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ABSTRACT

This Thesis extends the fundamental chemistry of the noble-gas elements, namely,
xenon and krypton. More specifically, the chemistry of Xe(IV) has been extended by the
synthesis and characterization of Xe(IV) oxide and oxide fluoride derivatives. The
syntheses of XeOF,, F;,0XeN=CCHj3, and XeOF,-zHF and their structural characterizations
are described. All three compounds are endothermic and explosive at temperatures
approaching 0 °C. Although XeOF; had been previously reported, it had not been isolated
as a pure compound. Xenon oxide difluoride has now been characterized in CH3CN
solution by °F, 70, and '®Xe NMR spectroscopy and XeOF,, F;0XeN=CCHj;, and
XeOF,'nHF have been characterized in the solid-state by Raman spectroscopy. The low-
temperature X-ray crystal structure of FOXeN=CCHj reveals a long Xe-N bond trans to
the Xe—O bond and a geometrical arrangement about xenon inr which the atoms directly
bonded to xenon are coplanar and CH3C=N acts as a fourth ligand in the equatorial plane.
The geometry about xenon is consistent with an AX,YZE, VSEPR arrangement of bond
pairs and electron lone pairs and represents a rare example of a Xe(IV)-N bond.

The missing Xe(IV) oxide, XeO,, has been synthesized at 0 °C by hydrolysis of
XeF4 in water and 2.00 M HSOyqq and characterized by low-temperature Raman
Spectroscopy. The Raman spectra of XeO, amend prior vibrational assignments of xenon
doped SiO; and are in accordance with prior speculation that xenon depletion from the
Earth’s atmosphere could occur by xenon insertion at high temperatures and high

pressures into SiO; in the Earth’s crust.
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The XeOFs anion has been synthesized as its Cs* and N(CHs)," salts, and
structurally characterized in the solid state by low-temperature Raman spectroscopy. The
calculated anion geometry is based on a square planar AX;3YE, VSEPR arrangement with
the longest Xe—F bond trans to the oxygen atom. The F—Xe—F angle is bent away from
the oxygen atom to accommodate the greater spatial requirement of the oxygen double
bond domain. The XeOF; anion of the Cs' salt is fluorine-bridged in the solid-state,
whereas the anion of the N(CH3)," salt approximates the gas-phase anion.

The [H(OXeF-),][AsFs] and [FXe"(OXe'"F,),][AsFs] (n = 1, 2) salts have been
synthesized and structurally characterized in the solid state by low-temperature Raman
spectroscopy. The chain length of each cation is limited to one or two OXeF, subunits,
which are oxygen-bridged and are strongly ion-paired with the AsFs anion. The reaction
of XeOF,xHF in superacidic HF/SbFs solvent mixtures resulted in a mixture of
([XeF3-HF][SbF11])2: [HsF4][SbFs], [XeFs-HF][SbyFy;], and [XeFs][SbFs]. The XeF;"
cations in each structure are very similar, displaying T-shaped coordination of three
fluorine atoms, and a short contact to the fluorine atom of HF, in
([XeF3-HF][Sb2F11])2:[HsF4][SbF¢] and [XeF5-HF][Sb,F ], or to a fluorine atom of SbFs
in [XeF;][SbFs].

Vibrational frequency assignments for the aforementioned compounds were aided
by comparison with frequencies derived from quantum-chemical calculations, by *0
enrichment, and, where appropriate, by *H enrichment.

The syntheses and structural characterizations of [XOF;][AsFg] (X = Cl, Br), the

XeF, adduct-salts, [BrOF;][AsFe¢]'nXeF, (n = 1, 2), and the KrF, adduct-salt,
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[BrOF;][AsFg]-2KrF,, are also described. The crystal structure of [BrOF;][AsFe] shows a
positional disorder among the oxygen atom and the fluorine atoms. The low-temperature
Raman spectra of [XOF;][AsFs], the complex cation salts, [BrOF,][AsFs]-nXeF, (n =1, 2),
and [BrOF,][AsF¢]-2KrF, have been assigned on the basis of the crystal structures and with
the aid of quantum-chemical calculations. The low-temperature (—173 °C) X-ray crystal
structure of [BrOF,]|[AsFs]-2KrF; consists of isolated molecular units and represents an
example of KrF, coordinated to a main-group atom. The contact distances between
bromine and fluorine atom of NgF, (Ng = Kr, Xe) is shorter in [BrOF;][AsF¢]-2XeF,
than in the KrF, analogue, which is attributed to the more polar nature of the Xe—F
bonds. The ELF and QTAIM analyses of [BrOF,][AsFs]s>" and [BrOF,][AsFs]-2XeF,
were carried out and are compared with those of free BrOF," and [BrOF,][AsFs]-2KrF, to
better understand the effect of Br(V) coordination number on the localization domain of
the Br(V) valence electron lone pair.

The syntheses of FXeON'®0, and FXeON(**00) has shed light on the
mechanism leading to the formation of FXeONO,. Raman spectroscopy indicated the
absence of '¥'%0 isotopic scrambling among the oxygen sites of FXeONO, which was
confirmed by factor-group analyses of the 16 isotopomeric crystallographic unit cells that
result from syn-/anti-isomerization, FXel6ON(160A1805)/FXe1GON(16OSISOA), among the
four FXeONO; molecules of the unit cell. The intermediate oxide fluoride, O(XeF),, was
observed in the synthesis of FXeONO,, providing valuable insight into the reaction
pathway. A reinterpretation of the solid-state '°0- and '®0-enriched Raman spectra of

O(XeF), was also carried out.
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CHAPTER 1

Introduction

1.1. Introduction to Noble-Gas Reactivity

This Thesis has as its primary focus, the chemistry of xenon(IV). Thus, the
present Chapter is mainly concerned with the status of xenon(IV) chemistry prior to the
onset of the present Thesis research.

The events leading up to the discovery. .of noble-gas reactivit}.f have been
chronicled previously in a number of excellent review articles' '* as well as historical
reviews that include experiments preceding the discovery and span over 100 years.'>!*

In 1895, Henri Moissan attempted the reaction of newly discovered noble-gas,
argon, with fluorine gas at room temperature and under the action of an induction spark,
without success.'® Attempts were also made in 1933 to induce reactivity between krypton
and bromine,'® krypton and chlorine,'® and xenon and fluorine,'” however, all failed.
These failures, especially the attempted reaction of xenon and fluorine,'” led to the noble-
gases being regarded as chemically inert for the next three decades, and entrenched the
so-called octet rule.'>!* The first credible report of noble gases reactivity was made in 1962
by Neil Bartlett when he reacted deep red-brown PtFg vapor with xenon gas at room
temperature. The product was a yellow-orange solid, then formulated as [Xe][PtFs]."® The

product has since been reformulated as a XeF" salt, [XeF][PtF¢], in admixture with PtFs

which, when warmed to <60 °C, gave [XeF][Pt,F;;].""2° This discovery was reported just


http:Xe][PtF6].18
http:success.15

a few months before the synthesis of XeF, 2! and an erroneous report of XeF 22 although
the latter was definitivly synthesized in 1963.%

Since the discovery of noble-gas reactivity, numerous other noble-gas compounds
have been synthesized and structurally characterized, and are described in- several
reviews.' > Among these compounds, the chemistry of xenon is the most diverse,
forming compounds in the +%, +2, +4, +6, and +8 oxidation states. In contrast, krypton is
only known to form compounds in the +2 oxidation state.'* Radon compounds also exist but

have only been obtained at the radiotracer level and their oxidation states are uncertain.”> >

There are also several reports in the literature of matrix-isolated argon compounds,?>°
however, no argon compound has been synthesized to date in macroscopic amounts.

Xenon in the +2 oxidation state has been shown to form bonds with F, Cl, O, N,
and C.""' Consequently, numerous compounds of Xe(II) have been synthesized and
characterized. Rather fewer Xe(VI) species are known because of the higher oxidative
potential of Xe(VI) relative to Xe(II) and the greater likelihood of Xe(VI) O);idizing N- or
C-coordinating ligands rather than forming bonds. The number and diversity of Xe(IV)
compounds, prior to the present work, is even more sparse and largely restricted to well-

characterized fluoride species. The factors that contribute to the paucity of Xe(IV)

compounds are discussed below.

1.2. Xe(IV) Chemistry
1.2.1. Xe(IV) Fluorides

The first Xe(IV) compound, discovered mere months after Bartlett’s discovery of


http:state.12

noble-gas reactivity, was synthesized by the reaction of Xe and F; in a 1:5 molar ratio at
400 °C (~2 to 3 atm.; eq 1.1).3" The product, XeF,, is stable indefinitely at room

Xe + 2F, —2%0C. XeF, (1.1

temperature under anhydrous conditions and is the synthetic precursor for all other
Xe(IV) species. The crystal structure,” >* Raman spectrum,” >’ and NMR spectra®”
show that XeF, is consistent with an AX E, VSEPR* arrangement of bond pairs and
valence electron lone pairs, giving it a square-planar geometry (Figure 1.1) with Xe—F
bond lengths of 1.953(2) A.** An example in which XeF, functions as a ligand to a metal
center, [Mg(XeF,)(XeF4)][AsFsl,” has recently been reported. The salt was
characterized by X-ray crystallography and by Raman spectroscopy and is also novel
because it is the only known example in which XeF, and XeF, are simultaneously
coordinated to the same metal center.

The fluoride ion donor and acceptor properties of XeFs have been studied,
resulting in the formation of XeF " and XeFs salts. When compared with XeF,, XeF, is a

weaker fluoride jon donor® and requires a stronger fluoride-ion acceptor to form the

corresponding cation. In contrast with XeF,, which donates a fluoride ion to AsFs, %%
XeF,4 forms a weak z;dduct with AsFs that is only stable at low-temperatures (< —78 °C).*¢
In the presence of a stronger Lewis acid such as SbFs, XeF4 has been shown to form
stable [XeF3][SbFs] and [XeF3][Sb,F;] salts.

The direct interaction of XeF4 and SbFs results in yellow [XeF;][SbyF11] (eq 1.2)

when an excess of SbFs is allowed to react with XeF, at room temperature and yellow a-

XeF 4 + SbFS (excess) RL [XCF 3] [SbZF 1 1] (12)
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Figure 1.1.  Geometry and thermal motion of the XeF4 molecule. From ref 32.



[XeF3][SbFe] is formed when [XeF3][Sb,F;] is fused with an excess of XeF, at 80 °C (eq .
1.3).* A low-temperature phase of [XeF3][SbFs] has been synthesized by the reaction of
a stoichimoetric excess of XeF4 with SbFs in HF solvent at room temperature (eq 1.4) and

has been designated as S-[XeF3][SbFs].*° The XeF;" cation has been fully characterized

[XeFs][SboF11] + XeFy (excess) 80°C, 2 a-[XeFs] [SbFg] (1.3)
XeF4 (excoss) + SbFs ii B-[XeF3][SbFe] (1.4)

in SbFs solution by °F and '**Xe NMR spectroscopy.*’” * The °F spectrum consists of a
doublet and triplet centered at 39.7 and 23.0 ppm, respectively, in SbFs solvent with
2%e satellites and 'J(*°F- '*Xe) couplings of 2620 and 2440 Hz, respectively, and a
2J(PF-"F) coupling of 174 Hz. The '®Xe spectrum consists of a single resonance
centered at 595 ppm which is split into a doublet of triplets as a result of coupling to the
equatorial and two axial fluorine atoms, consistent with a T-shaped geometry. The cation
geometry was confirmed for [XeF3][SbyFi;] and a- and B-[XeF;][SbFs] by Raman
spectroscopy%’5 % and by the X-ray crystal structure of ,B—[Xng][SbF6].45 152 The primary
coordination sphere of xenon in XeF;' consists of a T-shaped arrangement of fluorine
ligands in accordance with an AX3E; VSEPR" arrangement of three bonding electron
pairs and two valence electron lone pairs (Figure 1.2). The mutually trans Xe—F bond
lengths for [XeF;][SboFy] (1.88(1), 1.89(1) A" 1.883(4), 1.908(4) A*) and g-
[XeF3][SbFs] (1.906(13), 1.907(15) A)* are elongated relative to the cis Xe—F bond
length (1.83(1);>' 1.832(4)* and 1.835(10) A, respectively) but the corresponding bond
lengths are equal to within +3c when the two structures are compared. In both

structures, two relatively short secondary contacts (SbFs , 2.485(10) and 2.715(13) A;>



Figure 1.2.

A perspective view (a) of the packing of the [XeF3][SbFs] units within the
unit cell as viewed down the g-axis and (b) of the [XeF;][SbFg] structural
unit with the atoms as 50% probability thermal ellipsoids. Interatomic
distances are in angstroms. (¢) An approximate model for the fluorine
bridging in [XeF3][SbFs]. From ref 52.



SbyFi117, 2.50(1) and 2.94(1) A;*' 2.490(4)*) occur with the anions. These contacts are
situated in the XeF;' molecular plane and form an irregular pentagonal planar
arrangement around xenon (Figure 1.2.b).

The XeFs anion forms a regular pentagonal planar (Ds;) arrangement™ around
xenon in accordance with an AXsE, VSEPR* arrangement of five bonding electron pairs
and two lone valence electron lone pairs (Figure 1.3). The XeFs anion has been
synthesized (eq 1.5) as the N(CH3)4', Cs*, Rb", K', and Na" salts and has been

XeFs + MF % [M][XeFs] (M = N(CHa)s, Cs, Rb, K, Na) (1.5)
characterized by Raman and infrared spectroscopy, by °F and 12X e NMR spectroscopy,
and by an X-ray crystal structure determination of the N(CH;)," salt.’ 3 The '®Xe NMR
spectrum of [N(CHj3)4][XeFs] dissolved in CH3CN and containing a one molar excess of
[N(CHs)4][F] displayed a well-resolved binomial sextet, consistent with the coupling of
the '®Xe nucleus to five chemically equivalent '°F nuclei in the XeFs~ anion [8(***Xe),
—527.0 ppm from XeOFy; 'J(*’F-'*Xe), 3400 Hz]. The °’F NMR spectrum showed a
narrow singlet flanked by '*Xe satellites [8(*°F), 38.1 ppm 1(PF-'%Xe), 3398 Hz].

In the crystal structure, the average Xe—F bond length of the anion (2.012(2) A) is
elongated relative to that of XeFs (1.953(2) A%). The XeFs anion represents the first
example of a pentagonal planar geometry. This contrasts with the equatorial fluorine
atoms of IF,, which are puckered by 7.5°.>* The reason why XeFs apparently does not
exhibit puckering is attributed to the presence of the two axial electron lone pairs which
exert greater repulsive forces than the two axial fluorines in the IF; molecule, thus

forcing the XeFs anion to be planar.”> However, the planar arrangement imparts


http:planar.53

Figure 1.3.

F5

F1

71.7 (4)°
F3 F2
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F1 F4 — | F9
) L/ N\ y/
F3 F2

(a) Bond lengths (A) and angles (deg) for XeFs at —86 °C in [N(CH3)4]
[XeFs]. Projection of the XeFs anion on (111). Esds are given in
parentheses; thermal ellipsoids are shown at the 50% probability level. (b)
Projections of the XeFs anion on (130) (left) and (010) (right). Thermal
ellipsoids are shown at the 50% probability level. From ref 53.



congestion to the fluorine atoms where the intramolecular F---F distances range from 2.35

to 2.38 A, which are significantly less than twice the van der Waals radius for fluorine

(2.94 A ™).

1.2.2. OTeF;s Derivatives of Xe(IV)

The chemistry of Xe(IV) has also been extended by the use of the
pentafluoroorthotellurate ligand, OTeFs. The OTeFs group has an electronegativity of
3.87°° which is comparable to that of fluorine, 3.98.°” The most efficient synthesis of
Xe(OTeF5)4 has been accomplished by the reaction of XeF, with B(OTeFs); (eq 1.6).®

3XeF, + 4B(OTeFs); —212 3Xe(OTeFs); + 4BF; (1.6)
The Xe(OTeFs), molecule has been characterized in the solid state by Raman®®* and X-
ray crystallography.’® Both methods of characterization show the local environment
around Xe is square-planar but the crystal structure (Figure 1.4) shows that the TeFs
groups are bent out-of-plane, as a result of the steric requirements of the valence electron
lone pairs on oxygen, and bend with two groups up and two groups down to minimize
steric interactions between the bulky OTeFs ligands.*

The '°F and 'Xe NMR spectra of Xe(OTeFs), have been recorded in CFC1;***
and C4FSO,F>® solvents and show that the four OTeFs groups are equivalent. The mixed
compounds, Xe(OTeFs)s4xFx (x = 0-3), have also been synthesized, by ligand exchange
between XeF, and Xe(OTeFs)s, and the characterizations of the resulting species by '°F
and 'Xe NMR spectroscopy.*® The '®Xe chemical shifts of the compounds increase

linearly when the OTeFs groups are replaced by fluorine (211 ppm/OTeFs group). The
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Figure 1.4. The X-ray crystal structure of Xe(OTeFs)s. Thermal ellipsoids are shown
at the 50% probability level. From ref 60.
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low-frequency shift with decreasing numbers of fluorine ligands reflect the higher
effective electronegativity of fluorine compared to that of the OTeFs group> and is a
consistent trend that has been observed for other OTeFs derivatives of Xe.’® A similar
trend is also observed in the '®Xe NMR spectrum of the related family of cations,
F,Xe(OTeFs) (x = 0-2), but the difference is 182 ppm/OTeFs group.®' The cations were
synthesized by the reaction of Xe(OTeFs)4 in excess SbFs. Antimony pentafluoride acts
as a Lewis acid as well as a source of fluoride ions which scramble with the OTeFs
groups giving rise to the mixed cation series, FxXe(OTeFs).x .

Although the entire family of cations was observed in solution, none have been
isolated or characterized in the solid state. The difficulty lies in the reluctance of Xe(IV)
to act as a ligand donor. As noted above, XeFs will only donate a fluoride ion in the
presence of an exceptionally strong Lewis base, such as SbFs. However, with fluorine
atoms present, the ligands scramble to give a random distribution of all possible mixed
cations, XeF;', XeF,(OTeFs)", XeF(OTeFs),", and Xe(OTeFs);". A possible solution that
the authors proposed was to use the corresponding OTeFs analogue of SbFs,
Sb(OTeFs)s.5' Unfortunately, the latter molecule is unstable, decomposing to Sb(OTeFs)s
and FsTeOOTeFs and therefore must be synthesized in situ at low temperatures. A
solution of “Sb(OTeFs)s” in SO,CIF was prepared by adding an equimolar amount of
Xe(OTeFs), to Sb(OTeFs); (eq 1.7) and was shown to contain an equimolar mixture of
[XeOTeFs][Sb(OTeFs)s] and Sb(OTeFs); which behaves as though it were Sb(OTeFs)s

(eq 1.8).%! Such a reaction has been successful in forming the O=Xe(OTeFs);" cation

2Xe(OTeFs); + 2Sb(OTeFs); —2CE. [XeOTeFs]|[Sb(OTeFs)s] + Sb(OTeFs); + Xe (1.7)

11
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[XeOTeFs][Sb(OTeFs)s] + Sb(OTeFs); —2“Es “Sb(OTeFs)s” + Xe  (1.8)
from neutral O=Xe(OTeFs)4 (eq 1.9) but similar attempts to form the Xe(OTeFs);" cation
from neutral Xe(OTeFs); were unsuccessful.®! Therefore, to date, no OTeFs ligated

“Sb(OTeFs)s” + 0=Xe(OTeFy), —25  [0=Xe(OTeFs);][Sb(OTeFs)s] (1.9)

cation of Xe(IV) has been isolated or characterized in the solid state.

1.2.3. C¢Fsand OIO; Derivatives of Xe(IV)

The only example of a C—Xe(IV) bond that is presently known is the CsFsXeF,"
cation. The BF,~ salt was obtained by the reaction of stoichiometric amounts of C¢FsBF»
and XeF4 in CH,Cl, at —55 °C and the product, [C¢FsXeF,][BF4], was precipitated as a
pale yellow solid (eq 1.10).%* Pure, solid [CsFsXeF,][BF4] was found to be very shock

XeF,; + CgFsBF; %C(‘; [CFsXeF,][BF] (1.10)
sensitive. The crystal structure shows a pentagonal planar arrangement around Xe (Figure
1.5) when the short contacts to the anion are also considered. The longer contacts are
puckered out of the molecular plane presumably to alleviate steric congestion within the
plane.® This salt was also characterized by solution ®f, "B, and "’Xe NMR
spectroscopy in CH3CN at —40 °C and aHF at —40 and —80 °C to provide a complete
interpretation of the NMR spectra. In solution, CH;CN molecules coordinate to xenon,
forming the adduct cation, [C¢FsXeF,-(NCCH;),]". Crystallization from CH;CN yielded
[CeFsXeF, 1.5(NCCH;)][BF4] in which three crystallographically independent structural

units were observed. In one case, a single CH3CN ligand is N-coordinated to xenon

giving a square planar coordination around xenon (Figure 1.6.a). In each of the other
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Figure 1.5. Pentagonal-planar geometry around xenon in [Ce¢FsXeF;][BF4]. Thermal
ellipsoids are shown at the 50% probability level. From ref 63.
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Figure 1.6. (a) Square-planar and (b) pentagonal-planar geometries and thermal
motion around xenon in the three crystallographically independent
molecules in [C¢FsXeF, 1.5(NCCH3)][BF4]. Thermal ellipsoids are shown
at the 50% probability level. From ref 63.
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independent structural units, two CH3CN ligands are N-coordinated to xenon giving rise
to a pentagonal-planar arrangement around xenon (Figure 1.6.b,c). In each of the latter
cases, the steric requirements in the molecular plane distort the longer contacts to CH;CN
out of the plane and to a greater extent than was observed for [C¢F 5XeF2][BF4].63

A preliminary study of a mono-substituted OIOF, derivative, F3XeOIOF,, has
been reported.64 The “F and 'Xe NMR study of F3XeOIOF, (eq 1.11) indicates that
OIOF, group is slightly more electronegative than the OTeFs group based on the PXe

XeF4 + (I0,F3), —&

F3XeOIOF,; + IOF; + %0, (1.11)
chemical shift of 24.4 ppm for monosubstituted F3XeOIOF, relative to —25.5 ppm for
F3XeOTeFs, suggesting that the OIOF,; group the most highly electronegative ligand
known next to fluorine itself. The study also indicated that F3XeOIOF4 has a square
planar arrangement around xenon, similar to XeF,, but with one of the fluorine ligands
replaced by the OIOF,4 group. To date, there has been no characterization of a Xe(IV)

compound containing the OIOF, group in the solid state.

1.2.4. Oxide Fluoride Species of Xe(IV)

In contrast with the Xe(IV) fluoro-species, XeF4, XeFs;", and XeFs , which have
been extensively characterized in solution and in the solid state (see Section 1.2.1),
knowledge of Xe(IV) oxide fluoride species is much more limited. This stems from
several issues including a reliable, high-yield synthesis for XeOF,.

While there are previous reports of XeOFZ“_67 and XeOF;™ % in the literature,

which will be elaborated on in Section 3.1, none have proven to be definitive. Although
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inconclusive, these studies clearly show that the oxides and oxide fluorides of Xe(IV) are
inherently unstable and decompose either explosively by redox elimination of O, (eq
1.12) or by disproportionation to Xe(VI) and Xe(II) (eq. 1.13 and 1.14).*” A related
disproportionation is also encountered when XeF4 hydrolyzes in water to form XeOs, HF,

Xe, and O; (eq 1.15).5%

XeOF, XeF, + %0, (1.12)
2XeOF, XeOoF, + XeF, (1.13)
2[Cs][XeOF3] —— [Cs][XeO,Fs] + XeF, + CsF (1.14)

2XeF4 + 4H20(excess) 10

XeO; + 8HF + Xe + %0, (1.15)

1.3. Recent Aspects of Xenon(II) Chemistry
1.3.1. Xenon(II) Oxide-Fluorides, Xe;0F;" and 0O(XeF),

With a relative abundance of known Xe(II) compounds, it is somewhat surprising
that there have been no definitive reports of a neutral oxide, or oxide-fluoride, of Xe(II).
Xenon(Il) oxide, XeO, which has been shown to have an unstable I1 ground state is
therefore unlikely to exist as a monomer in the solid-state.”® The first oxide-fluoride of
Xe(II), Xe;0F;", has recently been synthesized by the reaction of XeF, with [H;O][PnFs]

in HF solvent (Pn = As, Sb; eq 1.16).”! Thé resulting salts have been characterized in the

3XeF, + [H;0][PnF] _;F [XesOF3][PnFg] + 3HF (1.16)

°C
solid state by Raman spectroscopy and single-crystal X-ray diffraction. Subsequently,
O(XeF); has been synthesized by the neat reaction of [Xe;OF3][AsFs] with NOF (eq

1.17).72 The °F and '®Xe NMR spectra of O(XeF),, in conjunction with the 1%0-, 1"0-,
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[Xe;OF;][AsFs] + NOF — s O(XeF), + XeF, + [NO][AsF] (1.17)
and '80-enriched Raman spectra, and calculated vibrational frequencies, > indicate that
the structure is analogous to that of the isoelectronic F(XeF)," cation.'””"*"” However,
the previous Raman spectra were wrongly assigned and incorrectly assigned bands to a

non-existent (XeO), cyclic polymer.’

