergo JahnTeller distortion to two lower-symmetryC,,
o— — it structures by the same type of motions that are shown in Figure
A b, a b 456 Therefore, XeE~ has characteristics that resemble those
(“T”-Shaped) (“Y"-Shaped) of traditional diradicals, although the extent of diradical character

Coordi or the JabTeller distortions fronD he (@) in XeR;™ is not large in theC,, geometries’
Figure 4. oordinates for the Jakmreller distortions fronDg3;, to the (a : A
T-shaped and (b) Y-shaped structures of Xeflong with the effect on Molecular orbital (MO) descriptions of the Y and T structures

the relative orbital energies. Symmetry labels refer toGhedescriptions. of XeRs™ can also be constructed by considering the interactions
of different components. For example, as shown in Figure 5,
Teller distortions is shown in Figure 4. Thegmair of orbitals  the bonding in the Y-shaped structure results from two interac-
in D3y symmetry reduce to;aand ki symmetry types irCy, tions between XeF and F. Orbitals that resemble and o*
and are shown at the top of Figure 4. The JaMaller are formed by interaction of the occupiedorbital in XeF-
distortions that occur are shown at the bottom of the figure. with the ¢ orbital in F, whereasn-type orbitals are created
Distortion of the molecule as shown in Figure 4a decreases thefrom the 5p orbital on Xe with the* orbital in F,. A similar
antibonding interaction in the;arbital, lowering its energy. MO picture for the Y-shaped geometry would result by
The resulting geometry is that of the T-shaped ion, with an considering the interaction of XéRwith F,2~. Conversely, the
electronic structure;aby°. Alternatively, distorting the molecule  orbitals in the T-shaped structure resemble those that arise from
as in Figure 4b destabilizes theabital. The resulting geometry  interaction between fluoride ion and Xgfs shown in Figure
is the Y-shaped structure, with an electronic structyfeafs. 6. The relevant orbitals on XeFare the nonbonding and
Thus, by this molecular orbital picture, it can be seen that the antibonding combinations of p orbitals used to create the 3C-
T-shaped and Y-shaped structures of Xe€onstitute a Jahn AE bondb568

Teller pair of states originating from the sarfg, ion. The Electronic structure calculations predict the Y-shaped structure

Jahn-Teller distortion significantly stabilizes the XgFion, of XeFs~ to be bound by about 1 eV with respect to formation

as the triplet state is found to be ca.-6DL0 kJ/mol higherin  of fluoride and linear Xef(Table 2), in good agreement with

energy than the ground state (Table 1). the measured value of 0.84 eV. However, attempts to calculate
In many ways, the electronic structure of Xekesembles

that of the trimethylenemethane diradicaMM ). Like XeFR;™, (62) Yarkony, D. R.; Schaefer, H. F., 1. Am. Chem. Sod974 96, 3574.

)
(63) Borden, W. T.; Davidson, E. R. Am. Chem. S0d.977, 99, 4587.
(64) Cramer, C. J.; Smith, Bl. Phys. Chem1996 100, 9664.

)

le (65) Slipchenko, L. V.; Krylov, A. I.J. Chem. Phys2003 118 6874.
H (66) Davidson, E. R.; Borden, W. T. Am. Chem. Sod.977, 99, 2053.
PO (67) The ratio of CI coefficients in a two-configuration self-consistent field
HyC™»™ 3+°CH, calculation at the optimized Y geometry is 6.7, indicating a wave function
that is approximately 2% diradical.
T™M (68) Pimentel, G. CJ. Chem. Phys1951, 19, 446.
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Figure 6. Simple molecular orbital diagram describing the electronic
structure of the T-shaped XgFstructure as interactions between &nd
Xek.
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Figure 7. Plots of electronic energy vs Xd- distance for loss of fluoride
from Y-shaped and T-shaped XgFunder the constraint &y, symmetry.
Calculated by using the B3LYP approach with the Maroulis basfé et
xenon and the 6-3tG* basis set for fluorine.

2.0 2.5 4.0 4.5 5.0

the energy profile for direct Floss from Y-shaped Xef under
the constraints o€,, symmetry lead to an asymptotic value of
more than 200 kJ/mol (Figure 7). In contrast, direct loss of

Figure 8. Contour plot of the electronic energies of singlet XeRs a
function of F—Xe—F bond angles. The calculation was carried out using
the B3LYP approach, using the SDB-cc-pVTZ basis set for xenon and a
6-31+G* basis set for fluorine. The XeF bond distances were optimized

at each point. Low-energy regions are indicated in blue, and the high-energy
regions are in red. Positions of the Y, T, aeh, structures are indicated,
and the relative enthalpies for the Y and T structures are listed in Table 1.
The arrows indicate the paths for pseudorotation leading to interconversion
of the Y structures.

with the third bond angle determined by the other two, and the
bond lengths are optimized at each set of bond angles. The
energies are the electronic energies calculated using the B3LYP
approach with the SDB-cc-pVTZ basis set for Xe and a
6-31+G* basis set for fluorine. The threefold degeneracy of
the XeR™ ion is apparent in the plot, as there are three
equivalent versions of the Y-shaped ion (indicated by the
diamond in the dark blue section), at approximate bond angles
(70,145), (145,70), and (145,145). The positions of the T

fluoride from the T-shaped structure proceeds without a barrier structures are indicated by the circles in the green area near

in excess of the endothermicity. The high barrier for direct

(95,170), (170,95), and (95,95). The, structure is at the point

fluoride loss from the Y-shaped ion results because the Y-shaped(120,120) and is indicated by a star. The fact that Ehg

ion correlates electronically with an excited state of Xepon
loss of fluoride. The MO diagram in Figure 5 shows that
Y-shaped ion correlates with XeRand F, products, whereas it
is the T-shaped ion that correlates with ground-state,XeF

structure is in the red section of the plot reflects the high energy
of this point%® The surface of Xef is similar to that described
in detail previously for singlet trimethylenemethdiie.