1.3.2. Xenon(II) Nitrates

The O(XeF); molecule has played a role in the synthesis of the first nitrate of
xenon, FXeONO,. The mono-nitrate has been previously postulated as an intermediate
formed by HF displacement of XeF, by anhydrous HNO; solvent.®*®' These results were
reexamined when FXeONO, was successfully synthesized by the reaction of

[Xe;OF3][AsFs] with OoNF (eq 1.18).7* The crystal structure of FXeONO, was

[Xe;0F;][AsFs] + 2NOF —2% » FXeONO, + 2XeF; + [NO,][AsFs] (1.18)
determined and FXeONO, was also characterized in SO,CIF and CH;CN solvents by
N, °F, and "®Xe NMR spectroscopy.’> However, the interpretations of the solid-state
1%0- and "®0-enriched Raman spectra were over-simplified.”” As a result, the proposed

mechanism was incorrect and the possible intermediacy of O(XeF), was also missed.

1.3.3. XeF; as a Ligand
Another important category of Xe(I) compounds are XeF, coordination
complexes with metal cation centers, which have been synthesized according to eq

1.19.3%% A list of XeF, coordination complexes with metal cation centers is given in
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[M™][PnFs Jn + mXeF; — = [M(XeF2),"][PnFs | + (m-p)XeF2 (1.19)
Table 1.1 in addition to the aforementioned XeF; adduct, [Mg(XeF,)(XeF4)|[AsFs]2*
(Section 1.2.1).

The number of XeF, molecules coordinated to the metal center ranges from one to
nine, with only an example of a seven-coordinate complex missing.**®® In these
complexes, XeF, coordinates to a metal cation center either as a terminal ligand (Figure
1.7.a) or as a bridging molecule between two metal centers (Figure 1.7.b). If the XeF,
molecule coordinates as a terminal ligand, a single fluorine atom coordinates to the Lewis
acidic metal center and results in a lengthening of the bridging Xe—F bond and a
shortening of the terminal Xe—F bond. In contrast, when XeF, bridges between two metal
centers, both Xe—F bond lengths typically increase.®*** Some requirements that should be
fulfilled in order to obtain homoleptic compounds include an electron affinity of 15 eV
for the cation, a weakly basic anion (e.g., SbFs ) and the coordination number of the
cation should be 6. The latter gives rise to an optimum arrangement with regards to
repulsions between the negative F-ligands of the coordinating XeF, molecule and their
more positive xenon domains.® It has also noted that it is difficult, or even impossible, to
predict what kind of structure a newly isolated coordination compound will adopt.**

The Raman spectra of the aforementioned XeF, coordination compounds display
intense Xe—F stretching modes while the A-F (A = B, P, As, Sb) and M—F vibrations are
usually far less intense.>** When XeF, coordinates to one or two metal centers, there is a

transfer of electron density from the ligand to the metal center, rendering Xe more

electropositive and shifting v(Xe—F) to higher frequency relative to the symmetric
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Table1.1.  Coordination Complexes Involving XeF, as a Ligand *
M M (alkaline earth metal) M (transition or main-group metal)  M?**(lanthanide metal)
[Li(XeF2)s][AsFe] [Mg(XeF2)a][AsFe]2 [Cu(XeF2)6][SbFg]2 [La(XeF2)2 5] [AsFg]s
[Ag(XeF;)][AsF] [Mg(XeF2)][AsFe] [Zn(XeF2)s] [SbFel» [Nd(XeF2),.5][AsF3
[Ag(XeF2)][PFe] [Mg(XeF2)][SbFe]: [Cd(XeF2)][BF4]; [Nd(XeF2);][SbF]3

[Ca(XeF2)s][PF]2 [Cd(XeF2)s][PFe].

[Cax(XeF2)o][AsFe)a [Cd(XeF2)][AsEg],

[Caz(XeFy)a][AsFel2 [Cdy(XeF)10][SbFsla

[Ca(XeF2), 5][AsFg]2 [Cda(XeF2)s] [SbFela

[Sr(XeF2)s][PFg]> [Cd3(XeF2)s][SbF]s

[St(XeF2)s][AsFe]2 [Pbs(XeFa)u][PFels

[Ba(XeF:)a][PF]2 [Pb(XeF2)1][PFe];

[Ba(XeF2)s][AsFe]2 [Pb(XeF2)s][AsFel

[Ba(XeF2)s][SbFe]

% From ref 82.



Figure 1.7.  Crystal structures of (a) [Cd(XeF,)s][SbFs], and (b) [Cdx(XeF2)10][SbFe]a
showing XeF, coordinated to metal cations as terminal and bridging
ligands, respectively. From ref 84.
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stretching band of free XeF, at 497 cm ™. When XeF, is terminally coordinated, the band
corresponding to XeF, is replaced by two bands: the band at higher frequency
corresponds to the terminal vibration v(Xe—F) and occurs between 544 and 584 cm . The
band at lower frequency, occurring between 411 and 479 cm ', corresponds to the
stretching vibration of the Xe---F brindge bond, v(Xe---F).**** Typically for a bridging
XeF, molecule, a single v(XeF;) band is observed and occurs in the range from 500 to
535 cm .**® It is interesting to note that no mention was made or inferred that would
indicate whether or not the v(Xe—F) stretching modes are in any way coupled, either

intra- or intermolecularly.

1.4. Krypton(Il) Chemistry

Krypton is the only noble gas other than xenon to form isolable compounds in
macroscopic amounts.”> The chemistry of krypton is limited because the only stable
oxidation states known are 0 and +2, although there was an early spurious report of
KrF,* that was subsequently disproven.86 Krypton difluoride was the first krypton
compound to be synthesized and represents the starting point for all other krypton
chemistry. Unlike XeF,, KrF, cannot be synthesized using high-temperature, high-
pressure methods because KrF; is an endothermic compound (AH; = 60.2 kJ mol ', gas at

93 °C).}”# Macroscopic quantities of KrF, can be synthesized by using high-energy

89,90 93-97

particle beams (e, protons, o), electric discharges,%’gl’92 UV irradiation, or hot
wire reactors’’ °° as means to generate fluorine atoms at low temperatures (eq 1.20). The

latter two methods are currently preferred. In all cases, highly reactive fluorine radicals
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react with solid krypton at low temperatures to form the metastable KrF- radical (eq 1.21)

which then likely reacts according to eqs 1.22—1.24 to form KrF,.

F, ——= 2F- (1.20)
F- + Kr ——> KiF- (1.21)
K:F- + F; — KrF, + F- (1.22)
KiF- + KiF- —— KiF, + Kr (1.23)
KiF- + F —= KrF, (1.24)

In the solid state, KrF, is dimorphic with a high-temperature B-phase that was
obtained at —80 °C (Figure 1.8.a) that reversibly converts to a low-temperature a-phase
(Figure 1.8.b) upon cooling to —125 °C.**'%’ The Kr-F bond length in a-KrF; is 1.894(5)
A% and is in excellent agreement with that determined for B-KrF (1.89(2) A, —80 °C) by
X-ray diffraction'®' and for gaseous KrF, by electron diffraction (1.889(10) A, —40
°C).1°2 The dimorphism is also apparent in the Raman spectra where a-KrF; possesses a
single v(KrF,) stretching band and B-KrF, is factor-group split into two v(KrF,)
stretching bands. >

Like XeF,, KrF, has been reacted with strong Lewis acid pentafluorides in order
to synthesize salts having the formulations [KrF][MF¢] (eq 1.25 and 1.26) and
[Kr,F3][MFq] (eq 1.27) where M = Nb, Ta, Ru, Pt, As, Sb, V, Rh, Pt, Au, and/or Bi.”* In

the crystal structures of [KrF][AsFs], [KrF][SbFs], and [KrF][BiFs] (Figure 1.9)* the

KrF, + 2MFs [KrF][PnyF1i] (Pn = As, Sb, Bi) (1.25)
KrF, + PnFs —— [KrF][PnFg] (1.26)
2KI'F2 + PDFS —_— [KI'2F3][PI1F6] (127)
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Figure 1.8.  Packing diagrams for (a) B-KrF, (ref 101) and (b) o-KrF, viewed along the
a-axis (ref 99).
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Figure 1.9.  Structures of (a) [KrF][AsFg], (b) [KrF][SbFs], and (c) [KrF][BiFs]; thermal ellipsoids are shown at the
50% probability level. From ref 99.
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Figure 1.10. Structures of (a) [Kr,F3][SbFe]-KrF; and (b) [Kr,F3]2[SbFe]2 KrF,; thermal ellipsoids are shown at the 50%
probability level. From ref 99.




KrF" bond lengths (1.765(2)—1.774(6) A) are significantly shorter than in free KrF,
(1.89(2) A,'"' 1.889(10) A*®) and, while the cation in each case is ion paired to the anion,
the Kr---F, bond lengths are sufficiently long (2.090(6)-2.140(3) A) to be considered
contacts and not adducted. = The crystal structures of [KryF3][SbFs]-KrF, and
[Kr F3]o[SbFs],-KrF, (Figure 1.10)99 show that the Kr,F3" cations are more isolated than
KrF* cations in their salts. In both cases, as with the Xe,Fs" cations in their salts,”>">"
the cation is bent at the bridging fluorine to give a V-shaped cation. The bent angle is a
consequence of the steric requirements of the valence electron lone pairs on fluorine.
Several other Kr(II) derivatives have been synthesized, including the only oxygen
bonded species, Kr(OTeFs);, which has been synthesized at low-temperature by the
reaction of KrF, and B(OTeFs); (eq 1.28).!” A family of nitrogen bonded cations

RpCNKrF* (Rg = CF;, CyFs, n-C3F7) has also been synthesized (eq. 1.29)104 as has

HCNK1F" (eq. 1.30).'% All of the aforementioned species have Xe(II) analogues and

SO,CIF

3KrF, + 2B(OTeFs)3 e 3Kr(OTeFs), + 2BF; (1.28)
KrF, + RgCNAsFs —_‘ZOF—C> [RrCNK1F][AsFq] (1.29)
KrF, + [HCNH][AsFs] 6*:{0 [HCNKrF][AsFe] +HF (1.30)

have been characterized by low-temperature NMR spectroscopy.1°3_1°5 At present, no
crystal structure has been determined for either a Kr—O or Kr—N bonded species because
they are only somewhat stable in solution at low temperature and decompose rapidly
when warmed to —78 °C and —50 to —60 °C, respectively.

In contrast to the large number of XeF, adducts with metal centers that are

known, KrF, has only been shown to form Lewis acid-base adducts with group 6 d°
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transition metal centers, namely MOF4KrF, (M = Cr,'% Mo,'” W'"). The structural
characterizations of these adducts were limited to solution ">F NMR'Y and solid-state

196197 and indicate that the adducts result from weak coordination of

Raman spectroscopy
KrF, through a fluorine bridge to the metal atom. In the absence of X-ray crystal
structures, an assessment of the degree of coordination, based on the relative bond

lengths of terminal and bridge Kr—F bonds cannot be presently made. In addition, there

are no examples known in which KrF, acts as an adduct to a main-group center.

1.5. Purpose and Scope of the Present Research

The overall goal of this Thesis is to extend and deepen our knowledge of the
fundamental chemistry of the noble-gas elements, namely, xenon and krypton. More
specifically, a major focus of the research is to extend the chemistry of Xe(IV) by the
synthesis and characterization of Xe(IV) oxide and oxide fluoride derivatives. A reliable
synthetic route to bulk amounts of the precursor oxide fluoride, XeOF,, and a thorough
characterization of the compound was lacking in the literature. The development of a
reliable synthetic protocol would offer the possibility to extend Xe(IV) oxide fluoride
chemistry by studying the Lewis donor and acceptor properties of XeOF,. Reaction of
XeOF, with fluoride ion sources such as CsF or the so-called “naked ﬂuo;'ide ion
source,” [N(CH;)4][F], are expected to yield the corresponding anion, XeOF; , while the
reaction of XeOF, with an oxidatively resistant nitrogen base, such as CH3CN, might be
expected to yield the first example of a Xe(IV)—N bond. The electron-pair donor abilities

of XeOF, towards Lewis acids such as [XeF][AsFs] and in superacidic media such as
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HF/AsFs are also of interest because significant electron density should exist on the
oxygen atom of XeOF, rendering it moderately basic. The aforementioned focus on
Lewis donor and acceptor properties of XeOF; is of interest because of the anticipated
instability of the Xe(IV) oxide-fluorides relative to their Xe(VI) analogues.

In related noble-gas adduct chemistry, another facet of the research is the
syntheses and characterization of XeF, adducts with non-metal main-group centers such
as Br(V) and CI(V) with an emphasis on their characterization by single-crystal X-ray
diffraction. The chemistry may also be expected to be extendable to the more reactive
KrF, molecule, thereby providing the first KrF, adducts to non-metal main-group center.
In addition, studies of these systems are expected to shed light on the stereochemical
activity of the valence electron lone pair of Br(V) and how it is affected by coordination
(steric crowding).

The final area of study in this Thesis is a more complete characterization of the
only example of a xenon nitrate, FXeONO,. The syntheses of FXeON'°O, and
FXeON('*00) require a fuller reinvestigation by vibrational spectroscopy and the
resulting solid-state '°0- and '*0-enriched Raman spectra require reinterpretation. The
intermediate oxide fluoride, O(XeF),, was expected to play a role in the reaction and
therefore also required reinterpretation of its solid-state '°0- and '®0-enriched Raman

spectra.
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CHAPTER 2

EXPERIMENTAL SECTION

2.1. Standard Techniques
2.1.1. Dry Box and Vacuum Line Techniques

The compounds used and prepared during the course of this work were moisture-
and temperature-sensitive, and were handled under rigorously anhydrous conditions on
glass and metal vacuum line systems or in an inert atmosphere (N, gas) dry box (Vacuum
Atmospheres Model DLX, oxygen and moisture <0.1 ppm) equipped with a glass
cryowell for low-temperature work. Preparative work inside the dry box requiring low
temperatures was accomplished using a metal Dewar filled with 4.5 mm copper-plated
spheres (air rifle BBs) that had previously been cooled to ca. —140 °C in the glass
cryowell (=196 °C) of the dry box.

Preparative work involving volatile fluorides that attack glass (e.g., HF) were
carried out on metal vacuum lines constructed primarily from 316 stainless steel and
nickel and ﬁﬁed with 316 stainless steel valves (Autoclave Engineers, Inc., Figure 2.1).
Pressures were measured at ambient temperatures using MKS Model PDR-5B pressure
transducers having wetted surfaces constructed of Inconel. The pressure transducer
possessed a range of 0—1150 Torr, which was accurate to +0.5 Torr.

Reactions that did not involve transfer of materials that attack glass were carried
out on Pyrex glass vacuum lines equipped with grease-free 6-mm J. Young glass

stopcocks outfitted with PTFE barrels (Figure 2.2). Pressures inside the glass manifold
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Figure 2.1.

The metal vacuum line used for the manipulation of corrosive materials. (A) Outlet to liquid nitrogen and soda
lime traps followed by a two-stage direct-drive rotary vacuum pump (Edwards E2M8) — roughing vacuum. (B)
Outlet to soda lime and liquid nitrogen traps followed by a two-stage direct-drive rotary vacuum pump
(Edwards E2M8) — high vacuum. (C) Dry N inlets. (D) F; inlet. (E) Bourdon pressure gauge (0—1500 Torr).
(F) MKS Model PDR-5B pressure transducers (0—1000 Torr). (G) MKS Model PDR-5B pressure transducer
(0-10 Torr). (H) Ultra-high purity argon inlet. (I) Y%-in. o.d. (//g-in. i.d.) nickel reaction vessel port. (J) High-
pressure stainless steel valve (Autoclave Engineers). (K) 316 stainless steel X-, T-, and L-connections
employing */g-in. 0.d. (/g-in. i.d.) threaded nickel tubing. (L) Submanifold. From ref 108.
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Figure 2.2. Glass vacuum line used for the manipulation of non-corrosive volatile materials. (A) Main vacuum manifold.
(B) Dry N, inlet. (C) 15-mm greaseless glass J. Young stopcock with PTFE barrel. (D) 6-mm greaseless J.
Young stopcock with PTFE barrel. (E) Mercury manometer. (F) Liquid N; cold trap. (G) Outlet to vacuum
pump. From ref 108.
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were monitored using a mercury manometer.

Vacuum on the glass vacuum lines (ca. 10“3—104 Torr) was accomplished using
Edwards two-stage internal vane E2MS8 direct-drive vacuum pumps. Vacuum was
maintained on the metal line using two E2M8 vacuum pumps; the first, a roughing pump,
was used primarily for the removal of volatile fluoride and oxide fluoride compounds.
The rough pump was used to pump reactive, volatile fluorine compounds through a
fluoride/fluorine trap consisting of a stainless steel tube (ca. 60 cm, 15 cm dia.) packed
with soda lime absorbent (Fisher Scientific, 4-8 mesh), followed by a final trapping
procedure, utilizing a glass liquid nitrogen trap to remove CO, and water formed by
reaction of fluoride materials with soda lime and other volatile materials that were
unreactive towards soda lime. The second vacuum pump provided the high vacuum (ca.

107* Torr) source for the manifold and was fitted with a glass liquid nitrogen trap.

2.1.2. Preparative Apparatus and Sample Vessels

All synthetic work was carried out in reactors constructed from lengths of Y4-in.
o.d. FEP tubing which were heat-sealed at one end and heat-flared (45° SAE) at the other.
The tubing was connected to Kel-F valves, encased in aluminum housings, using brass
flare fittings. All vessels were then connected to a glass vacuum line using Y4-in. stainless
steel Swagelok Ultratorr unions and were rigorously dried by pumping (a minimum of 6
h) under dynamic vacuum. Vessels were then connected to the metal vacuum line using a
Ya-in. PTFE Swagelok union and passivated with ca. 1000 Torr of F, for ca. 12 h. Once

passivated, vessels were evacuated under dynamic vacuum to remove all volatile
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impurities and back-filled with dry N> (ca. 1000 Torr) prior to use. Similarly, connections
made to a metal vacuum line were dried under dynamic vacuum and passivated with F,
gas overnight. Connections made to a glass vacuum line were dried under dynamic
vacuum overnight. The glass vessels used were dried under dynamic vacuum for a
minimum of 8 hr and were periodically heated with a Bunsen burner.

Nuclear magnetic resonance spectra were acquired using sample tubes prepared
from lengths of Y4-in. 0.d. FEP tubing. One end of each tube was heat-sealed using the
end of a heated thin-walled 10-mm o.d. glass NMR tube, while the other end was fused to
ca. 5 cm of Y%-in. o.d. thick wall tubing. The remaining end of the thick wall was heat-
flared (45° SAE) for connection to a Kel-F valve. Prior to acquisition of the NMR data,
the sample tubes were heat-sealed under dynamic vacuum using a nichrome wire
resistance furnace of appropriate diameter. Otherwise, NMR samples were prepared in 5-
mm o.d. thin wall precision glass NMR tubes (Wilmad) fused to Y-in. o.d. lengths of
glass tubing which were, in turn, attached to 4-mm J. Youn.g PTFE/glass stopcocks by
use of Y4-in. stainless steel Swagelok Ultratorr unions fitted with Viton O-rings. The
NMR tubes were then vacuum-dried for 8-12 h before use, and once sample and solvent
were added, the tubes were heat-sealed under dynamic vacuum.

Low-temperature Raman spectra of solids (ca. —160 °C) were recorded on samples
prepared in thin-walled %-in. FEP tubing as well as 5-mm o.d. glass tubes fused to %-in.
o.d. lengths of glass tubing which were in turn attached to 4-mm J. Young PTFE/glass

stopcocks by use of “-in. stainless steel Swagelok Ultratorr unions fitted with Viton O-
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rings. The Raman sample tubes were then vacuum-dried for 8-12 h before use, and once
the sample was added, the tube was heat-sealed under dynamic vacuum.

All connections to vacuum lines were made using thick-walled “-in. FEP tubing
in conjunction with either a “4-in. PTFE Swagelok connector outfitted with PTFE
compression fittings (front and back ferrules) or %-in. stainless steel Swagelok Ultra-Torr

connectors outfitted with stainless steel compression fittings and Viton rubber O-rings.

2.2, Preparation and Purification of Starting Materials
2.2.1. Sources and Purification of Gasses; N;, Ar, F;, Xe, and Kr

House nitrogen gas was generated by boiling off liquid nitrogen (Air Liquide) and
was further dried through a freshly regenerated bed of type 4A molecular sieves. High
purity argon gas (VitalAire), also employed for the back pressuring of reaction vessels,
was used without further purification. Technical grade fluorine gas (Air Products) and
ultra-high purity Xe (Air Products, 99.995%) and Kr (Air Products, 99.995%) were used

without further purification.

2.2.2. Purification of Solvents; Anhydrous HF, BrFs, SO,CIF, CH;CN, SO;, XeOF,,
H,'°0, H,"°0, and D,'°0.

HF. Anhydrous hydrogen fluoride, HF (Harshaw Chemical Co.), was purified by
addition of ca. 5 atm of fluorine gas to a commercial HF sample contained in a nickel can
for a period of approximately one month prior to use, converting residual water to HF and

O,. The HF was then distilled into a Kel-F storage vessel equipped with a Kel-F valve
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and stored at room temperature for future use. Transfer of HF was accomplished by
vacuum distillation from the Kel-F storage vessel, on a metal vacuum line, through
connections constructed from FEP, as shown in Figure 2.3.

BrFs, Bromine pentafluoride (Ozark-Mahoning Co.) was purified in an FEP vessel
equipped with a Kel-F valve and loaded with 20 g of KF (to complex HF as
[K][HF,-nHF]). Bromine and BrF; impurities were eliminated by the direct fluorination
of these species to BrFs at ambient temperature as previously described.!® The product
was stored in the purification vessel under 1000 Torr of a 2:1 mixture of N, and F; at —78
°C and transferred under dynamic vacuum when required.

SO, CIF. Sulfuryl chloride fluoride (Allied Chemical Co., Baker and Adams
Division, >90%, ca. 100 g crude material) was purified by fractional distillation through
two FEP U-tube traps cooled to —78 and —90 °C, respectively, effectively removing the
inert impurity SO,F;. The remaining SO,CIF was then condensed into an FEP U-tube
containing ca. 80 g of SbFs at —78 °C and slowly warmed to room temperature with
vigorous mixing to remove SO,, which is known to rapidly reduce xenon(II) species. The
purified SO,CIF was then transferred to an FEP U-tube cooled to —78 °C and containing
dried KF. Again, the mixture was slowly warmed to room temperature with vigorous
mixing and allowed to stand with periodic mixing at room temperature for ca. 2 h to
remove any residual HF. The sample was again cooled to —78 °C and condensed into a
1.25-in. FEP reaction vessel containing XeF; (1.7 g) for 24 h to ensure all impurities with
reducing properties (i.e., SO,) were removed. Finally, the liquid was distilled by dynamic

pumping at —78 °C into a glass vessel, outfitted with a 6-mm J. Young all glass stopcock,
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Figure 2.3. Hydrogen fluoride distillation apparatus. (A) Kel-F storage vessel
containing HF. (B) FEP reaction vessel fitted with a Kel-F valve.
(C) Kel-F valve connected to vacuum manifold. (D) Kel-F Y-connection
with %4-in. PTFE Swagelok unions. From ref 108.
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over a bed of dry KF. The purity of the sample was assessed by 'H, 1’0, and °’F NMR
spectroscopy of a neat sample recorded at —80 °C, in which only trace amounts of SO,F,
(2.2%) were found. Transfers were performed using a glass vacuum line by vacuum
distillation of SO,CIF through a sub-manifold comprised of a Y-shaped glass connection
to the reaction vessel (Figure 2.4). The sample was stored at room temperature until used.
CH;CN. Acetonitrile (Caledon, HPLC Grade) was purified according to the
literature method,'' stored over molecular sieves in a glass vessel outfitted with a grease-
free 6-mm J. Young glass/PTFE stopcock, and was transferred under vacuum using a
glass vacuum line and a glass Y-piece into a smaller glass dispensing vessel outfitted
with a grease-free 6-mm J. Young glass/PTFE stopcock. Acetonitrile was then dispensed
under vacuum using a glass vacuum line and a glass Y-piece into individual reaction
vessels. (Figure 2.5).

SO;. Sulfur dioxide (Aldrich) was stored over P4Oj¢ in a glass vessel, outfitted with a
grease-free 6-mm J. Young PTFE/glass stopcock. Transfers were performed under
vacuum using a glass vacuum line and a glass Y-piece.

XeOF,. Xenon oxide tetrafluoride was prepared and purified according to the
literature method by the hydrolysis of XeFs.*®

H,'*1""80Q and D,0. Both H,0 (Caledon, HPLC grade) and H,'®0 (Isotec, 98.6 atom %
180) were used without further purification and were also used to prepare 2.00 M H,'¥"¥0
solutions in CH3;CN. An "O-enriched sample of H,O (Office de Rayonnements Ionisants,
Saclay, France; 35.4% '°0, 21.9% "0, 42.7% '®0) and D,O (MSD Isotopes, 99.8 atom%

D) were also used without further purification.
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Apparatus used for the vacuum transfer of SO,CIF solvent. (A) 250-mL
glass vessel equipped with a grease-free 6-mm J. Young PTFE/glass
stopcock outfitted with PTFE barrel. (B) Bed of dry, powdered KF. (C)
Glass Y-connector. (D) 6-mm J. Young PTFE/glass valve. (E) FEP
reaction vessel fitted with a Kel-F valve. (F) Stainless steel Swagelok
Ultratorr Union. From ref 108.
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L§o

-

Figure 2.5.  Apparatus used for the vacuum transfer of CH3;CN solvent. (A) 200-mL
glass vessel equipped with a grease-free 6-mm J. Young PTFE/glass
stopcock outfitted with PTFE barrel. (B) CH3CN. (C) Glass Y-connector.
(D) 6-mm J. Young PTFE/glass valve. (E) FEP reaction vessel fitted with
a Kel-F valve. (F) Stainless steel Swagelok Ultratorr Union. From ref 108.

10 cm
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2.2.3. Preparation and Purification of Starting Materials; CsF, [N(CH3)4][F], CaF,,
D,SO;, XeF;, XeF, PnFs, [XeF]|[PnF¢, [H;'*"®O][PnF], and
[Xes'*"®OF;][PnFg] (Pn = As, Sb)

CsF and [N(CHs3)4][F]. Cesium fluoride (CsF, ICN-KCK Laboratories Inc., 99.9%)

was dried by fusion in a platinum cruciiale, followed by immediate transfer of the melt to

a drybox port which was immediately evacuated. Upon transferring to a nitrogen

atmosphere drybox, the sample was ground to a fine powder and stored in a PFA

container inside the drybox until used. The naked fluoride ion source, [N(CHz3)4][F], was

prepared according to the literature method'!’ and was stored in an FEP tube inside a

drybox until used.

CaF,. Calcium fluoride powder (J.T. Baker, 98.2%) was dried in a glass vessel under

dynamic vacuum at 200-250 °C for 24 h and stored in a drybox until used. Sulfuric acid-

d> (Aldrich, 99.5 atom % “H) was used without further purification.

AsFs. Arsenic pentafluoride was prepared as previously described''*!!* by direct

fluorination of purified AsF; with purified F, (see Syntheses of O,NF and ONF) in a

nickel can. The AsFs was used from the reaction can without further purification.

SbFs. Antimony pentafluoride (Ozark Mahoning) was purified by vacuum distillation as

previously described® and stored in a glass vessel inside a desiccator until used.

Subsequent transfers of SbFs were performed by use of a dry all-glass syringe in the inert

atmosphere of a glove bag which had previously been purged with dry nitrogen for at

least 12 h.
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XeF, and XeF;. Xenon difluoride'? and XeF,»' were prepared according to the
literature methods and stored in a Kel-F tube inside a dry box until needed.

[XeF][PnFg]. The salts, [XeF][PnFs], were prepared by the reaction of XeF, with PnFs.
In a typical preparation for [XeF][AsFs],”* anhydrous HF was condensed into an FEP
vessel containing a pre-weighed amount of XeF, (2.7798 g, 16.42 mmol). A
stoichiometric excess of AsFs (18.95 mmol, ca. 15% excess) was condensed into the
vessel and the contents were warmed to ambient temperature and thoroughly mixed. On
cooling the sample to —78 °C, a large amount of pale yellow solid precipitated from the
HF solution. The solvent, and residual AsFs, were then removed by evacuating the
sample at =78 °C through an FEP U-tube cooled to —196 °C. The HF free sample was
then back pressured to ca. 1 atm with dry nitrogen and stored inside a drybox. For
[XeF][SbFe], aHF was condensed into an FEP vessel containing a pre-weighed amount of
SbFs (1.0463g, 4.8274 mmol). Inside a drybox, the sample was frozen at —145 °C and a
stoichiometric amount of XeF, (0.81737 g, 4.8283 mmol) was added to the vessel. The
reactor was removed from the drybox and the contents were warmed to ambient
temperature and thoroughly mixed. On cooling the sample to —78 °C a large amount of
yellow solid precipitated from the HF solution. The HF solvent was then removed by
evacuating the sample at —78 °C through an FEP U-tube cooled to —196 °C. The HF free
sample was then back pressured to ca. 1 atm with dry nitrogen and stored inside a drybox.
The purities of the [XeF][PnF¢] samples were verified by FT-Raman spectroscopy and all

subsequent transfers of [ XeF][PnF¢] were carried out in the drybox.
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[H3'0)[PnFg]. Literature methods were wused for the syntheses of
[H5'9'®0][AsF¢],!™* and [H3'9"®0][SbFs]'™* by the reaction of H,'®0 or H,'%0 with AsFs
or SbFs, respectively, in HF solvent.

[Xes'""80F;][PnFg]. The syntheses of high-purity [Xes'®'®OF;][PnFs] involved
dissolution at —50 °C of near-equimolar amounts of [H3'¥'®0][PnFs] and XeF, (up to ca.
20 mol % excess XeF,) at ca. 0.2-3 M H;0" in a 0.25-in. FEP reactor which had a side
arm fused to it. The solution was rapidly warmed to —35 °C for ca. 30 s and immediately
cooled to —50 °C. After 5 min at —50 °C, a voluminous deep red-orange microcrystalline
precipitate of [Xes'® 8OF;][PnFs] formed. The reaction mixture was maintained at —50
°C for an additional 20—30 min to ensure the reaction was complete. Unreacted XeF,
and/or [H3'¥'®0 O][PnFs], as well as [Xe,F3][PnFs] byproduct, were soluble and were
decanted from the settled precipitate at —50 °C into the side arm of the reactor at —78 °C.
The product, [Xes'" '80F;][PnF¢], decomposed under HF above —30 °C with Xe gas

evolution.

2.2.4. Preparation of KrF,

Krypton difluoride was prepared by use of a 316 stainless steel hot-wire reactor
(Figure 2.6) equipped with a nickel filament, similar to that originally described®® and
subsequently modified.”” The filament was fabricated from a ‘1/16-in. dia. nickel wire
tightly wound about a second length of 1/,6-in. nickel wire that was, in turn, coiled and
stretched into a helix. In a typical preparation, the hot-wire reactor was pressurized with

1000 Torr (50 mmol) of krypton and then cooled to —196 °C in a 20-L Dewar. After
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reaching thermal equilibrium, the reactor was pressurized with 25 Torr of F, and the DC
power supply for the nickel filament was adjusted to ca. 6 V and 30 A (the filament was
dull red in color under these conditions). The F, pressure increased to ca. 45 Torr after
the power supply was turned on and was regulated between 25 and 45 Torr by the
periodic addition of F, during the synthesis. The decreasing F, pressure was used to
qualitatively monitor the production of KrF,, and additional Kr (1.0 to 2.0 mmol) was
condensed into the reactor when the rate of KrF, production slowed or ceased. Upon
completion of the reaction (ca. 12 h), excess F, was removed under dynamic vacuum at —
196 °C. The excess Kr and crude KrF, were recovered as a pink solid (the coloration
arises from chromium oxide fluoride contamination) by allowing the reactor to slowly
warm to room temperature while dynamically pumping the volatile contents through a -
in. 0.d. FEP U-trap (-196 °C). The Kr/KrF, mixture was then warmed to —78 °C under
dynamic vacuum to remove the unreacted Kr. The crude KrF, was purified by briefly
warming the sample to 0 °C and flash distilling off the more volatile chromium oxide
fluorides. The remaining colorless KrF, was finally warmed to room temperature and
rapidly sublimed into a */g-in. 0.d. FEP tube equipped with a Kel-F valve, where it was
stored under 1000 Torr of N, or Ar at —78 °C until used. This synthesis is highly

reproducible and typically yields 2.5 to 3.0 g of purified KrF, over a 12 h period.

2.2.5. Synthesis of High-Purity Deuterium Fluoride
Deuterium fluoride was prepared by the reaction of 25.59 g (0.2556 mol) of

D,S04 with 20.09 g (0.3400 mol) of CaF, powder. The reaction was carried out in a %-in.
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o.d. FEP reaction vessel fitted with a Kel-F valve. The DF was initially vacuum distilled
from the reaction slurry at room temperature into a —196 °C cold trap comprised of a U-
tube constructed from '4-in. o.d. FEP tubing and equipped with Kel-F valves.
Throughout, the reaction vessel was periodically agitated until the slurry
solidified, whereupon the reaction vessel was incrementally heated to no more than 105
°C in a silicone oil bath over a period of 2 h and the DF was collected in the U-tube until
DF evolution ceased. The crude DF was then statically distilled at room temperature into
an FEP vessel containing 1.06 g of XeF; at —196 °C. Upon warming to room temperature,
XeF; dissolved and any D,O that had transferred or SO, that formed in the course of the
acid displacement reaction was converted to DF and O, and SO,F,, respectively. After
standing at room temperature for 1 h, the mixture was cooled to —78 °C and DF was
distilled under dynamic vacuum into a second FEP U-tube at —196 °C. The sample was
warmed to room temperature and a portion was condensed into a 4-mm o.d. FEP NMR
tube at —196 °C. The room temperature °’F NMR spectrum revealed a small amount (1.3
mole %) of SOF, (3(*°F), 29.3 ppm; 'AF(***’S), —0.0482 ppm) but no fluorine
containing species other than DF could be detected under high—gaih conditions. The
remaining DF was stored by condensing it into a Kel-F vessel containing 0.140 g of
resublimed BiFs (Ozark Mahoning Co.) to remove trace amounts of D,O that may still be
present. The yield of pure anhydrous DF was 8.93 g (83.1% based on D,SO4 as the
limiting reagent). Transfer of DF was accomplished by vacuum distillation from the Kel-

F storage vessel, on a metal vacuum line, through connections constructed of FEP.
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2.2.6. Syntheses of Nitryl Fluoride, O,NF, and Nitrosyl Fluoride, ONF

O,NF. The syntheses of O;NF!'® and ONF'! are based on the published methods using
more rigorously purified starting materials. In a typical preparation, NO; (0.1005 mmol)
was allowed to expand into a metal vacuum line manifold and ballast can (total volume
2.062 L) pre-passivated with NO,, and then condensed into a nickel reactor (ca. 65 mL)
at —196 °C. Fluorine gas was then used to passivate the vacuum manifold and ballast can,
followed by removal under dynamic vacuum. The manifold was repressurized with F,
which was condensed into the measuring can at —196 °C (0.0961 mmol). After the line
was evacuated, the measuring can was warmed to —183 °C using a liquid O, bath, and F,
gas, free of non-volatile contaminants such as HF, was allowed to expand into the
manifold and condensed into the reactor containing NO, at —196 °C (0.05473 mmol; 8.9
mol % excess). The reaction vessel was then warmed to —78 °C for 4-5 h, followed by
warming to room temperature and was allowed to stand overnight. Second additions of
NO; (0.1049 mmol) and F, (0.0551 mmol; 5.1 mol % excess) were made to the reaction
vessel at —196 °C and allowed to react in the same manner. Excess F, gas was removed
under dynamic vacuum at —196 °C. The "’F NMR spectrum of the neat liquid product at
—80 °C showed a small amount of ONF as the only fluorine-containing impurity (2.5 %
by integration).

ONF. Nitrosyl fluoride, ONF, was prepared in a manner similar to that used for the
preparation of O,NF. Twice reacting NO (0.0905 mol) and F, (0.0417 mol) in a nickel

reactor (65 mL) gave a combined yield of 8.63 g (0.176 mol) of ONF. Trace amounts of
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O,NF (0.22%) and ONF; (0.85%) found in the sample were estimated by recording the
F NMR spectrum of a sample of the neat liquid product at —80 °C.

Transfers of ONF and O;NF were carried out using a ﬂuorine—péssivated FEP
submanifold (dedicated to this use) that was passivated once with the corresponding
fluoride (ONF or O,NF) prior to transfer to an intermediate FEP vessel. This served to
verify passivation of the submanifold was complete in the case of ONF. In the event of
incomplete passivation, a distinct blue to light blue color appeared in the intermediate
vessel that resulted from reaction of ONF with residual moisture and/or unpassivated
metal surfaces, giving intense blue N,O;. This procedure also allowed a controlled

amount of ONF/O,NF to be metered into the reaction vessel.

2.2.7. Preparation of FXeOTeFs and [XeOTeFs][AsFg]

The mixed FXe(OTeFs) species was synthesized according to the literature
method.'"® In the drybox, 1.697 g (2.789 mmol) Xe(OTeFs), was added to a %-in. FEP
reaction vessel followed b}; the addition of 0.4721g (2.822 mmol) of XeF,. The reactor
was removed from the drybox and slightly warmed by hand whereupon the solids melted
and formed a pale yellow solution. The reactor was allowed to sit for two days at room
temperature with periodic mixing to ensure complete reaction.

The XeOTeFs™ was synthesized by the reaction of FXeOTeFs with AsFs
according to the literature method."”® A Y-in. FEP reaction vessel containing 2.169 g
(5.578 mmol) FXeOTeFs was cooled to —196 °C and approximately 7.00 mmol of AsFs

was condensed into the reaction vessel. The reactor was warmed and mixed at —50 °C for
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several hours and allowed to react at —78 °C for three days to ensure the reaction was
complete. The excess AsFs was removed under dynamic vacuum at —78 °C and the

reactor containing [XeOTeFs][AsF¢] was transferred and stored in the drybox.

2.2.8. Preparation of [CIOF;][AsF¢] Precursors; CIF, CIONO;, C1OF;
2.2.8.1. CIF

Chlorine monofluoride was synthesized according to the literature method.'*
Chlorine gas (Air Liquide) was dried and purified by bubbling the gas through
concentrated H,SO4 and collecting it in a glass trap maintained at —78 °C. Chlorine
trifluoride (40.0 mmol) was condensed into a 70 mL nickel vessel followed by
condensing 38.0 mmol Cl, into the reaction vessel. The reaction vessel was warmed to
—78 °C for ca. 20 min. followed by warming the vessel to room temperature for ca. 20
min. and finally warmed to 200 °C for 15 h. The CIF was isolated and impurities were
removed by passing the contents of the reaction vessel (maintained at —78 °C) through a

pair of FEP U-tubes, the first cooled between —130 and —140 °C to remove unreacted

CIF; and the second cooled to —196 °C to recover CIF.

2.2.8.2. CIONO,

Chlorine nitrate was synthesized according to the literature method'?! by the
reaction of CIF with Pb(NOs),. Lead nitrate (BDH) was dried under dynamic vacuum for
72 h at 100 °C. In the drybox, 6.80 g (20.5 mmol) of Pb(NO3), was added to a 40 mL

steel reaction vessel. Approximately 1.76 g (32.3 mmol) of CIF was condensed into the
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reaction vessel at —196 °C. The reaction vessel was warmed stepwise to —78 °C and then
to 0 °C. The resulting CIONO, was isolated and purified by passing the contents of the
reaction vessel through a pair of FEP U-tubes, the first cooled to —120 °C to collect

CIONO; and the second cooled to —196 °C to collect unreacted CIF.

2.2.8.3 CIOF;

d'?? was used to

Direct fluorination of CIONO, according to the literature metho
synthesize ClOF;. Approximately 0.110 mol of CIONO, was condensed into a 70 mL
nickel vessel, followed by condensing 0.110 mol of F,. The reaction vessel was warmed
to —35 to —40 °C for 4 h. The non-condensables were first removed from the vessel at
—196 °C followed by warming the vessel stepwise to —78 °C and then to room
temperature while collecting the products in a pair of FEP U-tubes, the first cooled to

between —95 and —100 °C to collect C1OF; and the second cooled to —196 °C to collect

the remaining products, FNO,, Cl,, C1O,F.

2.2.9. Synthesis of [CIOF;][AsFg]

The title salt, [CIOF,][AsF¢], was synthesized according to the literature
method''** by the reaction of CIOF; with AsFs. Approximately 1.353 g (12.48 mmol)
of CIOF; was condensed into a Y-in. FEP reactor followed by condensing in 2.121 g
(15.6 mmol, 25% excess) AsFs. The reactor was warmed to —55 to —60 °C for several

minutes. The reaction did not appear to be complete so the reactor was maintained at —78
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°C for 2 days. The excess AsFs was removed at —78 °C under dynamic vacuum and the

reactor was transferred and stored in the drybox.

2.3.  Syntheses of XeOF,, F,0XeN=CCHj3, and XeOF, -nHF
2.3.1. Preparation of F,0XeN=CCHj;

In a typical synthesis, 60.6 mg of XeF4 was added, inside a drybox, to a %-o0.d.
FEP reaction tube attached to a 's-in. stainless steel Swagelok Ultra-Torr union fitted
with Viton O-rings which was, in turn, attached to a Kel-F valve through a short length of
thick-wall %-in. o.d. FEP tubing that was compression fitted to the valve. The reactor was
disassembled outside the drybox at the union and quickly replaced with a Kel-F plug
having two '/j¢-in. holes drilled through its top which opened into the reaction vessel. A
!/16-in. 0.d. Teflon tube, with a slow stream of dry argon passing through it, was threaded
through one hole and positioned well above the XeFs. This permitted nitrogen in the
reaction vessel to be displaced by argon through the second hole in the Kel-F plug. The
vessel was cooled to —78 °C while maintaining the argon flow. The argon flow was
halted and 150 uL of 2.00 M solution of H,'®'®0 in CH;CN was syringed into the reactor
through the argon outlet hole and frozen onto the walls of the reaction vessel to give a
3—-5% stoichiometric excess of H,'®'®0. The argon flow was recommenced and the
solution was melted onto the XeF, at —42 °C and thoroughly mixed, resulting in the
immediate formation of a yellow solution and precipitate. The solution was cooled to —45
°C whereupon more yellow solid precipitated. The union and valve assembly was

reconnected and the solvent was immediately removed at —45 to —42 °C under dynamic
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vacuum, leaving a pale yellow microcrystalline powder. Completeness of solvent

removal was monitored by Raman spectroscopy (Table 3.6).

2.3.2. Preparation of Xe'¥'®0OF,

A 66.1 mg sample of F,'®'*0XeN=CCH; was pumped under dynamic vacuum for
5 h with frequent agitation while maintaining the sample between —45 to —42 °C. This
resulted in a bright yellow powder corresponding to Xe'**®0OF,, which was shown to be
free of coordinated CH3;CN by Raman spectroscopy (—150 °C). The compound is stable
indefinitely when stored at —78 °C.

A solution of "O-enriched XeOF, in CH;CN was prepared for 'O NMR
spectroscopy by in situ hydrolysis of XeF,4 (0.0219 g, 0.106 mmol) with O-enriched

Hz0 (2.0 pL, 0.10 mmol) at —45 °C in a 4-mm o.d. FEP NMR tube.

2.3.3. Preparation of Xe'¥'®0F,-n"*HF

Approximately 0.3 mL of anhydrous HF was distilled into an evacuated reactor
containing 54.1 mg of freshly prepared Xe'¥'8OF, and frozen on the vessel walls at —196
°C. Caution: If condensation is too rapid and liquid HF condenses directly onto XeOF,,
rapid, decomposition/detonation is likely to occur. The 2HF was melted onto the
Xe'®"®OF, sample at —78 °C and was frequently mixed, over a 12-72 h period, by
suspending the entire sample in "2HF at this temperature and periodically monitored by

recording the Raman spectrum of Xe''*0F,/ Xe'¥"®0F, n'?HF under a frozen layer of
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"2HF. Once solvation was complete, the resulting very pale yellow powder was isolated

by removal of the "?HF solvent under dynamic vacuum at —78 °C.

2.3.4. Crystal Growth of F;,0XeN=CCHj;

Crystals of F;OXeN=CCHj3; were grown as described in Section 2.10.1 by slow
cooling of a CH3CN solution of XeOF,, previously saturated at ca. —35 °C, from —35 to —
45 °C over the course of 5 h in a Y%-in. 0.d. FEP reactor as described in the synthesis of
F,0XeN=CCHjs. When crystal growth was deemed complete, the reactor was maintained
at —45 °C and was disassembled at the Swagelok Ultra-Torr union and quickly replaced
with a Kel-F plug and 1/16-in. 0.d. Teflon tubing which had a slow stream of argon slowly
passing through it (see Section 2.3.1). A second length '/j-in. 0.d. Teflon tubing was
inserted through the outlet hole of the Kel-F cap while maintaining the argon flow.
Lowering the outlet tube into the solution expelled the yellow supernatant through it into
a second Y-in. o.d. FEP tube cooled to —78 °C. The union and valve assembly were
replaced and the crystals were dried under dynamic vacuum at —45 to —42 °C and stored
at —78 °C until a suitable crystal could be selected and mounted on the diffractometer. In
addition to having a propensity to twin, the crystalline adduct proved difficult to handle
because dry samples exploded at temperatures approaching 0 °C and had a tendency to
slowly loose CH3;CN under dynamic vacuum at —45 °C (see Syntheses and Properties of
XeOF,, F,0XeN=CCHj3, and XeOF,-nHF). Crystalline F;O0XeN=CCHj3 and its solutions
were handled under low lighting conditions throughout crystal growth, crystal mounting,

and data collection to minimize photodecomposition.
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2.4. Synthesis of XeO,
2.4.1. Aqueous Preparation of XeO,

Under a head of high-purity Ar, 0.400 mL of H,'°0 (H,'%0; H,"°0/ H,"*0; D,0)
was syringed into a Y4-in. FEP reactor, which was plugged with a Teflon cap, and cooled
to 0 °C in an ice/water bath. Once cooled, the cap was briefly removed and 40—50 mg of
crystalline XeF, was added to the reactor, a few crystals at a time. NOTE: When water
was added directly to solid XeF, or XeF, crystals were added too rapidly, heat
generated by the reaction could not be adequately dissipated, resulting in extensive
decomposition of XeO, to Xe and O, which ejected the remaining water and product from
the reactor. A bright, yellow-orange suspension immediately formed upon contact, but
upon mixing for ca. 20 s at 0 °C, the color of the suspension changed to yellow. The
yellow solid was found to be XeO, (see Section 4.2) while the yellow-orange product
was possibly a mixture of molecular XeO, and/or lower molecular weight polymorphs
resulting from incomplete polymerization. The reactor containing the yellow solid was
then placed in an ice/water bath in a centrifuge and centrifuged for 10 s at 7000 rpm at a
radial distance of 13 cm. The sample was removed and immediately quenched at —78 °C

and the Raman spectrum was recorded at —160 °C.

2.4.2. Synthesis of XeO; in Non-aqueous Media
A 46.6 mg (0.225 mmol) [56.0 mg (0.270 mmol)] sample of XeOF,?
([Cs][XeOF;])'*® was synthesized as previously described (using finely divided CsF for

[Cs][XeOFs]). A 115 puL (135 uL) aliquot of 2.00 M H,O in CH3CN was syringed into an
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FEP reactor as described above (see Section 2.3.1), freezing it onto the walls at —78 °C.
The solution was melted onto the solid at —42 °C and thoroughly mixed. In the case of
XeOF,, a yellow suspension resulted that, upon pumping at —42 °C under dynamic
vacuum, began to bump leaving droplets of the suspension on the vessel walls that
evaporated to thin films of pale-yellow solid. The latter subsequently detonated with the
emission of blue light. The sample was quenched at —78 °C and its stability under
CH;CN was confirmed by quenching at —196 °C and recording its Raman spectrum at
~150 °C. The spectrum confirmed that small amounts of XeO, were present along with
large amounts of F;OXeNCCH3 and CH3;CN. In the case of the [Cs][XeOFs] hydrolysis,
a yellow solid also formed that remained suspended in CH3CN; however, unlike the
XeOF, reaction, it was possible to remove CH3CN at —42 °C under dynamic vacuum.
The Raman spectrum of the dry solid, recorded at —150 °C, showed an appreciable
quantity of XeO,. The Raman band at 570 cm ' arising from XeO, is in agreement with

that recorded in aqueous media (Table 4.1).