The contour plot provides additional insight into the dis-

F~. Therefore, in order for adiabatic dissociation to occur, the sociation process. As noted above, adiabatic dissociation requires
Y-shaped ion first needs to rearrange to a T-shaped structurerearrangement from the Y-shaped to the T-shaped ion. The

that can dissociate directly.

A more detailed description of the dissociation pathways
requires consideration of multiple dimensions. A contour plot
of the energy of singlet Xef as a function of two dimensions
is shown in Figure 8. The coordinates of the plot are two
F—Xe—F bond angles. The system is restricted to planarity,

contour plot shows that this process occurs via a pseudorotation,
and not by direct (symmetry-retaining) transformation. Thus,
the Y-shaped ion in whichjand F are equivalent (near the

(69) Because calculation of thBgz, singlet requires a multi-configurational
approach, the energy at that geometry was not calculated directly but was

estimated from points near it.
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bottom center of Figure 8) preferably rearranges to a T-shaped
structure in which fFand k are distinct (bottom right or bottom
left), and either E(right) or R (left) is lost in the dissociation
(eq 3a). On the other hand, simple flattening of the Y to the T

Fa—Xe—_Fbl )

Fy, . |_ / —» F—Xe—F, + F, (3a)
k.
e
\Fb—Xe—FJ
F, —» F,—Xe—F, + F, (3b)
}43

structure (eq 3b) requires passing throughDiepoint at much
higher energy. Loss of a fluoride from one of the “arms” of the
Y structure is the simplest low-energy dissociation pathway,
whereas loss of the fluorine from the base requires rearrange-
ment to an alternate Y structure if it is to occur at the reaction
threshold. After collisional activation, any ion with sufficient
energy to dissociate has sufficient energy to access all three
forms of the Y-geometry.

Whereas bonding is normally considered from the perspective
of the energy lowering of filled orbitals, it can also be considered
as the energy raising of empty (or half-empty) ones. A normal
single bond, from this perspective, reflects the rise in energy of
the unoccupied antibonding orbital (i.e., two electron holes).
XeF, and XeR™ also have two electron holes, giving a nominal
bond order of 1. However, a hypervalent 3C-4E bonded system
like XeF,; is stable because the unfilled orbital (the top right
orbital in Figure 6) is more unstable than a two-center
antibonding orbital. Overall, the MO diagrams in Figures 5 and
6 indicate that singlet Xef has an overall bond order of 1. In
contrast, Xegt, which contains two fewer electrons, has a bond
order of 2, which likely accounts for why XgFis more stable
and can be formed in a crystalline st&%e The D3, structure
of XeFs™ is about as stable as the unbound pair, XeFF—,

between the solvation energiesGso) of F3~ and the dissocia-
tion products, F + F, is 150 kJ/mok® Given that Xek™ is
larger than &, the Born model would predict that the solvation
energy difference should be larger as well. Therefore,sXeF
would not be expected to be stable with respect to dissociation
in aqueous solution.

Conclusion

The bond dissociation energy in Xghreported in this study
indicates a mode of bonding that is stronger than what is
expected for electrostatic interactions or simple 3C-4E bonding.
The bonding in Xef is described by using two different
molecular orbital approaches. One approach, using symmetry-
adapted molecular orbitals, results in a diradical-like model for
XeFs~. Jahn-Teller distortion leads to the formation of low-
energy singlet states with Y and T geometries. The diradical
approach also accounts for the presence of a higher-energy triplet
state of the ion. A second MO approach utilizes orbital
interactions between different components of the ion. The
ground-state, Y-shaped ion is described as an interaction
between the occupied orbitals on XeBnd the empty, anti-
bonding ¢*) orbital on F,, whereas the T-shaped structure is
described as an interaction betweendnd the 3C-4E bonding
orbitals in XeF,. The orbital interaction approach also provides
a correlation diagram for the dissociation of XeFindicating
that direct (symmetry-retaining) dissociation of to form the
ground state of XeFcan occur only for the T-shaped ion.
Surface calculations indicate that the Y-shaped ion can rearrange
to the T structure by pseudorotation around but not through the
Dan geometry.

Acknowledgment. Support for this work was provided by
the National Science Foundation (CHE04-54874, P.G.W.;

because the two electron holes in this species, as shown in Figurg-pyz99.g5883 L.S.S.). We thank Profs. Peter Armentrout, Mary

3, reside in orbitals that are about as antibonding as the unfilled
3C-4E orbital. The JahnTeller distortion shown in Figure 4
raises the two electron holes to higher energy, corresponding
to a lowering of energy of filled orbitals that gives rise to the
observed binding energy in XgF. Thus, it is the JahnTeller
distortion that makes XeF a stable species in the gas phase.
The bond dissociation energy of XgFis likely much
stronger in the gas phase than it is in solution due to the
differences in solvation energies of the ion and F a recent
study of the bonding in§, it was estimated that the difference

852 J. AM. CHEM. SOC. = VOL. 129, NO. 4, 2007

Rodgers, and Kent Ervin for use of the CRUNCH software for
data analysis, and Anna Krylov for discussions regarding the
properties of TMM.

Supporting Information Available: Complete refs 35 and 36,
and computed bond lengths for XeRhis material is available
free of charge via the Internet at http://pubs.acs.org.

JA065038B