2.5. Synthesis and Characterization of the XeOF; Anion
2.5.1. Syntheses of [M][Xe'*'®0OF;] (M = N(CHs)4, Cs)

In typical syntheses, a Y%-in. o.d. FEP reactor containing 0.306 mmol (N(CH3)s"
salt) or 0.166 mmol (Cs+ salt) of Xe'? BOF, was cooléd to —196 °C, and sufficient
CH;CN was condensed onto the walls of the reactor so that upon warming to —42 °C the
solvent thawed, contacting, without detonation, and dissolving Xe'®'®OF,. Alternatively,

CH;CN was syringed into the reactor in a manner identical to that used for the synthesis
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of XeOF, (see Section 2.3.1) Note: In the event that the amount of CH3CN added is
insufficient to dissolve XeOF, the former method requires refreezing the sample at —196
°C, which often leads to sample detonation. The latter method is far less likely to result in
detonation and is preferred because CH3CN is added at a higher temperature (—78 °C).
The solution was quickly frozen at —78 °C and introduced into a drybox through a cold
port, and 0.319 mmol of [N(CH3)4][F] (0.171 mmol of CsF) was added while maintaining
the reactor below —78 °C. The cold reactor was removed from the drybox and warmed to
—42 °C, and the contents were thoroughly mixed, whereupon a pale yellow solid
precipitated from solution. The solvent was removed under dynamic vacuum while
maintaining the sample between —45 and —42 °C. The completeness of solvent removal
was monitored by Raman spectroscopy and required several hours for the last traces of

CH;CN to be removed, resulting in pale yellow Cs' and N(CH3)4+‘salts.

2.5.2. Attempted Syntheses of [M'][XeOF;] (M' = NO, NO,)

Approximately 0.2 mL of ONF or O,NF was condensed into an evacuated sample
tube containing XeOF, (43.3 mg for the ONF reaction; 49.7 mg for the O,NF reaction)
and frozen onto the vessel walls at —196 °C. The ONF or O,NF was melted onto XeOF,
at —78 °C. In the case of ONF reaction, an immediate explosion ensued upon contact with
XeOF,. In the case of the O,NF reaction, the solid immediately changed from yellow to

white upon contact with liquid O;NF (see Section 5.2.3).
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2.5.3. Reactivities of [M][XeOF;] with SO, and XeOF,

In an effort to solubilize [N(CH3)4][XeOF3], ca. 0.2 mL of SO, was distilled into
an evacuated sample tube containing 72.1 mg of [N(CH;)4][XeOFs] by freezing the
condensate onto the walls of the reaction vessel at —196 °C. Upon warming the sample to
—78 °C, contact of SO, vapor with the [N(CH3)4][XeOF;] resulted in an immediate
explosion. In a second attempt, ca. 0.2 mL of XeOF,4 was frozen onto the upper walls of
an evacuated 4-mm o.d. FEP sample tube containing 11.9' mg (0.0353 mmol) of
[Cs][XeOF;] at —196 °C. The XeOF,; was melted onto [Cs][XeOFs] at ca. 20 °C, and
upon contact the solid rapidly turned from yellow to white. The XeOF4 was removed
under dynamic vacuum at ca. 20 °C, and a Raman spectrum of the white powder was

recorded, revealing it to be a mixture of XeFs, XeO,F,, and [Cs][F(XeOF4),,,].127

2.6. Syntheses of New Xe(IV) Cations
2.6.1. Preparation of [V?H'9"80XeF,][AsF]

In a typical synthesis, 25.4 mg (0.124 mmol) of Xe'""80F,'n'?HF was prepared
in situ according to the literature method'* and was suspended in approximately 0.3 mL
of anhydrous "HF in a Y-in. o.d. FEP T-reactor that was joined to a Kel-F valve by
means of compression fittings. The suspension was frozen at —196 °C and 0.140 mmol of
AsFs was condensed into the reactor. The reaction mixture was then warmed to —78 °C
and mixed and allowed to stand at —78 °C for 12 h to ensure complete reaction. The
solvent was then removed under dynamic vacuum at —78 °C, leaving behind a white

microcrystalline powder that was stable for at least four weeks when stored at —78 °C in
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the absence of moisture. It is important to ensure that XeOF, was fully solvolyzed to

XeOF,nHF prior to the addition of AsFs, otherwise extensive decomposition to

[XeF][AsFs] is observed.

2.6.2. Preparation of [?H'*'*0Xe(F),'*"*0XeF,][AsF]

The most efficient synthesis of the title compound was achieved by initially
suspending 33.1 mg (0.161 mmol) of Xe'¥'®0OF,»n"?HF, prepared in situ, in ca. 0.3 mL of
anhydrous "?HF in a Y-in. o0.d. FEP T-reactor that had been connected to a Kel-F valve
by means of compression fittings. The sample was introduced into the drybox without
allowing the sample to warm above —78 °C, whereupon the "?HF was frozen in a
cryowell (=120 °C), the sample was opened and 16.8 mg (0.0805 mmol) of
["”H5'""®0][AsFs] was added. The sample was resealed and removed cold from the
drybox. The sample was warmed to —78 °C and the reagents were thoroughly mixed and
allowed to react for 12 h. Within minutes, the yellow color of the sample began to
intensify and after the reaction was complete, the color had intensified to bright yellow.
Removal of the solvent under dynamic vacuum at —78 °C resulted in a yellow powder.
The attempted synthesis of the SbFs analogue using the same procedure resulted in
decomposition within several minutes to [Xe;OF3][SbFs] salt with no evidence for

HOXe(F),0XeF,".
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2.6.3. Preparation of [FXeWIsOXer] [PnF¢] (Pn = As, Sb)

A Va-in. o.d. FEP T-reactor was connected to a Kel-F valve and 46.3 mg (0.226
mmol) of Xe!¥"®OF,-nHF was prepared in situ in ca. 0.3 mL of aHF. The sample was
transferred cold into the drybox and was maintained at ca. —120 °C in a cryowell. To a
reactor, 86.0 mg (0.253 mmol) [93.4 mg (0.242 mmol) for the Sb salt] of [XeF][PnFg]
was added and the reactor was removed from the drybox cold. The reactor was warmed
to —78 °C and over the course of 5—10 min, the color of the undissolved solid began to
intensify to bright yellow. The reaction required approximately one week, with periodic
agitation, to reach go to completion and resulted in a bright yellow solid under HF. In
contrast, samples containing 80 required up to one month to go to completion. Removal

of the solvent under dynamic vacuum at —78 °C resulted in yellow powders.

2.6.4. Preparation of [FXe'*®*0Xe(F),'*"*0XeF,][AsFs]

The synthesis of [FXe'9*0Xe(F),'¥'®*0XeF,][AsFs] is analogous to that of
[FXe''®0XeF,][AsFs], however, in a typical synthesis 60.5 mg (0.295 mmol) of
Xe'9180F, nHF, was allowed to react with 26.5 mg (0.0782 mmol) of [XeF][AsF].
Unlike [FXe'*OXeF;][AsFs], [FXe'*OXe(F),'*0OXeF,][AsFs] required two weeks to go to
completion with periodic agitation, while '®0-enriched samples required at least one
month. In each case, removal of the solvent under dynamic vacuum at —78 °C resulted in
yellow powders. Attempts to synthesize the analogous SbFe salts using [XeF][SbFs]

proved unsuccessful, resulting in a mixture of [FXeOXeF,][SbFe] and XeOF,-xnHF.
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2.6.3. Crystal Growth of ([XeFs-HF][Sb;F11])2:[HsF4][SbF¢], [XeF3;-HF][Sb,F11] and

[XeF3][SbFg)

Crystals of ([XeFs3-HF][SboF11])2[HsFs][SbFe], [XeFs-HF][SboFi1], and
[XeF3][SbFs] were grown in Ys-in. o.d. FEP T-shaped reaction vessels. Approximately
0.15 mL (~17 mol %) of SbFs in HF was cooled to —78 °C and poured through a Y-in.
Teflon Swagelok union onto frozen HF (0.15 mL; —196 °C) containing 11.7 mg (0.0569
mmol) of XeOF,nHF. The sample was warmed to —78 °C and well mixed before
warming to —50 °C to dissolve the solid. The solution was cooled to —78 °C and over the
course of 24 h, colorless crystals formed. The reaction vessel was maintained at —78 °C,
while the supernatant was decanted into the side arm of the reaction vessel, which was
also maintained at —78 °C. The side arm containing the supernatant was then cooled to
—196 °C and heat-sealed under dynamic vacuum. The remaining crystals were dried
under dynamic vacuum at —78 °C and stored at —78 °C until a suitable crystal could be

selected and mounted on the X-ray diffractometer.

2.7.  Synthesis and Characterization of [BrOF,][AsF¢]-2KrF,
2.7.1. Preparation of [BrOF;][AsFg]

In a typical synthesis, 62.1 mg (0.126 mmol) of [BrOF,][AsF¢]-XeF, that had
been prepared in a Y4-in. 0.d. FEP reaction tube was pumped under dynamic vacuum for
12-18 h at 0 °C. The resulting white powder was shown to be [BrOF,][AsFs] by low-
temperature Raman spectroscopy128 and, in contrast with a previous report,'*® was stable

for at least 12 h at room temperature with no signs of decomposition.
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2.7.2. Preparation of [BrOF;][AsF¢]-2KrF,

Approximately 0.3 mL of aHF was condensed into an evacuated %-in. o.d. FEP
‘reaction tube containing 40.7 mg (0.126 mmol) of freshly prepared [BrOF,][AsFs] at
—196 °C. The frozen HF was melted onto the [BrOF,][AsF¢] sample at —78 °C and was
then refrozen at —196 °C. Krypton difluoride (45.0 mg, 0.369) was sublimed into the
reactor at —196 °C, followed by warming to —78 °C, whereupon KrF, immediately
reacted as evidenced by the increased volume of the white solid that had remained
undissolved at —78 °C. The reactants were well mixed, and the product was isolated after

2 h by removal of the HF solvent under dynamic vacuum at —78 °C.

2.7.3. Crystal Growth of [BrOF;][AsF¢]-2KrF,

Crystals of [BrOF;][AsF¢]-2KrF, were grown by the general crystal growth
procedure described in Section 2.10.1 and entailed slow cooling of an HF solution of
[BrOF;][AsF¢]-2KrF,, previously saturated at ca. —40 °C, from —51 to —55 °C over the
course of 5 h in a %-in. o.d. FEP reactor equipped with a side arm. When crystal growth
had ceased, the reactor was maintained at —55 °C, and the supernatant was decanted into
the side arm cooled to —78 °C. On;e the majority of the supernatant had been decanted,
the contents of the side arm were frozen at —196 °C, and the side arm was heat sealed off
under dynamic vacuum. The crystals were dried under dynamic vacuum at —60 °C and
stored at —78 °C until a suitable crystal could be selected and mounted at low temperature

on the diffractometer.

59



Ph.D. Thesis — David S. Brock

2.8. Syntheses of [BrOF;][AsF¢]-nXeF, (n = 1, 2) and [XOF,}[AsF¢] (X = Cl, Br)
2.8.1. Preparation of [BrOF;][AsF¢]-XeF,

In a typical synthesis, 70.5 mg (0.126 mmol) of [XeOTeFs][AsFs] was added,
inside a drybox, to a Y4-in. 0.d. FEP reactor that was fitted to a Kel-F valve by means of a
compression fitting. The solid was dissolved in ca. 0.3 mL of BrFs at —52 °C and warmed
to room temperature as previously described.® The solution was cooled to —52 °C, and
the solvent was immediately removed between —52 and —50 °C under dynamic vacuum,
leaving behind a white microcrystalline powder that contained adducted BrFs.
Completeness of solvent removal was monitored by Raman spectroscopy (see Table 8.1).
The solid was pumpeci under a dynamic vacuum for 12 h with frequent agitation while
maintaining the sample at —52 to —50 °C. This resulted in a fine white powder
corresponding to [BrOF;][AsFs]-XeF,, which was shown by Raman spectroscopy to be
free of coordinated BrFs. The compound was stable indefinitely when stored under

anhydrous conditions at —78 °C.

2.8.2. Preparation of [BrOF,][AsF¢]-2XeF,

In a typical synthesis, 45.6 mg (6.269 mmol) of XeF,; was added, inside a drybox,
to a Y-in. o.d. FEP reactor containing 0.130 g (0.265 mmol) of [BrOF,][AsFe]-XeF,. The
solids were dissolved in ca. 0.3 mL of aHF at —20 °C. Upon cooling the solution to —78
°C,a white microcrystalline powder, corresponding to [BrOF,][AsF]-2XeF,, precipitated

from solution and was isolated by removal of the HF under a dynamic vacuum at —78 °C.
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2.8.3. Preparation of [BrOF,][AsF]

Crystals of [BrOF;][AsFs] were isolated from a solution of [BrOF;][AsFs]-XeF,
in BrFs solvent (see Section 2.8.5). In a typical synthesis, a 60.1 mg sample of
[BrOF;][AsFs]-XeF, was pumped under dynamic vacuum for 20 h while maintaining the
sample at 0 °C. This resulted in a fine, white powder corresponding to [BrOF;][AsF],
which was shown to be free of coordinated XeF, by Raman spectroscopy. The compound

was stable indefinitely when stored at —78 °C.

2.8.4. Crystal Growth of [BrOF;][AsF¢]-2XeF,

Crystals of [BrOF,][AsFs]-2XeF, were grown by the general crystal growth
procedure described in Section 2.10.1 using a Y-in. o.d. FEP T-shaped reaction vessel. A
124 mg (0.252 mmol) sample of [BrOF,][AsFe]-XeF, was dissolved at ca. —18 °C in ca.
0.3 mL of HF. The solution was cooled from —28 to —32 °C over the course of 12 h,
yielding crystals of [BrOF;][AsF¢]-2XeF,. When crystal growth was deemed complete,
the reaction vessel was adjusted to and maintained at —35 °C, while the supernatant was
decanted into the side arm of the reaction vessel, which was maintained at —78 °C. The
side arm containing the supernatant was then cooled to —196 °C and heat-sealed under
dynamic vacuum. The remaining crystals were dried under dynamic vacuum at —35 °C
and stored at —78 °C until a suitable crystal could be selected and mounted on the X-ray

diffractometer.
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2.8.5. Crystal Growth of [BrOF;][AsF]

The attempted growth of [BrOFg][AsF6]~XeF2 crystals by the general crystal
growth procedure described in Section 2.10.1 yielded crystalline [BrOF;][AsFs] instead. A
solution (0.1 mL) of BrFs containing 67.0 mg (0.136 mmol) [BrOF;][AsFe]- XeF, was
slowly pumped under a dynamic vacuum at —60 °C. Small, clear, needle-shaped crystals
of [BrOF,][AsFs] grew over a period of 2 h and were isolated by rapidly pumping the
remaining solvent off under a dynamic vacuum at —35 °C. The crystals were stored at

—78 °C until a suitable crystal could be selected and mounted on the X-ray diffractometer.

2.8.6. Crystal Growth of [C10F;][AsF]

Attempts to grow crystals of a XeF, adduct with [CIOF,][AsF¢] by the general
crystal growth procedure described in Section 2.10.1 resulted in the growth of
[CIOF;][AsFs] and [Xe,F3][AsFg] crystals instead. A Y4-in. 0.d. FEP T-shaped reaction
vessel containing 0.3 mL of HF, 33.2 mg (0.115 mmol) of [CIOF,][AsF¢], and 19.5 mg
(0.122 mmol) of XeF, was warmed to ca. 25 °C in order to dissolve the solids. Slow
cooling of the solution from —59 and —62 °C resulted in the formation of block-shaped
crystals over the course of 4 h, which were found to be [Xe,F3][AsFs] (trigonal phase,”
vide infra). When crystal growth was deemed complete, most of the supernatant (—62 °C)
was decanted into the side arm of the reaction vessel (=78 °C), and the side arm was
frozen at —196 °C and sealed off under dynamic vacuum. When the residual solvent
surrounding the [Xe,F3] [AsFg] crystals was removed under dynamic vacuum at —65 °C,

numerous thin, brittle, plate-shaped crystals corresponding to [CIOF,][AsF¢] (vide infra)
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instantly grew in admixture with crystalline [Xe;F3][AsFs]. The crystals were stored at
—78 °C until suitable crystals could be selected and mounted on the diffractometer. The
block-shaped crystals had a wunit cell consistent with the trigonal phase of

[Xe,F3][AsFe],” whereas the thin plates were shown to be [CIOF,][AsF].

2.9. Synthesis of Xe(II) Derivatives
2.9.1. Preparation of FXeONO; and FXe“ON(mOlsO)

In a typical synthesis, ca. 100 mg of [XesOF3][AsFs] ([Xes 3OF3][AsFs]) was
synthesized (vide supra) in a Y4-in. o.d. FEP reaction vessel outfitted with a Kel-F valve.
The reaction vessel also had a section of 4-in. 0.d. FEP tubing fused to it, forming a side
arm that was bent to form an h-shaped reactor. The h-shaped reactor and a Y4-in. 0.d. FEP
transfer vessel fitted with a Kel-F valve were connected by means of 45° SAE
compression fittings to a three-way FEP connector. A nickel vessel outfitted with a 316
stainless steel valve and containing NO,F was connected to the remaining port of the
three-way connector by means of a Y-in. stainless steel Swagelok Ultratorr union fitted
with Viton O-rings. All connections and the FEP reaction vessels were passivated with F;
for several hours prior to use. The nickel NO,F sample vessel was cooled to —78 °C, and
a portion of NO,F was condensed into a second Y-in. o.d. FEP vessel at —196 °C,
followed by warming to —78 °C to control the amount of NO,F added to [Xe3OF;][AsF].
The NO,F in the auxiliary vessel (=78 °C) was then condensed onto [Xe;OF;][AsFs] at
—196 °C, followed by warming the reaction mixture to —50 °C, where, after 5 h, the solid

slowly changed from a magenta or red-orange color to a white suspension in excess
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liquid NO,F. Excess NO,F was removed under vacuum at —110 °C to yield a white,
microcrystalline, solid mixture of FXeONO,, XeF,, and [NO;}[AsFs]. Sulfuryl chloride
fluoride (ca. 0.75 mL) was then condensed onto the mixture at —196 °C. The solution was
warmed to —30 °C and agitated for several seconds to effect dissolution of FXeONO, and
XeF,. The solid was allowed to settle (ca. 1 min), and the supernatant was then decanted
into the side arm of the reaction vessel at —78 °C. After the solid had settled to the bottom
of the side arm, the supernatant was decanted into the main tube of the reactor, and the
process was repeated. Longer extraction times (ca. 5—10 min) and/or more agitation in
attempts to improve product yield resulted in partial [NO;][AsFs] extraction, thereby
contaminating the final product. The main portion of the reactor, containing [NO,][AsF],
was removed by heat-sealing it off under dynamic vacuum, and the FXeONO,/XeF,
mixture was dried under dynamic vacuum at ~78 °C and stored at that temperature until

studied by Raman spectroscopy.

2.9.2. Preparation of O(XeF),

A sample of ca. 100 mg of [Xe30F;][AsF¢] in a Y-in o.d. FEP tube fitted with a
Kel-F valve was connected to a metal vacuum line through an h-shaped FEP connection
that was in turn connected to an empty %-in o.d. FEP tube fitted with a Kel-F valve.
Nitrosyl fluoride was condensed into the empty tube at —196 °C. The solid NOF was
white in color, confirming the high purity of the compound. A small amount of NOF was
then condensed into the top of the reaction vessel at —196 °C. The solid NOF was

warmed to —78 °C whereupon it melted, contacting and reacting with [Xe3OF3][AsFs] to
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form a bright yellow solid over the red-orange solid precipitate. The sample was titrated
with NOF at —78 °C until no red color persisted, resulting in a faint aqua-coloured solid-
liquid mixture. Excess NOF was then removed under dynamic vacuum at —78 °C,
yielding a pale yellow solid.

The "®0-enriched samples of O(XeF), were prepared from [Xes;'*OF3][AsFs] in a

manner similar to that used for the preparation of **O(XeF),.

2.9.3. Attempted Crystal Growth of O(XeF),

Numerous attempts were made to grow crystals of O(XeF), from CH3;CN solution
at low temperature. However, complete dissolution could only be achieved at
temperatures ranging from —15 to —25 °C. Prolonged times at this temperature (ca. 2-3
hours) failed to crystallize any material, and further cooling failed to produce any solid
- material, indicative vof decomposition which is commensurate with the solid-state
decomposition temperature. When the solution was quickly cooled to temperatures at or
below —30 °C, crystals immediately formed, but detonated after drying at —42 °C,
emitting blue light. Attempts to mount crystals grown quickly at —35 °C and slightly wet
with CH3;CN gave a diffraction pattern, but no unit cell could be determined, and was

likely because the fast crystal growth yielded multiple crystals rather than single crystals.
2.10. X-ray Crystallography

2.10.1. Crystal Growth

Unless otherwise noted, crystals for structure determination by single crystal X-
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ray diffraction were grown in the low-temperature crystal growing apparatus depicted in
Figure 2.7. The following procedure summarizes the general approach used to grow
crystals from solutions using the temperature gradient method.

Solvem (ca. 1 mL) was condensed onto the compound (ca. 0.3 mmol) at —196 °C
that had been synthesized in situ in one arm of a Y4-in 0.d. FEP T-shaped reactor fitted with
a Kel-F valve. The reactor was warmed so as to just effect dissolution, and while maintained
at that temperature, the reactor was attached to a vacuum line and pressurized to ca. 1 atm
with dry nitrogen. The arm containing the solution was inclined at ca. 5° from the horizontal
inside the glass dewar of a crystal growing apparatus® that had been previously adjusted to
the same temperature. The temperature was then lowered over a period of time, usually
several hours, whereupon crystals began to grow on the walls of the FEP vessel. The reactor
was then held for a further period of time to allow for more complete crystallization.
Crystals were isolated by decanting the solvent under dry nitrogen into the side arm of the
FEP vessel which was immersed in liquid nitrogen, followed by evacuation and vacuum
drying of the crystalline product under dynamic vacuum at —80 °C before the side-arm
containing the supernatant was heat-sealed off. A crystal having dimensions less than 0.35
x 0.35 x 0.35 mm® was selected at —104 +2 °C for low-temperature X-ray structure
determination and was mounted in a cold stream (~173 °C) on a goniometer head as

described in the next section.'*°
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Figure 2.7.

| —
5cm

Low-temperature crystal growing apparatus. (A) Glass-jacketed dewar. (B) Nitrogen cold flow. (C)
Thermocouple lead. (D) T-shaped FEP reaction vessel with side arm. (E) Sample region. (F) Kel-F valve. (G)
FEP U-trap. (H) Vacuum manifold. (I) Greaseless J-Young valve with PTFE barrel. (J) /4" PTFE Swagelok or
Va-1n. stainless steel Swagelok Ultra-Torr connector. From ref 108.
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2.10.2. Low-Temperature Crystal Mounting

Because most of the samples investigated in this work were thermally unstable
and/or moisture sensitive, all of the samples investigated were mounted at low
temperature using the apparatus depicted in Figures 2.8 and 2.9. The reaction vessels
containing the samples were first cut open below the Kel-F valve under a flow of dry
argon gas, using an inverted glass funnel, while maintaining the sample at —78 °C. The
sample was then quickly dumped into to the aluminum trough of the crystal mounting
apparatus under a stream of dry argon, precooled (—104 2 °C) by the regulated passage
of dry nitrogen gas flow through a 5-L dewar filled with liquid N, (Figure 2.8). The
temperature inside the trough was measured using a copper-constantan thermocouple
positioned in the sample region of the trough. Using an additional glass sleeve, which
was fitted into a concentric position around the silvered cold-flow dewar, an ambient
nitrogen gas flow was slowly passed through the sleeve in order to maintain a laminar
flow, thereby reducing atmospheric moisture build up in the trough. Crystals were then
selected using a stereo-zoom microscope and mounted on a glass fibre (0.05 to 0.1-mm
0.d.) using perfluorinated polyether oil (Ausimont Inc., Fomblin Z15 or Z25) which
served as an adhesive upon freezing at low temperature. The glass fibre was previously
mounted with epoxy cement to a copper pin fitted to a magnetic base and affixed to the
end of a magnetic wand (Hampton Research). The magnetic wand could be fastened to an
adjustable support stage such that samples could be inspected under the stereo-zoom
microscope once affixed to the glass fibre. The mounted crystal and magnetic pin were

quickly (ca. 5 s) transferred from the crystal mounting apparatus to the magnetic mount
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A

Figure 2.8. Low-temperature crystal mounting apparatus. (A) Nitrogen inlet. (B) Glass
sleeve for ambient nitrogen flow. (C) Liquid N, dewar. (D) Adjustable
support stage. (E) Silvered dewar (glass). (F) Aluminum trough. (G) Stereo-
zoom microscope. From ref 108.
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Figure 2.9. (a) Enlarged view of the crystal mounting apparatus; (A) Ambient nitrogen gas flow inlet. (B) Glass sleeve for
ambient nitrogen gas flow. (C) Adjustable support stage. (D) Aluminum trough. (E) Silvered glass jacketed
dewar. (F) Magnetic-tipped wand affixed to (G) the magnetic-based copper pin-fibre assembly. (H) Glass fibre.
() Stereo-zoom microscope. (b) A set of cryotongs employed in the transfer of the copper pin-fibre assembly
with adhered crystal from the support stage to the goniometer head. From ref 108.
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of the goniometer by means of cryotongs (Hampton Research) which were precooled in
liquid N; prior to use. The crystals were maintained at low temperature on the goniometer
head by a cold N, gas flow provided by a Oxford Cryosystems low-temperature

cryostream accessory.

2.10.3. Data Collections

The crystallographic data acquired during the course of this Thesis were collected
using two different diffractometers, which are each described in detail in the subsequent
sections. Both instruments were equipped with a Oxford Cryosystems low-temperature
cryostream accessory that provided a stream of cold, gaseous N, for low-temperature data
collection. Both molybdenum instruments were controlled by a Cryostream Controller

700 (Oxford Cryosystems).

2.10.3.1. Siemens P4 diffractometer.

The Siemens diffractometer was equipped with a Siemens 1K CCD area detector
controlled by SMART"! and a rotating anode (molybdenum) emitting Ka radiation
monochromated (A = 0.71073 A) by a graphite crystal. Diffraction data collection (173
°C) consisted of a full ¢-rotation at 3 = 0° using 0.3° (1040 + 30) frames, followed by a
series of short (80 frames) o scans at various ¢ and y settings to fill the gaps. The crystal-
to-detector distance was 4.994 cm, and the data collection was carried out in a 512 x 512

pixel mode using 2 x 2 pixel binning. Processing of the raw data was completed using
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SAINT+,"*? which applied Lorentz and polarization corrections to three-dimensionally

integrated diffraction spots.

2.10.3.2. Bruker SMART APEX II diffractometer.

The Bruker SMART APEX II diffractometer was equipped with an APEX 1I 4K
CCD area detector and a 3-axis goniometer, controlled by the APEX2 Graphical Use
Interface (GUI) software,'®® and a sealed tube X-ray source (Mo target) emitting Ko
radiation monochromated (A = 0.71073 A) by a graphite crystal. Diffraction data
collection was typically done at —173 °C and consisted of a full ¢-rotation at a fixed y =
54.74° with 0.36° (1010) frames, followed by a series of short (250 frames) ® scans at
various @ settings to fill the gaps. The crystal-to-detector distance was 4.959—4.989 cm,
and the data collection was carried out in a 512 x 512 pixel mode using 2 x 2 pixel
binning. Processing of the raw data was completed using the APEX2 GUI software,"’
which applied Lorentz and polarization corrections to three-dimensionally integrated

diffraction spots.

2.10.4. Solution and Refinement of Structures

The program SADABS'* was used for the scaling of diffraction data, the
application of a decay correction, and an empirical absorption correction based on the
intensity ratios of redundant reflections. The XPREP program was used to confirm the
unit cell dimensions and the crystal lattices. The final refinements were obtained by

introducing anisotropic parameters for all the atoms except hydrogen, an extinction
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parameter, and the recommended weight factor. The maximum electron densities in the
final difference Fourier maps were located around the heavy atoms. All calculations were
performed using the SHELXTL package for the structure determination, refinement, and
molecular graphics.**"** Structure solutions were obtained by direct methods which
located the As, Br, Kr, Sb and/or Xe atoms. Successive difference qurier syntheses
revealed the positions of the carbon, nitrogen, oxygen, and fluorine atoms. The
PLATON'* program could not suggest additional or alternative symmetries. For
F,0XeN=CCH3s, the positions of the hydrogen atoms were calculated and a relatively
satisfactory model could be obtained, however, the refinement as a single-crystal
remained at an overall agreement factor of about 32%, with unsatisfactory behaviour for
some parameters. With the introduction of the twin matrix (10101 0001) characteristic
of a pseudomerohedral twin, the refinement converged. The volume fractions of the twin
individuals are # = 0.87 and #; = 0.13. A positional disorder arises for the BrOF, " cation
in [BrOF,][AsFs] in which the oxygen and fluorine atoms could not be distingnished

from one another.

2.11. Raman Spectroscopy

All Raman spectra were recorded on a Bruker RFS 100 Fourier transform Raman
spectrometer employing a quartz beam splitter and a liquid-nitrogen cooled Ge diode
detector. The 1064-nm line of a Nd-YAG laser was used for excitation with a laser spot
of <0.1 mm at the sample and configured such that only the 180°-backscattered radiation

was detected. The scanner velocity was 5 kHz and the wavelength range was 5894 to
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10394 cm™" relative to the laser line at 9394 cm™, resulting in a spectral range of 3501 to
999 cm™. Fourier transformations were processed using a Blackman Harris 4-term
apodization and a zero-filling factor of 2. Typical acquisitions used 1.0 cm™ resolution,
300-350 mW power, and involved 600 scans for strongly scattering samples and 1200—
1600 scans for weakly scattering samples. Low-temperature spectra were acquired using
a Bruker 10121 low-temperature accessory which provided temperatures ranging from

—150 to —160 °C for routine samples, with an estimated error of =1 °C.

2.12. Nuclear Magnetic Resonance Spectroscopy

High-field nuclear magnetic resonance spectra were recorded unlocked (field drift
< 0.1 Hz h™") on a Bruker DRX-500 (11.744 T) spectrometer using XWINNMR. The
spectrometer was equipped with a Bruker 5-mm combination 'H/*F probe, or a Bruker 5-
mm broad band inverse probe. Low-temperature spectra were acquired using a cold
nitrogen gas flow and a variable temperature controller (BV-T 3000). The "°F and PXe
spectra were referenced externally at 30 °C using neat samples of CFCl3 and XeOF,,
respectively. The chemical shift convention used is that a positive (negative) sign
indicates a chemical shift to high (low) frequency of the reference compound. A
summary of typical spectroscopic parameters used for the spectra acquired for this Thesis
are provided in Table 2.1. Spectra in the present study often used Gaussian multiplication

to enhance spectral resolution.
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Table 2.1.  Summary of Parameters Typically Used for NMR Data Acquisition
Acquisition P PXe
Parameter”

B,=11.744T

SF (MHz) 470.593 | 139.051
TD (K) 32 16
SW (kHz) 25 20
Haz/pt 0.76 2.44
PW (us) 1.00 18.0
RD (s) 0 0.1
NS 200 1,000

* The abbreviations denote: B,, applied magnetic field; SF, spectral frequency; TD, time
domain; SW, sweep width; PW, pulse width; RD, relaxation delay; NS, number of scans

2.13. Quantum-Chemical Calculations

3137 9138

All calculations were performed using the Gaussian 0 or Gaussian 0
software packages. Geometries were fully optimized using density functional theory
(SVWN, SVWNS5, BP86, B3LYP, B3PW91, MPWI1PW91, and/or PBE1PBE) and
Mgller-Plesset (MP2) methods using (SDB-)cc-pVTZ, aug-cc-pVDZ(-PP), and/or aug-
cc-pVTZ(-PP) basis sets. The standard all-electron cc-pVTZ, aug-cc-pVDZ, or aug-cc-
pVTZ basis sets, as implemented in the Gaussian program, were utilized for all elements
except Kr, Br, Xe and As, for which the semirelativistic large core (RLC) pseudopotential
basis set SDB-cc-pVTZ (with cc-pVTZ), aug-cc-pVDZ-PP (with aug-cc-pVDZ), or aug-

cc-pVTZ-PP (with aug-cc-pVTZ) were used.”® The combined uses described are

indicated by (SDB-)cc-pVTZ, aug-cc-pVDZ(-PP), and aug-cc-pVTZ(-PP), respectively.
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Basis sets were obtained online from the EMSL Basis Set Exchange
(https://bse.pnl.gov/bse/portal).’**'*"!  Fundamental vibrational frequencies were
calculated along with Raman intensities, aﬁd Natural Bond Orbital (NBO) analyeses were
obtained for the optimized local minima. The program GaussView'* was used to
visualize the vibrational displacements that form the basis of the vibrational mode

descriptions presented.
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CHAPTER 3

XeOF,, F;0XeN=CCHj;, and XeOF,:-nHF;
Rare Examples of Xe(IV) Oxide Fluorides

3.1. Introduction

Among the principal formal oxidation states of xenon, +2, +4, +6, and +8, the +4
oxidation state has been little studied and is presently limited to XeFs,” XeF,, >
Xe(OTeF 5)4,38’58’60 Xe(OTeFs)axFx (x = 0~3),38 several XeF;' salts,48’5 152 and
[CeFsXeF,][BF4],*? and to preliminary reports of F3XeOI04,* F,Xe(OTeFs) (x = 0—
2),5! XeOF,,° %" and XeOF; .%” The modest and slow progress that has been made in the
syntheses and structural investigations of xenon(IV) oxide fluoride species contrasts with
that of xenon(VI)*'* and stems from the explosive nature of the synthetic precursor,
XeOF,, and the need to find a reliable, high-yield synthesis for XeOFé.

Although vibrational spectroscopic evidence for XeOF, has been communicated
on three prior occasions, none of these studies resulted in the unambiguous
characterization or the isolation of pure XeOF,. In two studies, XeOF, was reported as
the product of the co-condensation of H,O and XeF4 vapors at low temperatures. Co-
deposited thin films were characterized by infrared spectroscopy,”® yielding infrared
spectra that were in good agreement with each other. In one of these studies, samples
were also prepared by a bulk co-condensation procedure and characterized by Raman
spectroscopy.®® Both the bulk co-condensation product® and the infrared spectra obtained

65,66

from thin films are shown by the present work to be mixtures of XeOF, and
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XeOF,'nHF. One of the components in the latter studies, XeOF, -nHF, was subsequently
synthesized as the sole product by the hydrolysis of finely divided XeF4 in HF but was
erroneously attributed to XeOF 5.5

The inconsistencies related to the vibrational spectra of the reaction products of
XeF4 and HyO in the prior published work, the lack of corroborating structural evidence
for the products obtained in these early studies, and the absence of a facile synthesis of
synthetically useful amounts of pure XeOF, motivated the present study, which describes
reproducible high-yield and high-purity routes to XeOF, F,OXeN=CCHj;, and
XeOF,'nHF and their structure determinations, offering the potential to extend the range

of oxo-derivatives of xenon(IV).

3.2. Results and Discussion
3.2.1. Syntheses and Properties of XeOF,;, F,0XeN=CCHj;, and XeOF, rnHF.
Reaction progress and the purities of all products were routinely monitored by recording
the low-temperature Raman spectra (—150 °C) of the solids which were isolated as their
natural abundance, '®O-enriched (98.6 atom %), and “H-enriched (99.5 atom %)
isotopomers.

Xenon oxide difluoride was initially obtained as the CH3;CN adduct by low-
temperature hydrolysis of XeF4 in CH3CN solution containing 2.00 M H,O according to

eq 3.1. Water was added in ca. 3—5% stoichiometric excess to avoid unreacted XeF4

CH,CN
XeF; + H,O + CH;CN m F,0XeN=CCH; + 2HF (31)
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contaminant in the product. A 2-fold stoichiometric excess of H,O yielded only XeOF,
and did not result in the formation of other xenon-containing products such as
OXe(OH)F, OXe(OH),, or XeO,. Although HF resulting from the hydrolysis of XeF4
forms an adduct with CH3CN (see 3.2.4, Raman Spectroscopy), it could be removed
under dynamic vacuum along with the solvent at 45 to —42 °C. The F,O0XeN=CCH3
adduct crystallized as pale yellow blades at —35 to —45 °C which were isolated by
removal of the bulk solvent under dynamic vacuum at —45 to —42 °C while periodically
monitoring its removal by low-temperature Raman spectroscopy.

Further pumping on polycrystalline F,0XeN=CCHj3 for several hours at —45 to —
42 °C, resulted in slow removal of adducted CH3CN (eq 3.2), with the time depending on
the sample size, leaving behind XeOF, as a bright yellow amorphous powder. Neither
F,0XeN=CCHj3 nor XeOF, were soluble in SQZC]F up to —78 °C and were recovered

unchanged upon removal of SO,CIF under vacuum at —78 °C.

dynamic vac.
—_

F,0XeN=CCH; S5

XeOF, + CH;CN (3.2)
Addition of anhydrous HF to XeOF; at —78 °C resulted in a very pale yellow and
insoluble powder having a new Raman spectrum in which several bands were sensitive to
"H isotopic substitution (see 3.2.4, Raman Spectroscopy). The results indicated that
XeOF, nHF was formed according to eq 3.3. When XeOF,'#nHF was pumped under
dynamic vacuum at —78 °C, with frequent agitation, bound HF was slowly removed over
XeOF, + nHF 1211@_%5 XeOF, nHF (3.3)

a period of several hours, regenerating unsolvated XeOF,.
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All three compounds, F,O0XeN=CCHj3, XeOF;, and XeOF, nHF, are kinetically
stable at —78 °C for indefinite periods of time, but decompose rapidly to explosively with
emission of blue light upon warming to 0 °C. The major gas-phase decomposition
pathway is O, elimination according to eq 3.4 while the minor pathway is
disproportionation to Xe(Il) and Xe(VI) according to eq 3.5. Both decomposition

pathways have been observed in CH3CN solutions of XeOF; and inferred from the

XeOF, ® XeFye + P Oz(g) (34

AH o =-2458kImol”'  AG°yn=-2593kJmol’  MP2/(SDB-)cc-pVTZ

2XeOF; g XeF g + XeO2F g 3.5
AHC =—98.8 kJ mol™ AG®xn =—86.9 kJ mol™ MP2/(SDB-)cc-pVTZ
formation of small, but unequal, molar amounts of XeF, and XeO,F; (see 3.2.2, NMR

Spectroscopy).

3.2.2. Xe, F, and O NMR Spectroscopy. In contrast with HF, XeOF, has
appreciable solubility in CH;CN, allowing the low temperature (—42 °C) °F, 0, and
12X e NMR spectra to be recorded.

The F NMR spectrum of a solution of XeOF, prepared by the hydrolysis of
XeF, in CH3CN consisted of a singlet (—48.8 ppm) with accompanying '*Xe (I = %,
26.44%) satellites corresponding to 'J(**F-'*Xe) = 3446 Hz (Figure 3.1a). In addition, a
weak singlet (-179.2 ppm) corresponding to XeF, (~2% or less) with accompanying
PXe (I = ‘5, 26.44%) satellites ('J('*Xe-""F) = 5641 Hz), a second weaker singlet

(83.2 ppm) corresponding to XeO,F, (~1% or less) with accompanying '*Xe satellites
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Figure 3.1.  The "°F NMR spectrum (470.599 MHz) of (a) Xe'®OF, and (b) Xe'*'*OF,,
and (c) the 'Xe NMR spectrum (138.339 MHz) of Xe'®OF,. Spectra
were recorded in CH3CN at —45 °C.
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(J(¥Xe-"F) = 1320 Hz), aﬁd an intense singlet corresponding to HF (8(°F), —179.8
ppm,'** Avy, = 83 Hz) were observed. The '®Xe NMR spectrum of XeOF, in CH;CN
consisted of a triplet (5('**Xe), 242.3 ppm) arising from 'J("**Xe-'°F) = 3447 Hz (Figure
3.1c). Weak XeF, [8(**Xe), —1779.0 ppm, 'J(P’F-'®Xe) = 5648 Hz] and XeO,F,
[6('*®Xe), 227.4 ppm, "J(PF-'*Xe) = 1324 Hz] resonances were also visible as triplets in
the 'Xe NMR spectrum. In several preparations, small amounts (ca. 0.01 %) of
unreacted XeF4 [8("°F), —20.5 ppm; 8(**Xe), 336.7 ppm; 'J('?Xe-""F) = 3911 Hz] were
also observed. The increased shielding (lower frequency) of the '“Xe resonance of
XeOF, relative to that of XeF, is opposite to the decreased shielding (high-frequency
shift) that occurs upon increasing oxygen substitution observed for Xe(VI): XeFs, XeOF,,
XeO,F,, XeOs and for Xe(VII): XeOsF,, XeO,.” The trend reversal may arise because
one or more CH3CN molecules are nitrogen coordinated to the Lewis acidic xenon center
of XeOF; (see 3.2.3, X-ray Crystal Structure of F,O0XeN=CCHs), contributing added
shiélding to '®Xe and "°F. Upon donation of nitrogen electron lone pair electron density
into the xenon valence shell, the '*Xe nuclear shielding is enhanced and the effective
electronegativity of Xe(IV) is decreased, resulting in increased "°F shielding relative to
that of XeF,. Failure to observe separate resonances for bound and free CH3CN in the
low-temperature 'H and "N NMR spectra of XeOF; solutions in CH3CN indicates that
the Xe-N donor-acceptor interaction(s) is (are) labile under these conditions.

A solution of XeOF, in CH3CN was also prepared by the reaction of XeF, with
0-enriched water (35.4%, '°0; 21.9%, '70; 42.77%, ®0) dissolved in CHsCN at 45

°C. The central line and the '*Xe satellites of the '°F resonance [5(*°F), —48.6 ppm;
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J(PXe-""F) = 3448 Hz] were split as a result of the secondary isotope shift
PAYF(*'%0) = —0.0136 ppm] between Xe'®OF, and Xe'®OF, (Figure 3.1b). The
observation of the isotope shift confirms the assignment of the singlet and its satellites to
XeOF, and represents the only two-bond isotope shift that has been observed for a xenon
compound. The 7O NMR spectrum showed an intense broad resonance at 8('’0) = 209
ppm (Avy, = 1300 Hz), assigned to XeOF,, but was too broad, owing to quadrupolar
relaxation, to show %J(**F-"0) coupling or '®Xe satellites arising from 'J(**Xe-'"0)
coupling. These couplings also were not visible in the '*Xe [5 = 240.1 ppm; 'J(***Xe—
'F) = 3448 Hz] and the '°F NMR spectra because quadrupolar relaxation by the '’O, and
its attendant broadening, made it impossible to distinguish the equi-intense components
of the anticipated sextets (I = °/2) from the spectral baselines. A weak, broad resonance at
8('’0) = 3.4 ppm, which likely arises from excess HsO", and a weak, but very sharp
resonance at 5(''O) = 77.7 ppm (Avy, = 10 Hz) were also observed in the "0 NMR
spectrum. The latter resonance likely results from the decomposition of XeOF; in CH;CN
at —45 °C. Although XeOF, was shown to decompose according to eq 3.6 in CH;CN

solvent, it may also act as a source of atomic oxygen (eq 3.7) which is expected to react

XeOF, —2 = XeF; + %0, (3.6)
XeOF, —g2at= XeF; + [O] (3.7)
CH;C=N +[0] —Siat= CH3C=N"-O" (3.8)

with CH3CN to give acetonitrile N-oxide according to eq 3.8. The reaction of CH;CN

with atomic oxygen, OCP), generated by laser flash photolysis of pyridine N-oxide in
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CH3CN solvent, has been previously documented.'*>!*® The narrow "0 line width is

consistent with the axial symmetry of CH;C=N"—0".

3.2.3. X-ray Crystal Structure of F2OXeN=CCH;. A summary of the refinement
results and other crystallographic information are given in Table 3.1. Important bond
lengths, bond angles, and contacts are listed in Table 3.2.

The structure of F,0XeN=CCHj consists of XeOF, molecules and CH;CN ligands that
interact by means of short Xe:-N contacts (Figures 3.2 and 3.3). Two crystallographically
independent adduct conformations define the asymmetric unit in which four molecules of
each conformer comprise the contents of the unit cell. The Xe-N—C angles are bent in
both conformers with the CH3;CN ligand lying in the XeOF, plane for one conformer and
out of the XeOF; plane for the other conformer.

The primary coordination of the XeOF, moiety is a planar, T-shaped arrangement
of two valence electron lone pairs and an oxygen double bond domain in the equatorial
plane and two mutually frans-fluorine atoms perpendicular to that plane. The nitrogen
electron pair donor atom of CH;CN is coordinated trans to the oxygen atom and is
coplanar with the XeOF, moiety in both conformers so that the geometry of the F,0XeN
moiety is consistent with an AX,YZE, VSEPR*' arrangement of three single bond
domains (X and Z), one double bond domain (Y), and two electron lone pair domains (E),

placing the valence electron lone pairs trans to one another.

84



Ph.D. Thesis — David S. Brock

Table 3.1. Summary of Crystal Data and Refinement Results for F,0XeN=CCHj3

space group P2,/c (No. 14)
a(A) 8.7819(4)
b(A) 13.9862(6)
c(A) 11.0182(6)
P(deg.) 128.476(2)
V(A% 1059.47(1)
Z (molecules/unit cell) 8

mol. wt. (g mol™) 1810.83
Peae (g cm™) 2.838
T(°C) -173

4 (mm) 6.43

r(A) 0.71073

R, 0.0299
WR, 0.0675

Ry is defined as = 2 || F, | — | F.||/Z | Fo | for 1> 26 (1); wR; is defined as
[S[wW(FD: —(FAVEw(F,2 for I> 26 ().
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Table 3.2. Experimental and Calculated (C;) Geometrical Parameters for F;,0XeN=CCHj;

exptl ¢ SVWN® MP2°
Bond Lengths (&)
bent in-plane structure® bent out-of-plane structure®
Xe(1y-0(1) 1.778(4) Xe(2)-0(2) 1.782(4) Xe(1)-0(1) 1.813 1.774
Xe(1)-F(1) 1.958(3) Xe(2)-F(3) 1.975(3) Xe(1)-F(1) 2.013 1.993
Xe(1)-F(2) 1.952(3)  Xe(2)-F(4) 1.981(3) Xe(1)-F(2) 2,013 1.993
Xe(1)—N(1) 2308(5)  Xe(2)—N(2) 2.752(5) Xe(1)-—-N(1) 2.702 2.883
N(1)-C(10) 1.142(7) N(2)-C(20) 1.127(7) N(D-C1) 1.152 1.167
C(10)-C(11) L448(8)  C(20)-C(21) 1.453(8) C(1)-C2) 1.428 1.455
C(2)-H 1.099 1.087
Bond Angles (deg)
F(1)-Xe(1)-F(2) 174.2(2) F(3)-Xe(2)-F(4) 171.91) F(1)-Xe(1)-F(2) 167.6 168.9
F(1)-Xe(1)>-0(1) 92.4(2) F(3)-Xe(2)-0(2) 94.1(2) F(1)-Xe(1)}-0(1) 96.2 95.6
F(2)-Xe(1)-O(1) 93.4(2) F(4)-Xe(2)-0(2) 94.0(2) F(2)-Xe(1)-0(1) 96.2 95.6
F(1)-Xe(1)—N(1) 90.1(2) F(3)-Xe(2)--N(2) 34.5(1) F(1)-Xe(1)-—N(1) 83.7 34.4
F(2)-Xe(1)—N(1) 84.1(2) F(4)-Xe(2)-—-N(2) 87.3(1) F(2)-Xe(1)--N(1) 3.8 84.4
Xe(1)—N(1)-C(10) 1649(4)  Xe(2)—-N(2)-C(20) 134.6(4) Xe(1)~-N(1)-C(1) 179.2 179.4
N(1)-C(10)-C(11) 178.9(6) N(2)-C(20)-C(21) 178.4(6) N(L)-C(1)}-C(2) 179.9 179.9
Long Contacts (A)
Xe(2)—-N(1) 3.635(5)
Xe(2)--N(1A) 3.526(5)

“ Bent in-plane and out-of-plane structures and their labeling schemes are given in Figure 3.3. > (SDB-)cc-pVTZ basis set.
The labeling scheme corresponds to that used in Figure 3.5b.
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Figure 3.2.

Crystal packing for F;0XeN=CCH; viewed along the a-axis; thermal ellipsoids are shown at the 50% probability
level.
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P

N{1} C{1) 0{2

The X-ray crystal structure of F,OXeN=CCH; showing (a) two
independent structural units and (b) the long contacts to Xe(2); thermal
ellipsoids are shown at the 50% probability level.

Figure 3.3.
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The Xe—O bond lengths of both conformers are equal, within 3o (1.778(4), 1.782(4)
A) and are somewhat longer than those observed in the neutral Xe(VI) and Xe(VIII) oxides
and oxide fluorides XeOF; (1.713(3) A),"Y XeO.F, (1.714(4),'® 1.734(9)' A), XeOs
(1.743)-1.77(3) A),®® and XeO, (1.736(2) A)."*® Overall, the Xe—F bond lengths of
F,0XeN=CCHj are comparable to those in XeF4 (1.953(2) A).** The Xe-F bond lengths of
those of the in-plane conformer (1.952(3), 1.958(3) A), where the longer Xe—F bond lengths
correspond to the shorter Xe—N bond in the out-of-plane conformer. The equatorial F—Xe-F
angles (171.9(1)°, out-of-plane; 174.2(2)°, in-plane) are slightly bent away from the Xe-O
the out-of-plane conformer (1.975(3), 1.981(3) A) are slightly longer when compared with
double bond domain towards the Xe—N bond, in accord with the greater steric requirement
of the double bond domain relative to that of a single bond domain. This angle is reproduced
in the calculated structure (see 3.2.5, Computational Results).

The in-plane conformer (Figure 3.3a) has a Xe(1)-N(1) distance of 2.808(5) A
and a Xe(1)-N(1)-C(10) angle of 164.9(4)°. The xenon atom of this conformer has no
additional long contacts that are at, or less than the sum of the van der Waals radii of Xe
and F (3.63 A)* or Xe and N (3.71 A).”® In the case of the out-of-plane conformer
(Figure 3.3a), the nitrogen atom lies out of the XeOF, plane by 0.23 A. The NCC moiety
is rotated 57.8° out of the XeOF, plane and subtends an angle of 11.1° with the OXeN-
axis. This conformer has a slightly shorter Xe(2)-N(2) distance (2.752(5) A) and a
smaller Xe(2)-N(2)-C(20) angle (134.6(4)°) than the in-plane conformer. The xenon
atom of this conformer has two additional longer Xe(2)--*N contacts, 3.526(5)

[Xe(2):-"N(1A)], and 3.635(5) [Xe(2):-"N(1)] A (Figure 3.3b), which are close to the sum
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of the Xe and N van der Waals radii and occur on opposite sides of the F,0XeN plane
with dihedral angles of 63.6° and 117.4°, respectively. The shorter Xe(IV)-N distances in
the present adducts are significantly less than the sum of the Xe and N van der Waals
radii (3.71 A),” but are significantly longer than all known Xe(I)>N bond lengths,
namely, [Xe(N(SO2F),][SbsFi6] (2.02(1) A),"! [FsTeN(H)Xe][AsFs] (2.044(4) A),'*
FXeN(SO.F), (22003) A),® [F:S=NXeF][AsFs] (2.236(4) A),™ and
[CstXeNECCH3][AsF6]-CH3CN (2.681(8) A).'” Although the primary coordination of
Xe(IV) in XeOF,; is unsaturated and is expected to exhibit significant Lewis acidity, the
Xe(IV)-N bond of F,0XeN=CCHjs is significantly longer and weaker than the Xe(I[)-N

bonds of F38=NXeF* and C¢FsXeN=CCH;".

3.2.4. Raman Spectroscopy. The low-temperature Raman spectra of solid Xe'¥'*0F,,
F,'¢ 18OXeNECCH3, and Xe'¥'®0F,-»HF are shown in Figure 3.4. The observed and
calculated frequencies and their assignments are listed in Tables 3.3—3.6. The modes
associated with coordinated CHsCN in F,'¥'®0XeN=CCHj differ slightly from those of
the free ligand, but could be easily identified (Tables 3.4, 3.6, Al1.1 and A1.2).

The spectral assignments for Xe'¥'®0F,, F,'¥0XeN=CCH;, and
Xe'“'®0F,-n"”HF were made by comparison with the calculated frequencies and Raman
intensities (Tables 3.3-3.5 and A1.3—-A1.10) of the energy-minimized geometries (Figure
3.5), and in the case of CH3CN modes, by comparison with those of the free ligand and
other CH3CN adducts. The spectra of CH3;CN and CH;CN-mHF, prepared from a 2:1

molar ratio of HF and CH3CN (no free CH;CN was observed; also see 3.2.2, NMR
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Figure 3.4. Raman spectra recorded at —150 °C using 1064-nm excitation for natural abundance (lower trace) and 98.6% '*O-
enriched (upper trace): (a) XeOF,, (b) F;,O0XeN=CCHs, and (c) XeOF,-#nHF. Symbols denote FEP sample tube
lines (), instrumental artifact (1), and XeOF; (}).
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Table 3.3.  Experimental and Calculated Vibrational Frequencies® for Xe'¢'®OF,
exptl’ caled® assgnts *
SVWN ¢ MP2 ¢

Xc'SOF, Xe'*OF, Xe°OF, XePOF, Xe°OF, X< OF, (C,,) symmetry
749.9(83) 712.8(84) 795.4(16)[22] 756.2(14)[21] 939.1(9)[60] 892.5(9)[55] v(XeO)
n.o. n.o. 572.3(<<1)[213] 573.8(<<1)[214] 582.5(<<1)[252] 583.8(<1)[253] ve(XeF,)
467.8(100) 467.8(100) 505.3(25)[7] 505.3(25)[7] 509.137)[7] 508.937)[7] v XeFy)
298.1(13) 289.0(14) 244 4(4)[3] 235.1(4)[3] 283.0(4)[3] 272.1(4)[3] Proc( XeOFy) ip
%zfi% %gg;g; } 200.0(<<1)[21] 200.3(<<1)[20] 217.7(<<1)[25] 218.1(<<1)[25] 8(XeF,) oop
175.7(1) 172.8(1) _
152.0(6) 153.5(7) 154.9(<1)[14] 154.9(<1)[14] 176.1(<1)[19] 176.1(<1)[19] 8(XeF,) ip
108.2(32) 102.4(35) lattice mode

Jo01g °S Prae( — SISOYL "A'Ud

® Frequencies are given in cm ', The abbreviation denotes not observed (n.o.). ° The Raman spectrum of Xe'¥'*OF, was
recorded in an FEP sample tube at —150 °C using 1064-nm excitation. Values in parentheses are relative Raman intensities. °
Values in parentheses are Raman intensities (A* amu ) and values in square brackets denote infrared intensities (km mol ™). ¢
SVWN/(SDB-)cc-pVTZ. ¢ MP2/(SDB-)cc-pVTZ. © Abbreviations denote symmetric (s), asymmetric (as), stretch (v), bend
(8), rock (prock), in-plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-plane and out-of-plane mode descriptions are
relative to the XeOF» plane.
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Table 3.4. Experimental and Calculated Vibrational Frequencies® for FZW 30XeN=CCH;,3
expt calc © asspnts ©
SVWN ¢ MP2 ¢
F,'*0XeNCCH, F,*0XeNCCH, F,'°0Xe'NCCH, F,"*OXeNCCH, F,*OXeNCCH; F,"*0XeNCCH; (C,) symmetry
3009.1(10) 3008.7(10) 3067.6(78)[4] 3067.6(78)[4] 3198.7(60)[<1] 3198.7(60)[<1] ol
2999.0(10) 2999.0(11) 3066.7(79)[4] 3066.6(79)[4] 3198.2(60)[<1] 3198.2(60)[<1] Vee(CHs)
2937.8(59) 2937.8(60) 2983.7(266)[3] 2983.6(266)[3] 3101.9(185)[<<1] 310L.9(185)[<<1]  v4(CHa)
2726.1(1) 2726.1(1) g
2297.1(2) 2297.1(2) N
2287.0(7) 2287.0(6)
2253.7(51) 2254.1(51) 2347.2(28T)[68]  2347.5286)[67]  2234.7(96)[8] 2234.7(96)[8] W(C=N)
1437.4(1), br 1436.0(2), br 1383.5(9)[15] 1383.5(9)[15] 1491.1(7[11] 1491.1(7)[11] 5 (CH
1406.6(1), br 1409.9(1), br 1383.4(9)[15] 1383.4(9)[15] 1491.1(N[11] 1491.1(N[11] «o(CHs)
g;g:ggg g;ﬁ,’:‘l‘gg 1333.5(14)[8] 1333.4(14)[8] 1416.6(4)[1] 1416.6(4)[1] 5(CH)
1034.3(1) 1034.0(1) 995.7(<1)[7] 995.7(<1)[7] 1065.5(<1)[2] 1065.5(<1)[2] cH
995.6(<1)[7] 995.7(<1)[7] 1065.4(<<1)[2] 1065.4(<1)[2] Prock(CHs)
gggﬁgg ggi:gg; 974.1(15)([5] 973.7(15)[5] 942.7(10)[6] 942.7(10)[7] WC-C)
766.8(5) 728.6(8)
762.4(51) 724.1(47) 795.9(54)[641 756.7(49)[61] 938.4(19)[100] 892.0(17)[92] v(XeO)
754.7(43) 717.1(38)
525.2(2) 525.0(2) 549.0(<<1)[214]  550.4(<<1)[214]  565.0(<<1)[250] 566.5(<<1)[251] Vas(X6Fy)
499.1(12) 498.7(13)
494.4(21) 494.5(21)
435.1(100) 488.1(100) 486.3(24)[3] 486.3(24)[3] 493.137)[5] 493.1(37)[5] Ve(XeFy)
481.8(46) 481.8(46)
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Table 3.4.

397.4(4)
392.6(2)
390.2(3)

283.2(11)
277.4(8)

1.0.
164.1(5)
147.9(9)

133.7(9)
116.4(5)

(continued ...)

397.2(4)
392.6(3)
389.7(4)

272.3(10)
267.0(8)

n.o.
162.9(5)
144.3(10)

130.4(9)
117.1(6)

387.002)[1]
384.8(2)[~0]

242.7(4)[20]
215.5(<1)[26]
177.7(~0)[28]
119.6(2)[<1]
108.8(2)[2]

83.6(<<1)[4]

31.0(<<1)[2]
14.9(<1)[~0]
6.0(2)[2]

386.7(2)[<1]
384.7(2)[~0]

2333(3)2]
214.9(<1)[26]
177.6(~0)[28]
119.4(2)[~0]
106.7(2)[2]

83.9(<1)[4]

30.5(<<1)[2]
21.3(<<1)[<1]
7.9)21

374.0(2)[1]
372.6(2)[<1]

282.0(4)[3]
226.9(<1)[29]
187.7(<1)[30]
101.1(1)[1]
97.2(2)[5]

81.4(<1)[4]

34.4(<<1)[1]
16.6(2)[1]
8.9(<<D)[<<1]

374.02)[1]
372.6(2)[<1]

271.2(4)[2]
226.8(<1)[28]
187.9(<1)[30]
101.1(1)[1]
95.0(2)[5]

81.3(<1)[4]

33.7(<<D)[1]
164211
8.9(<<1)[<<1]

$(CCN)

Proci{ XeOF3) lp
8(OXeF,N) cop
v(XeN) + 8(XeF,) ip
v(XeN) — 8(XcF,) ip

S(OXeN)ip +
minor 8(XeF,) oop

8(XeNC)ip

} coupled deformations

® Frequencies are given in cm . The abbreviation denote broad (br), and not observed (n.0.). Additional abbreviations are
given in footnote f of Table 3.3. ® The Raman spectrum of F,'%'®*0XeN=CCH; was recorded in an FEP sample tube at —150
°C using 1064-nm excitation. Values in parentheses are relative Raman intensities. ° Values in parentheses are Raman
intensities (A* amu™), and values in square brackets are infrared intensities (km mol™). d SVWN/(SDB-)cc-pVTZ. °©
MP2/(SDB-)cc-pVTZ. * Bond elongations and angle openings are denoted by plus (+) signs and bond contractions and angle
closings are denoted by minus () signs. & Overtone corresponding to 2 x 1357 cm ™. * Combination bands corresponding to
1370 + 926 and 1357 + 924 cm™.
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Table 3.5.  Experimental Vibrational Frequencies® for FyXe'¥'®0-nHF and FoXe'¥'80-nDF
expt ° assgnts (C,)
Xe'°OF,nHF Xe'*O F,-nHF Xe'°OF; nDF Xe'*OF,nDF
2854(<1), br 2854(<1), br 2164(1), br 2165(1), br vi  V(H[D]F) + minor v(O---H[D]-F)

n.o. n.o. n.o. n.o. v;  8(0---H[D]-F)

733.5(34) 696.4(25) 734.0(46) 697.327) v W(XeO)

n.o. n.o. n.o. n.o. v; HF o.0.p. wag

n.o. n.o. n.0. 1.0. Vs Vu{XeF,) + minor H[DJF o.0.p. wag
498.2(100) 497.7(100) 497.7(100) 497.7(100) Ve  ve(XeFy)

299.1(2) 294.8(1) 293.8(2) 289.8(2) v, 8(FapXeO)

286.6(8) 276.4(8) 285.1(10) 275.9(8) Vi Pro(XeOF,)i.p. + minor H[DJF 0.0.p. wag
200.2(2) 199.8(2) 201.2(2) 199.8(2)

187.2(6) 186.3(6) 187.2(7) 186.3(7) Vs B(XeF)0.0p.

166.0(5) 164.6(5) 165.5(6) 164.1(6) vio  8(XeFy) ip.

129.4(4) 127.0(11) iig-g(sgh 125.6(6) Vi1 Proc(XeOF;) 0.0.p. + V(H[DJF-—Xe)
89.9(2) 89.8(2)

65.3(1) 64.3(1)

n.o. n.o. n.o. n.o. vi; XeF; torsion about Xe—O bond

sjoo1g *S Prae( — SISYL "A'Yd

® Frequencies are given in cm ™. Abbreviations are given in footnote f and a of Table 3.3 and 3.4, respectively. ® Raman
spectra of F,Xe'¥"®0-nHF and F,Xe'¥'®0-nDF were recorded in an FEP sample tube at —150 °C using 1064-nm excitation.
Values in parentheses denote relative Raman intensities. ° Lattice modes and/or instrumental artifacts.
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Table 3.6.  Experimental Raman frequencies for XeOF,, F,0XeN=CCH3,
F,0XeN=CCH;/CH;CN/CH;CN-mHF mixtures and XeOF,/
F,0XeN=CCHj; mixtures *

F,0XeN=CCH,

CH;CN.mHF F,0XeN=CCH, F,0XeN=CCH, XeOF, assgnts °

CH,CN XeOF,
3018.1(3) va(CH3)
2949.0(9) vy(CHz)
2309.6(2) :
2282.1(6) v(C=N) > CH;CN-miHF
1451.9(2) CHj def. as
1361.7(3) CH; def.s
932.5(2) vwcc )
2247.4(2) ' v(C=

(o) \ CH;CN
1457.0sh CH; def. as
1375.8(1) CHsdef.s
3009.1(8) 3009.0(7) 3008.9(7)
2998.8(8) 2999.3(7) 2999.1(7) Vas(CH3) \
2937.5(44) 2937.6(40) 2937.7(43)
2726.2(1) 2726.2(2) 2726.1(1) vs(CHs)
2297.1(2) 2297.1Q2) 2296.6(2)
2286.1(5) 2286.9(5) 2286.9(6) v(C=N)
2254.3(39) 2254.2(39) 2254.2(42) v(C=N)
1438.0(1) 1438.8(2) 1438.3(1)
1407.3(1) 1409.4(2) 1407.0(1) CH; def. as
1370.6(5) 1370.3(5) 1370.3(5)
1356.9(6) 1356.9(5) 1357.0(5) CH; def. s
1034.6(2) 1034.4(2) 1034.1(1) Prool CH3)
926.6sh 926.6(sh) 926.2(sh) F,0XeNCCH,
923.9(8) 923.7(8) 923.7(8) v(C-C)
767.0(4) 767.0(4) 767.0(5)
762.3(46) 762.3(45) 762.3(47) v(XeO)
754.4(41) 754.4(41) 754.5(45)
525.2(2) 525.2(3) 525.3(2) Vas(XeF,)
498.8(12)
494.5(21) 498.8(12) 498.8(12)
487.6(100) 494.6(20) 494.5(20) v{(XeFy)
481.8(44) 487.6(100) 487.8(100)
481.8(49) 481.8(52)

397.4(5) 397.4(4) 397.4(4)
392.8(3) 392.8(3) 392.6(2) 8(CCN)
390.2(4) 390.2(4) 390.0(4)
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Table 3.6. (continued ...)

283.0(11) 283.0(11) 283.1(11)
277(8) 2772(9) 277.4(8) Poc(XeOF)ip. )
164.7(5) 164.7(4) 164(4)
148.9(9) 148.9(7) 148.6(8) V(XeN) + 8(XeF5) ..
133.8(9) 133.8(7) 133.8(6) V(XeN) - 5(XeFy) ip. $F20XGNCCH3
116.4(3) V(XeN) - 5(XeFy) i.p.
71.5(6) 71.5(5) lattice modes J
750.2(42) 750.0(60) V(XeO) \
468.0(5T)  468.0(100) vi(XeFy)
297.8(8) 297.8(11) Prock(XeOF3) ip.
256.1(1) 5(XeF2)0.0.p. > XeOF,
253.2(1) 251.6(sh) 5(XeF)0.0.p.
174.6(1) 175.5(1) 8(XeFy) ip.
153.3(6) 8(XeFy) ip. )
108.1(15) 108(22) lattice modes

® Frequencies are given in cm™'. The abbreviation denotes broad (br) and shoulder (sh). °
The original sample was a mixture consisting of F,0XeN=CCH;, CH3;CN and
CH;CN-mHF (column 1). Slow removal of uncoordinated CH3CN and CH3;CN-mHF
under dynamic vacuum gave F,OXeN=CCH; (column 2). Gradual pumping of
F,0XeN=CCHj first gave a mixture of F;0XeN=CCH; and XeOF, (column 3) while
prolonged pumping resulted in unsolvated XeOF, (column 4). ° The abbreviations denote
symmetric (s), asymmetric (as), stretch (v), bend (8), rock (prock), in-plane bend (i.p.), and
out-of-plane bend (0.0.p.). The in-plane and out-of-plane mode descriptions are relative
to the XeOF; plane.
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170.6° -

1.981 A
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Figure 3.5. Calculated geometries (SVWN/(SDB-)cc-pVIZ) of (a) XeOF,, (b)
F,0XeN=CCHs, (c) XeOF, HF, O-H coordinated, (d) XeOF, -HF, F--H coordinated, (¢)
(XeOF,),, (f) (XeOF,)s, and (g) XeOF,-2HF.
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Spectroscopy), were also recorded at —150 °C and assigned (Tables Al.1 and Al.2) for
comparison with those of F,'¥'®0XeN=CCH;. Assignments of modes involving the
oxygen and hydrogen atoms were also supported by experimental and calculated 16180
and "?H isotopic shifts. Vibrational frequencies calculated at both the MP2 (values in
parentheses in the present discussion and throughout) and SVWN levels of theory
reproduced the observed frequency trends across the series of compounds.

3.24.1. XeOF,. The XeOF; molecule (C,,) possesses six fundamental vibrational
modes belonging to the irreducible representations 3A; + 2B; + B; (the xy-plane is the
molecular plane) that are Raman and infrared active. Although, there is overall good
agreement between the observed and calculated frequency trends for XeOF,, the
stretching frequencies are overestimated whereas those of the deformation modes are
slightly underestimated. Discrepancies are expected to arise, in part, because the low
coordination number and large valence shell of xenon in XeOF, are conducive to
association in the solid state.

The highest frequency mode at 749.9 cm™ is assigned to the v(Xe-O) stretch, and
displays a substantial low-frequency shift (37.1 cm™' or 4.95%) upon substitution of B0
and is in good agreement with the calculated percentage ¥'%0 isotope shift [39.2 (46.6)
cm™' or 4.93 (4.96)%]. The mode at 298.1 cm™ displays a smaller '®**0 isotope shift of
9.1 cm™ (3.05%) [calculated 9.3 (10.9) cm™ or 3.81 (3.85)%] and is assigned to the in-
plane pro(XeOF,;) mode. Similar isotope shifts were observed and calculated for the

Xe'*"80OF,-n"?HF and F,'"®*0XeN=CCH; adducts (vide infra). It is clear from the high

frequency of v(Xe-O) that the formal Xe-O bond order is close to two, ruling out the
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polymeric infinite chain structure, [-O—Xe(F,)-],, predicted by Gillespie.'*® However, the
calculated v(Xe-O) and vy(XeF,) frequencies of XeOF; are significantly higher than the
experimental values, and the experimental frequencies are 9 and 20 cm™, respectively,
lower than those of F>OXeN=CCHj (vide infra), suggesting that weak oxygen and/or

fluorine coordination to adjacent xenon atoms occurs in the solid (cf. gas-phase dimer
and trimer in the Computational Results).

As predicted from the calculated Raman intensities, the v{(XeF>) stretch at 467.8
cm™' is the most intense mode in the Raman spectrum. Because the XeF, moiety is near
linear and near centro-symmetric, mutual exclusion applies. Thus, v.s(XeF) is expected
to be very weak and was not observed, but is predicted to occur at 572.3 (582.5) cm™
compared to ves(XeFy) of XeF, (586 cm™, infrared spectrum).®® The weak modes at 251.4

and 256.2 cm™' are assigned to the out-of-plane XeF, bending mode, and the modes at

154.0 and 175.7 cm ™" are assigned to the in-plane XeF, bending mode.

3.24.2. F,0XeN=CCHj. A solution sample of F,0XeN=CCHs, generated in CH3;CN
according to eq 3.1, was pumped under dynamic vacuum at -45 to —42 °C until a slurry
of F;0XeN=CCHj3; wetted with CH3;CN had formed. Removal of the remaining CH3;CN
and HF was then monitored by low-temperature Raman spectroscopy after every 5—10
min pumping interval. This permitted distinction and unambiguous assignment of the
CH3CN modes associated with the solvent, F;OXeN=CCHj3, and CH;CNmHF [v,s(CH3),
3018.1; vs(CH3), 2949.0; v(CN), 2282.1, 2309.6; 3.(CHs3), 1451.9; 84(CH3), 1361.7;

v(CC), 932.5 cm'; also see Tables 3.6, Al.1 and A1.2].
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All vibrational modes (24 A) of F,0XeN=CCHj3 (C)) are predicted to be Raman
and infrared active. The vs(CHj3), vas(CH3), V(CN), 8.(CH3), 85(CH3), v(XeO), vi(XeF,),
O(CCN), and &;ok(XeOF,) ip bands are split into two to four components (Table 3.4). To
account for these splittings, a factor-group analysis was performed based on the single
crystal X-ray structure. The analysis reveals that each Raman and infrared band is split,
as a result of coupling within the unit cell, into a maximum of four components, 2A, +
2B, in the Raman spectrum and 2A, + 2B, in the infrared spectrum (Table 3.7).

The frequencies associated with the XeOF, moiety have been assigned by analogy
with those of XeOF; as discussed above, and require no further commentary except to
note that the v{(XeF>) stretching frequency is shifted to higher frequency when compared
with that of XeOF,, which is also observed for the HF adduct (vide infra).

Table 3.4 shows that the XeOF, group modes are affected by the adduct
formation, with both the v(Xe-O) and vy(XeF,) modes being shifted to higher frequencies
by 9 and 20 cm™, respectively. In contrast, the calculated frequencies indicate that
vg(XeF,) should decrease [19 (16) cm™] and that v(Xe-O) should remain unchanged
when adduct formation takes place in the gas phase. The discrepancy may result from
XeQOF; association in the solid state which likely occurs by means of asymmetric oxygen
bridges (vide supra). Formation of the CH3CN adduct presumably disrupts solid state
association, forming discrete monomers, as shown in its crystal structure, resulting in
increases in Xe—O bond order and v(XeO).

In contrast with XeOF, and XeOF,-nHF, the low symmetries of the two

conformations observed for F,0XeN=CCHj in its crystal structure allow the v,s(XeF,)
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Table 3.7.  Factor-Group Analysis for F;OXeN=CCHj

free F,0XeN=CCH; crystal site unit cell
(C) () (Can)
Ag 2(\/1—\’24, 3R, 3T)
/ } .
By 2(vi-va, 3R, 3T)
8(vi-vae, 3R,3T) A —— A —

i\ Au  2(vi-va, 3R, 3T)}
IR

B, 2(V1-V24, 3R, 3T)

There are two crystallographically unique F,OXeN=CCH3; molecules in the asymmetric
unit of the unit cell, both having C; site symmetry. Each structure type is distinguished by
its non-linear Xe-N-C angle which lies either in or out of the XeOF; plane. The present
factor-group analysis correlates the gas-phase molecular symmetry of both conformations
(C)) to their site symmetries (C)) which, in turn, are correlated to the unit cell symmetry
(Cyp) for a total of 8 molecules per unit cell. The present analysis has been simplified by
assuming a single adduct conformation. Consequently, no provision has been made for
coupling between different conformers. The analysis reveals that each Raman and
infrared band will be split, as a result of coupling within the unit cell, into a maximum of
four components, 2A, + 2B, in the Raman spectrum and 2A, + 2B, in the infrared
spectrum.
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mode to be observed as a weak line at 525.2 cm™. The in-plane &(XeF,) deformation
mode is symmetrically and anti-symmetrically coupled to the v(XeN) stretch, occurring
at 147.9, 164.1 cm™ [v(XeN) + v(XeF,) i.p.] and 116.4, 133.7 cm™ [v(XeN) — v(XeFs)
ip.].

All frequencies associated with coordinated CH3CN were readily assigned by
comparison with those of the free base. The modes at 2253.7 and at 390.2, 392.6, and
397.4 con are assigned to the v(CN) stretch and the S(NCC) bend, respectively, and are
shifted to higher frequencies when compared with those of the free ligand. The
experimental V(CN) (5.3 cm™) and (NCC) (2.1 cm™’, average) complexation shifts are
much smaller than those associated with other Lewis acid adducts of CH3;CN
(CH3CNSbFs, 80 and 36 cm™;"*” CH;CNBF3, 114 and 58 cm™’;'*® and CH;CNBCl,, 118
and 80 cm ', respectively), and are indicative of a comparatively weak donor—acceptor
bond in F,0XeN=CCH;. While the calculated v(CN) [15.2 (16.7) cm '] and S(NCC) [8.9
(9.8) cm™') complexation shifts are much less, the ratios of the stretching to bending

complexation shifts are similar.

3.2.4.3. XeOF,-nHF. When HF was added to XeOF, at —78 °C, a Raman spectrum that
was more complex than that of XeOF, resulted, which was identical to that previously
reported for, and erroneously assigned to XeOF,.*’ In an attempt to more fully understand
the nature of the interaction between HF and XeOF,, the deuterium substituted '*'%0

1sotopomers were also synthesized.
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When the Raman spectra of all four isotopomers are considered (Table 3.5), only
one of the eight XeOF,-nHF modes that could be observed exhibited both '¥'30 and H
dependencies that were > 2 cm™. In addition, three modes exhibited only '¢'*0
dependence, one mode exhibited only 2y dependence (this mode is very broad, ~100
cm’, and is not expected to exhibit a discernable '9'*0 isotope shift), and three were
unshifted. In order to account for the isotopic dependencies of the experimental
vibrational frequencies and to determine the manner in which HF is coordinated in
XeOF;,-nHF, several simplified models were calculated (see 3.2.5, Computational
Results).

The vibrational assignments for Xe'®'®0F, n'HF were based upon a comparison
of two energy-minimized structures in which a single HF molecule coordinates to XeOF,.
In one case, the HF molecule occupies a plane perpendicular to the XeOF, plane and is
coordinated to xenon through fluorine and is cis to the oxygen atom so that HF is
hydrogen-bonded to oxygen (Figure 3.5¢c). The second energy-minimized model (Figure
3.5d) in which HF is also fluorine-coordinated to xenon differs in that HF is hydrogen-
bonded to the fluorine on xenon and lays in the XeOF, plane. The latter structure is
favored by 7.8 (1.6) kJ mol™" over the O-+H bonded structure in Figure 3.5c.

The O--H bonded model, in which bicoordinate HF increases the xenon
coordination number by bonding through fluorine, gives twelve modes: five '¥'%0- and
1/2H-dependent modes (vi, Va2, V4, V7, Vg), one 16180)_dependent mode (vs), one “?H-

dependent modes (vs), and five unshifted modes (vs, vo—vi3). In contrast, the F--H

bonded structure gives one '¥'®0- and "?H-dependent mode (v;), two '¥'¥0-dependent
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modes (vs, vg), three "?H-dependent mode (va, V4, v7), and six (vs, Vs, Vo—Vv12) unshifted
modes. Overall, the calculated vibrational frequencies derived from the slightly less
stable O--H-bonded structure, when compared with the calculated XeOF, and
F,0XeN=CCHj; frequencies, best reproduces the experimental frequency trends and
isotopic shifts patterns. Consequently, the ensuing vibrational assignments and
descriptions (Table 3.5) are based on this structure.

The modes at 2854 and 2164 cm™ are readily assigned to v(HF) and v(DF),
where their lower frequencies relative to those in a neon matrix (HF 3992; DF 2924
cm )" and in the solid phase (HF 3056, 3408; DF 2284, 2524 cm ')'*!62 are consistent
with coordinated HF and DF. The v(XeO) stretching frequency of XeOF, nHF (733.5
cm™) shows the expected '¥"0 isotopic dependence and is shifted to lower frequency
relative to that of XeOF, (749.9 cm™).  The most intense mode at 498.2 cm™
corresponds to vs(XeF3), which is comparable to that in F,OXeN=CCHj3 (481.8, 488.1,
494.4, 499.1 cm ') but higher than in XeOF, (467.8 cm”l). The asymmetric mode
vas(XeFy) is again expected to be very weak and was not observed. Upon '®0 enrichment,
the modes at 286.6 and 299.1 cm™ shift to 276.4 and 294.8 cm™, respectively. Upon “H
enrichment, these modes shift to even lower frequencies, and are assigned to
Prock(XeOF) i.p. + minor HF o.0.p. wag and 8(FuXeO), respectively. The in-plane Xer
(166.0 cm™) and the out-of-plane XeF, (187.2, 200.2 cm™) bends are shifted to higher
and lower frequency, respectively, when compared with those of XeOF, and show only

small (< 2 cm™) '*'®0 isotopic dependencies. The mode at 129.4 cm™' shifts to lower
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frequency upon *H and '®0 enrichment and is assigned to a coupled mode involving the
coordinated HF molecule, proc(XeOF,) oop + v(HF:-Xe).

An energy-minimized structure for XeOF, 2HF was also obtained, but provided
vibrational frequencies that were in poor agreement with the experimental values (see

3.2.5, Computational Results).

3.2.5. Computational Results. The electronic structures of (Xe'“®0F,), (n = 1-3),
F,'¥"®0XeN=CCH; and Xe'9'80F,-n"?HF (n = 1, 2) were optimized starting from C;
symmetries and resulted in stationary points with all frequencies being real. Only the
SVWN/(SDB-)cc-pVTZ and MP2/(SDB-)cc-pVTZ (MP2 values in the present discussion
are given in parentheses) results are reported in this paper (Tables 3.2—3.4, Figure 3.5 and
Tables A1.3—A1.11; also see Chapter 2, Experimental Section). Xenon tetrafluoride was
used to benchmark calculations (Table A1.12).
3.2.5.1. Geometries. (i) (XeOF;), (n =1-3). The geometry of XeOF, optimized to C»,
symmetry with an Xe—O bond length of 1.809 (1.770) A and Xe—F bond length of 1.996
(1.980) A, compared to 1.971 (1.960) A in XeF4 and its experimental bond length,
1.953(2) A.** The fluorine atoms are bent away from theaoxygen atom, with an O—Xe-F
angle of 96.4 (96.0) ° and an F-Xe-F angle of 167.1 (168.2)°. The calculated structure is
in accord with that predicted by the VSEPR model of molecular geometry (see 3.2.4
Raman Spectroscopy).

The geometries of (XeOF,), and (XeOF,); were also calculated (Tables A1.9 and

A1.10) to study the effects of oligomerization on the vibrational frequencies and to assess
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the relative merits of XeOF, association in the solid state. In both cases, two starting
models were used with all Xe—O bonds collinear: one with all XeOF, groups coplanar, as
originally proposed by Gillespie,*® and one with the XeOF; planes alternating so that
they subtend dihedral angles of 90°. All systems converged to a single twisted dimer
(Figure 3.5e) and open-chain, twisted trimer (Figure 3.5f). Both the dimer and trimer
possess Xe-O and Xe-F contacts that are significantly less than the sum of the van der
Waals radii (3.68 and 3.63 A, respectively).” The formal Xe-O double bond involved in
the contact elongates, allowing the F-Xe—F angle to open up. As well, the Xe—F bonds
elongate and both v(XeO) and v{(XeF,) decrease significantly relative to those of the
calculated monomer.

(i) F,0XeN=CCHj3. The geometry of F2OXeN=CCHj; optimized to C; symmetry in
which the NCC moiety lay in the XeOF; plane and the Xe—N—C angle is nearly linear.
Overall there is a good agreement between the observed and the calculated Xe—O and
Xe—F bond lengths as well as the F—Xe—F and O—Xe-F bond angles (Table 3.2). The
most notable differences occur between the observed and calculated Xe—N—C bond angle
and Xe—N bond length. The Xe—N bond length, which is slightly underestimated by the
SVWN calculation, has a calculated value of 2.702 (2.884) A when compared with
2.752(5) (out-of-plane conformer) and 2.808(5) (in-plane conformer) A in the crystal
structure. Unlike the experimental Xe—N—C bond angles (164.9(4)°, in-plane conformer;
and 134.6(4)°, out-of-plane conformer), the calculated Xe-N—C angle is essentially linear
[179.2 (179.4)]. The energies of the two experimental adduct conformations were

calculated at the MP2 level and are 78.2 (out-of-plane) and 86.9 (in-plane) kJ mol™
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higher in energy than the energy-minimized geometry. The conformational differences
are likely a consequence of solid state packing.

Upon adduct formation, the calculated Xe—O bond length (1.809 to 1.813 A) and

v(XeO) remain essentially unchanged. The Xe-F bond lengths are elongated (1.996 to
2.013 A) and the v(XeF) decreases accordingly. In contrast, the experimental v(XeO) and
v(XeF) frequencies increase (Tables 3.3 and 3.4).
(iii) XeOF,-nHF. Because an experimental structure for XeOF,'nHF is unavailable, it
was not possible to directly establish the number of HF molecules coordinated to XeOF,.
Energy-minimized structures and their vibrational frequencies were calculated in order to
better comprehend how HF interacts with XeOF,. It was decided to limit the models to a
XeOF, monomer interacting with only one or two HF molecules. These results are given
in Tables A1.3 to A1.8.

Four starting geometries were used in which a single HF molecule, H-bonded to
either oxygen or fluorine, lay either in the XeOF, plane and collinear with the Xe—O
bond, or perpendicular to the XeOF, plane. A single energy-minimized structure was
found for each pair of O--H-F and F---H-F bonded starting geometries. In both
minimized geometries, the fluorine of HF is coordinated to xenon. In the F---H-F---Xe
structure, the HF molecule lies in the XeOF; plane (Figure 3.5d), and in the O---H-F---Xe
structure, it occupies the plane perpendicular to the XeOF, plane (Figure 3.5¢). Although
the F--H-F--Xe structure is 7.8 (1.6) kJ mol’ more stable than the O--H-F--Xe
structure, the calculated frequencies of the latter are in better agreement with the

experimental frequencies (see 3.2.4, Raman Spectroscopy). In the O--H structure, both
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the Xe—O bond length and F—Xe—F axial bond angle increase when compared with those
of XeOF,, whereas the Xe—F bond lengths decrease. In the F---H structure, both the
Xe—O bond length and the F—Xe—F bond angle remain unchanged, whereas the Xe—F
bond involved in the F--H contact increases and the other Xe—F bond decreases. In both
cases, the O--H and F--H distances are significantly shorter than the sum of their
respective van der Waals radii.

Initial geometries in which two HF molecules were orientated in or out of the
XeOF; plane and were H---O or H--F coordinated or had mixed H:-O/H---F coordination
for both orientations were used. Of these ten initial geometries, only one energy-
minimized geometry having non-imaginary frequencies was obtained. This geometry has
two F---H-F and two Xe-F—H interactions that lie in the XeOF, plane (Figure 3.5g).
Both the Xe—F distance and F—Xe—F angle have increased relative to that of XeOF,
whereas Xe—O has decreased. The Xe-F and F--H contact distances are significantly
longer than those in the calculated structure containing one coordinated HF moleculea
(Figure 3.5d). The geometry calculated for XeOF,-2HF, however, provided vibrational
frequencies that were in poor agreement with the experimental values (Tables A1.7 and

AL8).

3.2.5.2. Natural Bond Orbital (NBO) Analyses. The NBOQ!63-166 analyses were carried
out for the MP2- and SVWN-optimized gas-phase geometries of XeOF,,
F,0XeN=CCHs, and CH3CN. The NBO results are given in Table 3.8. The MP2 and

SVWN results are similar; only the MP2 results are referred to in the ensuing discussion.
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Table 3.8.

NBO Valencies, Bond Orders, and Charges (NPA) for XeOF,, F,0XeN=CCH3; and CH;CN

Charges
[Valencies] XeOF, F,0XeN=CCHs CH;CN

SVWN MP2 SVWN MP2 SVWN MP2
Xe(l) 1.971  [1.478] 2112 [1.473] 2.011 [1.437] 2.065  [1.450]
o) 0807 [0777]  -0.897 [0.782] 0.853  [0.722] 0.887  [0.754]
F(D -0.582  [0.317] -0.608  [0.304] -0.598  [0.277] -0.599  [0.286]
F(2) -0.582  [0.317] -0.608  [0.304] -0.598  [0.277] -0.599  [0.286]
N() 0410 [2.035] 0405 [1.988]  -0310 [1958]  -0.313 [1.892]
() 0374  [3.014] 0359  [2.979] 0.271 [3.014] 0.283  [2.879]
C -0.791  [3.295] -0.781  [3.288] -0.786  [3.299] -0.678  [3.290]
H 0288  [0.786] 0283  [0.791] 0275  [0.788) 0236  [0.805]
Bond Orders
Xe(1)-O(1) 0.812 0.825 0.752 0.789
Xe(1)-F(1) 0.333 0.324 0.290 0.301
Xe(1)-F(2) 0.333 0.324 0.290 0.301
O(1)-—F(1) 0.017 0.021 0.015 0.017
Xe(1)—--N(1) 0.099 0.059
N(1)-C(1) 1.926 1.924 1.951 1.882
C(1-C(2) 1.024 1.000 1.012 0.951
C(2)-H 0.753 0.760 0.758 0.775
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Single point calculations were carried out for geometries that were constrained to those of
the experimental conformers and reveal that the NBO analyses (Table 3.7) are very
similar to that of the fully optimized C; structure and insensitive to the Xe—N—C bond
angle.

The NBO analysis gives natural charges of 2.11 and 2.06 for Xe in XeOF, and
F,0XeN=CCHj, respectively. These charges, which are approximately the average of
the formal charge 0 (covalent model) and formal oxidation number 4 (ionic model) for
Xe in both molecules, are in accord with the natural charges for O (-0.90, —0.89) and F
(-0.61, —0.60) in XeOF, and F,0XeN=CCHjs, respectively. In both cases, the charges are
also about half of their respective oxidation numbers, and indicate that the bonds in free

and adducted XeOF, are polar covalent. Among the plausible valence structures I-1V for

F

. .
H .
* N
. ’
. o

Xe=0 Xe=0 Xe'—0~ Xé—o-

I I I v
XeOF,, the calculated charges are best represented by structure IV, where the near linear
XeF; moiety can be described as a 3 center-4 electron bond.'®” The Xe—O/Xe—F bond
order ratio (2.55) and Xe/O/F valencies (1.47/0.78/0.30) are in overall agreement with
this localized description of polar covalent bonding in XeOF,.
Upon adduct formation with CH3CN, the nitrogen electron pair density donated
into the xenon valence shell results in essentially no change in the O and F ligand charges

but small decreases in their bond orders and valencies, whereas Xe maintains its positive
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charge very close to 2. Thus, the Xe—O and Xe—F bonds are only slightly more ionic in
F,0XeN=CCHjs. The charge distribution of the CN group is polarized toward the positive
xenon center, with 0.10 e charge shifting from carbon to nitrogen upon coordination with

a corresponding polarization charge on the CH3 group towards the positively charged

carbon atom of the CN group.
_% .F ’—% I.:
- 2+: - 2+i.. .. *t
O —Xe, N=CCH, O —Xe" :N=CCH,
“%E b

v VI

The most plausible valence bond contributions that contribute to a description of
F2,0XeN=CCH; are those that retain the charge distribution and Xe-O and Xe-F bond
orders of structure IV and also account for the very low Xe-N bond order (0.05) and
polarization of the CH3CN ligand to give an enhanced negative charge on nitrogen. These
criteria are met by valence structures V and VI, where structure V is dominant and yields
a picture of adduct formation between XeOF, and CH3CN that is similar to that of XeF"
and HCN.'®® In this depiction, mutual penetration of outer diffuse non-bonded densities
of the Xe and N atoms occurs which, unlike a covalent interaction, produces no
substantial shared density as reflected in the very low Xe—N bond order and small
changes in Xe and N valencies.

The calculated gas-phase xenon-ligand dissociation energy for F,OXeN=CCHj; at
the MP2 level of theory is 41.8 kJ mol™, which is significantly less than the donor-acceptor

adduct dissociation energies of F3S=NXeF" (157.2 kJ mol™) and HC=NXeF* (157.1 kJ
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mol™)."** The F,0XeN=CCH; donor-acceptor interaction is in better agreement with
those calculated for HC=NASFs (38.6 kJ mol“l) and F3S=NAsFs (27.8 kJ mol_l).154 These
findings also support a valence bond description of F,0XeN=CCHj that is dominated by

the nonbonded structures V and VI and a bonding description in which the CH3;C=N is

weakly coordinated to XeOF,.

3.3. Conclusion

Long-standing discrepancies among the published vibrational assignments
ascribed to XeOF, are now accounted for and the synthesis of pure XeOF, in
synthetically useful quantities has been achieved. Comparisons of the present
experimental frequencies for XeOF, and XeOF,-nHF with those assigned to XeOF in the

6567

previous three early communications show that the spectra obtained from H,O/XeF,

co-condensation experiments®>%

arose from mixtures of XeOF, -nHF and XeOF, while
the product described in the latter report” consisted of only XeOF,'nHF. In these
accounts, HF produced in the co-condensation reactions either coordinated to XeOF; or
was pumped off, yielding mixtures of XeOF,-#nHF and XeOF, that were erroneously
ascribed to a single component, XeOF,.

The solid state vibrational spectrum of XeOF, and the calculated energy-
minimized dimer and trimer geometries, and their vibrational frequencies, point to an

extended structure in which neighboring XeOF, molecules weakly interact by means of

asymmetric oxygen-xenon-oxygen bridges and Xe--F contacts.
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The Lewis acid properties of XeOF, are demonstrated by the syntheses of
F,0XeN=CCHj3 and XeOF,'nHF. The crystal structure of F,OXeN=CCH3 provides a rare
example of a Xe(IV)-N bond which is among the weakest Xe-N bonds known. It has
been shown by calculation of energy-minimized structures of XeOF, HF and
XeOF,-2HF, in combination with calculated and experimental vibrational frequencies
resulting from '9'®0 and "?H isotopic substitution, that most likely » = 1, and that HF, in
this instance, is coordinated to XeOF, by means of weak O--H and Xe--'F bonds.

The present syntheses of XeOF; and its HF and CH;CN adducts, along with their
detailed structural characterizations, represent a significant extension of Xe(IV)
chemistry and account for most of what is presently known about the oxide fluoride
chemistry of Xe(IV). The present findings may be expected to facilitate the extension of
Xe(IV) oxide fluoride chemistry into areas such as the fluoride ion donor-acceptor
properties of XeOF, and derivatives with other highly electronegative ligands, as well as

offer the possibility to synthesize presently unknown XeO,.
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CHAPTER 4
Synthesis of the Missing Oxide of Xenon, XeO,,

and Its Implications for Earth’s Missing Xenon

4.1. Introduction
Atmospheric studies of Earth and Mars have shown that xenon is depleted by a

169 More recent

factor of approximately 20 relative to the lighter noble gases (Ne, Ar, Kr).
studies have found that as much as 90% of the Earth’s primordial xenon is absent from its
atmosphere,'’® and that more than 99% of xenon has been degassed from the Earth’s
mantle.'”" It has also been shown that the Earth’s core is unlikely to function as a xenon
reservoir.'”>'” These findings have aroused the curiosity of researchers from across a
broad range of disciplines spanning planetary, mineralogical, geological, nuclear, and
other physical sciences as well as theoretical and computational sciences who have
attempted to account for atmospheric xenon depletion. Among the explanations that have

74 water

been advanced to account for xenon depletion are entrapment in ices,’
clathrates,'” sediments,'”® and early escape from the atmosphere;'”’ however, all four
hypotheses have been shown to be untenable.!”*"7” It has also been proposed that xenon
displaces silicon from quartz (SiO,) at the high pressures (0.7-5 GPa) and temperatures
(500—1500 K) that are encountered in the continental crust, with the implication that
xenon may be retained within silicate minerals and SiO; as Xe0,.”® The high abundance

of SiO; would make it a significant and readily available reservoir for xenon.

In addition to offering a potential explanation for the Earth’s missing xenon, the
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possible formation of XeO, in the Earth’s crust is of fundamental chemical interest
because XeO, represents the missing oxide of xenon. Shortly after the discovery of
noble-gas reactivity,'® solid, colorless XeOs was synthesized by hydrolysis of XeFs (eq
4.1)"* and was followed shortly thereafter by the discovery of XeOs, a pale yellow,
volatile solid (eq 4.2 and 4.3)."*%!®! Both oxides are highly endothermic and shock

XeFs + 3H,0 ——— XeO; + 6HF “4.1)

2XeFs + 10NaOH —2 e

[Nals[XeO¢] + Xe + O, + 2H,O + 6[Na][HF;] (4.2)
[Nal[XeOs] + 2H,S0, —2224eon) xo0), + 2[Nalo[SOs] + 2H,0 4.3)
sensitive (AH; XeOs, 402 kJ mol '; XeOs, 643 kJ mol *).®? In contrast, xenon monoxide,
XeO, has not been synthesized and has been shown by gas-phase quantum-chemical
calculations to have an unstable *IT ground state and, therefore, is unlikely to exist as a
monomer.” It was initially postulated that the hydrolysis product of XeFs was either
Xe(OH), or XeO,-2H,0,'® but subsequent studies showed the final product to be XeOs,
which arose from the redox disproportionation given in eq 4.4.%% Another early study
4XeF, + 8H,0 —22 5 7Xe0; + 2Xe + O, + 16HF (4.4)
reported the hydrolysis of XeF,4 and the formation of a transient yellow solid at 0 °C. The
reaction conditions, which influenced the stability of this species, were optimized by
adjusting the acidity of the aqueous medium, but the yellow product was never isolated or
characterized.'®* A subsequent study in which XeF, and H,O were co-condensed at —80
°C yielded a pale-yellow product that was incorrectly equated with the aforementioned
transient yellow species, and purported to be XeOF,.®’ This proposal was subsequently

refuted when XeOF, was synthesized and unambigously characterized, showing the pale-
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yellow co-condensed product to be a mixture of XeOF, and XeOF,-nHF,'® and by the
current study which shows the transient yellow species possesses a Raman spectrum that

does not correspond to that of either XeOF, or XeOF,-nHF.

4.2. Results and Discussion

4.2.1. Synthesis of XeOQ,. In the present study, the aforementioned transient yellow
solid was synthesized at 0 °C by the addition of crystalline XeF4 to either water or 2.00 M
H2S043q). In both cases, intense, yellow-orange suspensions initially formed which, upon
mixing for ca. 20 s at 0 °C, produced Abright yellow suspensions. The “aged” bright
yellow solids are consistent with macromolecular XeO, (vide infra) while the initial
yellow-orange products are possibly a mixture of molecular XeO, and/or lower molecular

weight polymorphs resulting from incomplete polymerization (eq 4.5). The products were

nXeFs + 2nH,O —>[nXeO, and/or #/m(XeO,),,] + 4nHF —>(XeO,), + 4nHF
(n>m) (4.5)
precipitated by briefly centrifuging the reaction mixture at 0 °C followed by immediate
quenching at —78 °C and recording the Raman spectrum in situ at —150 °C. At no time
were the supernatants discoloured, indicating that the yellow products are insoluble in
acidified aqueous media. The Raman spectra of the products formed in water and 2.00 M
H3SO04(,q) were identical, indicating that HSO,  is not involved in the product.
The yellow product is kinetically stabilized at low-temperatures but decomposes
rapidly near ambient temperature. At the reaction temperature, 0 °C, the yellow color

persisted for ca. 2 min, whereas samples that had been quenched and stored at —78 °C
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were stable for considerably longer periods with most decomposition occurring over the
first 72 h as evidenced by fading of the original color to pale yellow, with a very faint
yellow color persisting after 1 week. In each case, Raman spectra of partially
decomposed samples revealed only mixtures of the yellow product and small amounts of
XeO;'* (i.e., the totally symmetric XeOs stretch, A, was observed as a weak, broad band

at 780 cm ™).

4.2.2. Hydrolyses of [Cs][XeOF;] and XeOF;

Hydrolysis of [Cs][XeOF;] or XeOF; in CH3;CN solvent also led to XeO,
formation, albeit in smaller amounts than afforded by the direct hydrolysis of XeF, in
aqueous media. It has been previously noted that hydrolysis of [Cs][XeOF3] in CH;CN
solvent in the presence of an excess of CsF resulted in a complex product that could not
be definitively identified, but which included Raman bands attributable to XeO;
modes.'® It has now been shown that when [Cs][XeOFs] is synthesized by the reaction of
stoichiometric amounts of XeOF, and CsF (eq 4.6) and subsequently hydrolyzed in
CH;CN with a stoichiometric amount of H,O, a significant amount of XeO, is formed (eq

4.7). As a non-metallic oxide, XeO, is acidic and insoluble under acidic conditions, but

CH,CN
—_——

XeOF, + CsF [Cs][XeOFs;] (4.6)
[Cs][XeOF;] + H,0 —SCN, X0, +[Cs][F(HF),] 4.7)

under basic conditions, it rapidly decomposes to Xe and O,. This is in accordance with

the stabilization of the yellow solid under acidic conditions in an earlier hydrolysis

184

study, - and likely accounts for the absence of XeO, under the fluoro-basic conditions
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that result from the use of excess fluoride in the synthesis of XeOF;.> The HF produced
in the stoichiometric reaction (eq 4.6 and 4.7) would undoubtedly react with CsF to form
[Cs][F(HF),], thereby decreasing the basicity of the solution and preventing HF from
back reacting with XeOs.

It has been previously noted that reaction of XeF4 with two equivalents of H,O in
CH3;CN producéd only XeOF,.'” While this observation is correct, it has been shown in
the present work that when XeOFj; is isolated and then reacted with one equivalent of
H,0 in CH3CN, the bulk precipitated sample had a Raman spectrum that showed only a
weak XeO, band at 570 cm . The difference between the two sets of results likely arises
from an equilibrium between XeOF; and XeO, (eq 4.8) that favours the left side of eq 4.8
unless the HF formed in the reaction is removed.

CH,CN
F,0XeNCCH; + H;0 <=>=— XeO; + 2HF + CH;CN (4.8)

43. Raman spectroscopy. The yellow species was identified and structurally
characterized by Raman spectroscopy using 80 and D isotopic enrichment. Reaction of
XeF, with H,'®0 resulted in a Raman spectrum that was similar to that obtained from the
reaction of XeF, with H,'%0 (Figure 4.1); however, all vibrational bands were shifted to
lower frequencies (Table 4.1). The presence of a single, intense band in the Xe—O/Xe—F
stretching region, and the absence of unshifted modes, indicates there are no Xe—F bonds
in the compound and that the compound is an oxide and/or hydroxy derivative of
Xe(IV).187 When XeF, was allowed to react with D,'°O, the Raman spectrum of the

product was identical to that of H,'°O reaction product, and devoid of any bands that

123



W
en

w
o

Intensity, 10 cts s™
NN
o n

Ph.D. Thesis — David S. Brock

Figure 4.1.
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Raman spectra of natural abundance (lower trace), 50% (middle trace) and
97.8% '®0-enriched (upper trace) XeO, recorded under frozen water at —150
°C using 1064-nm excitation. Symbols denote FEP sample tube lines (*),
instrumental artifact (1), and minor, incompletely polymerized (yellow-
orange) product(s) (1).
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Table 4.1. Vibrational Frequencies for XeF,, Xe'®0,, Xe'¥180,, and Xe'®0, ¢

XeF,°

16/18 - d
Xe 0O, &

Dyg°

assgnts (L. =F, O)f

586 Vs, V(Ey)
554 Vi, V(Alg)
524 vs, v(Bag)
291 V3, V(Azu)

218 w,, V(Blg)

n.o. vs, v(Bay)
161 v, v(Ey)*

} 570.3(100)  550.9(100) 542.6(100)

168.9(13)

v(E)

V(A1)
v(B»)
v(By)

v(B1)

v(Az)
v(E)

vad(Xely — Xely)

vs(XeLs)

Vas(XeLy — XeLay)

d(XeLys) 0.0.p., umbrella mode

d(XeLae + Xelae)

d(XeLyy) 0.0.p. —3(XeLy) 0.0.p.

d(XeLy) i.p.
lattice mode

“ Frequencies are given in cm™. > From ref 186. The symmetries refer to the Dy, point symmetry of XeF,. © Values in
parentheses denote Raman intensities. ¢ The sample was prepared by hydrolysis of XeF4 in an equimolar mixture of H,'®0
and HZISO. ¢ The symmetries refer to the local D,, point symmetry of the XeQj4 units in the extended structure of XeO,. I The
abbreviations denote trans (t), cis (c), symmetric (s), asymmetric (as), stretch (v), bend (8), in-plane bend (i.p.), and out-of-
plane bend (0.0.p.). The in-plane and out-of-plane mode descriptions are relative to the molecular planes of XeF, and the
XeO,-unit. £ This mode was not directly observed. The frequency was obtained from the 2v; overtone at 322 cm ™.
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displayed H/D isotopic dependencies, ruling out a hydroxy compound. The most intense
band in the spectrum (570.3 cm ") is assigned to a symmetric stretching mode that is too
low to be associated with the symmetric stretch of XeOs (780 cm™)'* but too high for a
Xe(Il) oxide fluoride or oxide.'®® The spectrum is therefore most consistent with the
formation of the Xe(IV) oxide, XeO,. Moreover, monomeric XeO, is predicted to have a
bent geometry based on an AX3E; (X = bond pair, E = valence electron lone pair)

VSEPR"! arrangement of bond pairs and lone pairs (structure I) and would consequently

e
‘é
K
=X

be a polar molecule. This expectation contrasts with the insolubility of this material in
aqueous media, suggesting that XeO, likely has an extended (chain or network) structure.

The Raman spectra of Xe'®0, and Xe'®0, (Figure 4.1) also support extended
structures. The vibrational frequencies of gas-phase monomeric XeO, have been
calculated at the CCSD(T) level of theory using the 6-311 g* and aug-cc-PVTZ basis set
for oxygen, giving three Raman-active modes at 647 (668), 205 (206), and 703 (716)
cm ', where the aug-cc-PVTZ values are given in parentheses.'® The bands in the
experimental Raman spectra of XeO, number six and are broad (Avy, = 20 cm ™), which is

consistent with vibrational coupling and bridge-bonding in an extended structure. A 1:1
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molar mixture of H>'°0 and H,'®0 was also used to synthesize XeO;, as described above,
in an attempt to resolve the independent spectra corresponding to the 19183 jsotopomers
of monomeric XeO,, namely, XemOz, Xe!® 1802, and Xe'®0,. Instead of three discrete
overlapping isotopomeric spectra, the Raman spectrum was comprised of broadened
bands that occurred at frequencies that were intermediate with respect to the spectra of
Xe'®0, and Xe'*0, (Figure 4.1 and Table 4.1). This result is also in accordance with an
extended XeO, structure in which vibrational coupling extends beyond the primary
_coordination sphere of xenon. The aforementioned behavior of XeO; is not unlike SiO;,
which forms discrete monomeric units with double bonds to oxygen in the gas phase, and
extended networks in the solid state which display extensive vibrational coupling.'*’
There is a notable similarity between the Raman frequencies of XeO, and those
of XeF, (Table 4.1), which are in closest agreement for Xe'®0,, where the atomic mass of
80 is closest to that of °F. This leads to the conclusion that the extended XeO, structure

has a local square-planar geometry around xenon (structure II). The square-planar

structural unit is consistent with the VSEPR model of molecular geometry,*' which is an

AX4E, arrangement of four bond pairs and two valence electron lone pairs. This is in
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accordance with other Xe(IV) compounds which have square-planar (XeF4,
F,0XeNCCH;3,'° XeOF,,'* XeOFs ,'* Xe(OTeFs),®®) or pentagonal-planar (XeFs~,>
[XeF3][SbFs],* [XeFs][SboF11]*") xenon coordination spheres in the solid state when
short secondary contacts are taken into account. However, the bent angles at the oxygen
atoms in the extended structure of XeO; result in reduction of the local D, symmetry at
xenon and three additional vibrations that are otherwise associated with rotation of the

free molecule'’

(see Table 4.2). The observed bands in the Raman spectrum are most
consistent with symmetry lowering to D,; symmetry where the planar XeO4 moiety is
predicted to give rise to nine vibrational bands belonging to the irreducible
representations A; + 2A; + B + 2B; + 3E, where modes of A;, By, By, and E symmetry
are Raman active (seven bands); those of By, B,, and E symmetry are infrared active (six
bands); and those of A; symmetry are Raman and infrared inactive. The vibrational
assignments for XeO, are therefore made by analogy with the square-planar Dy,
symmetry of XeF4 with the understanding that the vibrational mode descriptions under
local D,; symmetry will be very similar

The most intense Raman band of XeO, occurs at 570.3 cm™' and displays an '*O-
isotopic shift of —27.7 cm™. The band occurs at a frequency that is much lower than the
symmetric and asymmetric Xe—O stretches predicted for the gas-phase molecule.'®® This
is consistent with coordination of the oxygen atoms to neighboring xenon atoms, which
imparts single bond character to the Xe—O bonds and lowers the frequencies of the Xe—O

stretching modes. A similar trend has been observed for XeOF,.'” The 570.3 cm™! band

is assigned to the combined v«(XeOs) and v,(XeO, — XeOy) modes, where t represents
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Table 4.2. Site Symmetry Analyses for the XeO4 Moiety in the Polymeric Structure of XeO,
Xe"0," XeF,© Dy D, Dy(Cs)  Du(G") Gy Ciy Dy(C)  Da(GY G S D, (C) D, (C") Cy (Cp )
. ) : B:w(R)+ Ba (R + = B:(RIR)+ B;(RIR)+ B, (RIR)+
5 5 w ”
6258 S8  E,(IR) E(RIR) E (RIR) ERIR)  ERIR - EAR)  p*p™ g o ERID BRI P’ Pem BRIE
<4 554 A (R) A, (R) A, (R) A, (R) Ay (RJIR) A (R) Ay (R) A (R) A(R,IR) A(R) A(R) A (R) Ay (RJR)
426 | 524 BL(R) B, (R) B, (R) By(RIR) B, (R) B.(R) A, (R) B (R) B(R) B(RIR}  AR) By(RIR) A, (RIR)
2700 291 As (IR) A2 (IR) B;(RIR)  B:(RIR) 4 (RIR) A, (IR)  By,(IR) B,(OR)  ARIR) BRI B (RIN  B((RIR) 4 RIR
Lo ¥
Tregd } 28 By(R) B.(R) B:(RIR) B, (R) B. (R) B, (R) B (R) A (R) B(R) B(RIR) B (RIR)  A(R) A (R)
no n.o B, (no) B, (R) A; (no.) A, (R) B, (R) B, (no.) By, (IR) A,(no) B (R) A(R) B, (R,IR) A(R) A, (R,IR)
e . , . . By (IR)+ Ba(IR)+ v B:(RIR)+ B, (RIR)+ B, (RIR)+
1611 161°  E,(IR) E(RIR) ERIR)  ERIR)  ERIR)  EMR)  gop” pop ERR)  ERID - PZone’” PR BURIR)
R. Apno) | 43R A; (no) 4:(n0)  A;(no) AR B.(R)  B,R) ARIR)  A(R) B/(RIR) B, (RIR) A (RIR)
22667 B, (R) + B, (R)+ B, (RIR) + B, (R,IR)+ B, (R,IR) +
Sisg } R.R, E.(R) E(RIR) E (RIR) E(RIR)  ERIR) £ (R) 2R B®R ERR)  ERB  Fop’ PRR BRI
Xe"0.' Dy | Cal(Cuo)  CalCy) CulCi)  CulC)  CulC)  Cu(GC)  GiIC)  CiCs) Ci(Cs) C.(0) C.(a) C, (o) C,
- B, (RIR)+ A, (RIR)+ A, (RIR)+ A, (IR)+ A (IR)+ ARIR)+ A(R]IR)+ : A'(RIR)+ A" (RIR)+
258 K 1 > )
6 E, BRI BRR SRR B Fayt pary BRB e’ ek HRR egmy egm 20
- [ 4; | 4@®RIR) A4 RIR) A4 RIR 4R A (R) A (R) AMRIR)  ARIR)  ARIR)  A(RIR)  ARIR)  A'RIR) 4 (R)
26 | g, |4H® A RIR) B (RIR)  A4.(R) A (R) B.(R) ARIR)  ARIR)  BRIR)  ARIR)  ARIR)  A"RIR) 4 R)
2700 A, | A(RIR)  B:(RIR) B (RIR) A, (IR} B, (IR}  B,(IR) 4(RIR) B(RIR)  B(RIR)  A"(RIR) A'(RIR)  A'(RIR) A, (IR)
bl
,f:f‘, } By |A/®RIR) BRI A (RIR) AR B (R) A, (R) ARIR)  B(RIR)  ARIR)  ARIR)  A4“(RIR) 4RI} A (R)
no. B | A:(R) B:(RIR)  A:(R) 4,0R) B, (AR) A4, (0R) AMRIR) B(RIR) ARIR) A"RIR) A (RIR) A" (RIR) A (R
B, (RIR)+ A, (RIR)+ A, (RIR)+ A, IR+ A, (IR)+ ARIR)+ A (RIR)+ . A" (RIR)+ A" (RIR)+
el A p®IR) BRI BRIRY) B gapy pary  ER® ek prwy  ERP egmwy arwwy MO0
A | AR B/(RIR) B, (RIR)  A.(R) B, (R) B, (R) ARIR)  B(RIR) BRI}  A'RIR)  A4"(RIR)  A"RIR) AR
22667 B, (R.IR) + A;(R)+ B, A; (R)+ B, A, (R)+ A, (R)+ P A(RJIR) + A(RJIR)+ ™ A" (RJIR) + A'(RJIR) + ",
2160° } E; B.(RIR)  (RIR) (RIR) B,®) B R) B, (R) BRI RIR) R RR RR  arwirgy MR

“ The irreducible representations and activities in bold red correspond to modes having Raman activities that are
incompatible with the observed Raman bands of XeO,. The abbreviations denote Raman-active (R) and infrared-active
(IR) bands and not observed (n.o0.). The only local XeO, symmetry that is consistent with the observed Raman activities is
D1y (GY). ® The vibrational frequencies of Xe'®0, are compared with XeF, to minimize the mass difference between F and
O. The spectral assignments of Xe'®O, are for square-planar oxygen-bridged Xe'*0, moieties. © From ref 186. The
translatory modes of XeF, belong to the 45, (7-) and E, (T, T,) representations but their counterparts do not contribute
vibrational modes in the extended structure of XeO,. ¢ The two bands either arise from splitting of the B», mode normally
observed for XeF4, or from a rotational mode that is rendered Raman active upon symmetry lowering.  This mode was not

directlv observed. but was obtained from the 2v~ overtone at 322 cm .

1
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atoms trans to one another. These modes are normally associated with vi(A1g) and v4(Bag)
in an isolated square-planar molecule but are rendered degenerate in an extended lattice
(structure II) because the elongation of four Xe—O bonds results in the compression of
four Xe—O bonds of the four next nearest neighbor XeO4 groups. The v2(B1g) mode of a
square-planar molecule appears as two bands at 227.9 and 239.1 cm™'. These bands
exhibit '*0 isotopic shifts of —11.0 and —12.5 cm ™, respectively, which are assigned to
8(XeOy + XeOzC).191 The extended lattice of XeO, also renders modes Raman-active that -
would otherwise be exclusively infrared active in an isolated centrosymmetric square-
planar molecule. A case in point is the weak band at 283.9 cm ', which is assigned to the
out-of-plane XeO4 bend, vi(Aay), and displays a low-frequency shift (—-13.9 cm™) upon
180-enrichment. Similarly, the otherwise Raman-inactive modes, XeO; — XeO, and the
in-plane bend, XeOx, corresponding to v¢(Ey) and v7(Ey), respectively, are observed at
632.3 cm™’ and 168.9 cm™' with '*O isotopic shifts of —6.5 and —7.8 cm™’, respectively.
The out-of-plane coupled bending mode, 8(XeOz)o.0.p. — 8(XeOy), corresponding to
vs(Bay), which is formally both Raman and infrared inactive in isolated square-planar
centrosymmetric molecules, is also not observed for XeO,.

The Raman spectrum of the yellow-orange, incompletely polymerized product
(Figure 4.2) is very similar to that of the fully polymerized yellow solid with the
exception of a broadened 570 cm ™ band, which tails off to higher frequency (~680 cm™),
and a weak band at 310 cm™". These features may be attributed to shorter oligomers or

smaller network structures that have not fully condensed.
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Figure 4.2.  The natural abundance Raman spectra of yellow-orange incompletely polymerized product(s) (black trace) and
yellow, macromolecular XeO, (red trace) recorded under solid water at —150 °C using 1064-nm excitation.
Symbols denote FEP sample tube lines (*) and instrumental artifacts ().
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Prior work'”® reporting xenon doped SiO, has been re-examined in light of the
present findings. The study assumed that xenon substitution for silicon in a SiO; lattice
resulted in xenon occupancy at a tetrahedral site. For this reason, the local xenon
geometry was compared with that of XeO,,'” assuming that the Xe—O bond lengths and
vibrational frequencies of the gas-phase XeOs molecule are transferable.'”
Consequently, the latter assumption and ensuing comparisons are flawed. The valence
shell of Xe(IV) in XeO, possesses two valence electron lone pairs. If Xe(IV) were to
form bonds to four oxygen atoms in a silicate environment, they would be single bond
domains and would adopt a local square-planar AX4E; VSEPR* arrangement around
Xe(IV) as in structure I1. Xenon in tetrahedral XeOQy is in the +8 oxidation state, forming

four double bonds to the oxygen atoms.'® The prior argument'™

ignores the formal
oxidation state of xenon, formal Xe—O single bond orders and stereochemical activities
of the two valence electron lone pairs on Xe(IV). Therefore, the bond lengths and Raman
frequencies observed for gas-phase XeO, are not valid comparisons. The present
arguments are supported by a recent report that provides several calculated models for
xenon insertion into SiO, networks.'” One such model positioned xenon at a tetrahedral
site which, when energy optimized, gave a local square-planar geometry at xenon.
Unfortunately, the steric effects of the free valence electron lone pairs on Xe(IV) and
relevant VSEPR arguments were not considered and the optimized square-planar
geometry was attributed to packing constraints and stabilization by the surrounding

environment.'**
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Thermodynamic considerations in the prior reports of xenon doped Si0,'7®

attribute the formation of XeO, to PV work that resulted from an increase in unit cell size
and to the high pressures attained in the experiment.'”® The PV work was estimated to be
~700 kJ mol™, noting that it “favors the reaction that is otherwise inhibited at ambient
conditions because of the high formation enthalpy predicted for XeO,'® compared with

that of SiO,”. Although —700 kJ mol ™" is sufficient to overcome AH’s XeOx (487 kJ

mol"),'® an ambiguity arises when AH’ SiOxquartzy (—910.94 kJ mol )'** and AH
Xei (—15.0(2) kI mol ™)!*® are also considered in eq 4.9, resulting in a highly
endothermic (713 kJ mol™") process when the volume reduction work is included.

SiOx(quartzy + Xe ——> Siy + XeOx AH°= 1413 kJmol"  (4.9)
Equation 4.9 neglects the lattice enthalpy of XeO,, which is unknown, but were it to
exceed 713 kJ mol ™, when coupled with the error in the estimated PV work, the process
could be rendered spontaneous. The plausibility of reaction 4.9 is supported by a recent
computational study relating to xenon insertion into SiO, networks.'”® This study
concluded that xenon could be incorporated into the interstitial spaces of SiO, lattices
under ambient conditions and that xenon could replace silicon at higher pressures in a
two-step process. The initial step requires a substantial amount of energy and involves a
redox process in which Si atoms are removed from the lattice and Si—O—O—Si peroxi-
linkages are formed (eq 4.10). The xenon incorporation step (eq 4.11) has an energy
barrier of 177 kJ mol *.'**

(Si—0-)2-Si-(-0—S1)a(quartyy — > 2 Si—0—0—Si(s) + Sigy (4.10)

2 Si“O—O—Si(S) + Xe(s) —_— (Si—O-)z-Xe-(-O—Si)z(s) (411)
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In view of the aforementioned computational results, which support xenon
substitution into SiO, networks, the previous Raman spectrum of xenon doped SiO;

178

obtained from a high-pressure and high-temperature study '° was re-examined in light of

the present findings. The spectrum is consistent with the presence of covalently bound
xenon, but the vibrational bands were incorrectly assigned. A band at 588 cm™' was
assigned “to the main Raman band of SiO units, located at 596.4 cm ' at room
temperature in the gas phase”.'”® The reference alluded to by the authors actually quotes
SiO stretches ranging from 460.2 — 627.9 cm* for (SiO), (# = 2—4) in a solid methane
matrix at 25 K."” The 588 cm™' band is in good agreement with the experimental
frequency for bulk XeO, (570.3 cm™') obtained in the present study and more likely
arises from modes whose descriptions approximate vy(XeQs) and v,(XeOz — XeOyy).
Bands at 814 and 356 cm ' were also previously assigned to XeO,,'”® but most likely
arise from Si-Ox. stretching and O-Si-Ox. bending modes, respectively, where Ox.
denotes oxygen bound to xenon. These bands are in good agreement with the E and A,

198

modes observed for solid SiO; at 795 and 356 cm™’, respectively,'®® and are reassigned

accordingly.

4.3. Conclusion

The present study has provided the synthesis and characterization of macroscopic
amounts of XeO,. Raman spectroscopic studies employing °0/'*0 isotopic enrichment
indicate that XeO, possesses an extended structure having a local square-planar XeOy

geometry around Xe(IV). Xenon dioxide presently represents the only known covalent
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network structure for a noble-gas compound that exists under near-ambient conditions.
The present Raman spectroscopic studies of XeO, also correct prior vibrational
assignments of xenon-doped SiO, containing covalently bound xenon (2.2%) that had
been substituted for silicon in a quartz matrix under high-temperature and high-pressure
conditions.'”® Such xenon-doped SiO, lattices offer the possibility that covalently bound
xenon occurs in natural silicates that have been cycled deep into Earth’s crust. This could
serve to deplete the amount of xenon relative to the lighter noble gases'in the atmosphere,

providing a plausible explanation for the Earth’s missing xenon.
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CHAPTER 5
XeOF; , an Example of an AX;YE, VSEPR Arrangement; Syntheses

and Structural Characterizations of [M][XeOF;] (M = Cs, N(CH3),)

5.1. Introduction

Although the xenon(IV) fluoride species, XeFs*, "2 XeF,,*>?>*® and XeFs™ >
have been well characterized spectroscopically and by single-crystal X-ray diffraction,
the absence of a facile synthetic route to high-purity XeOF, had prevented extensive
exploration of its fluoride ion donor—acceptor properties. The recent synthesis of pure
XeOF,'® has provided an opportunity to extend the oxide fluoride chemistry of Xe(IV)
and to study the fluoride ion acceptor properties of XeOF, with the view to synthesize
and characterize salts of the XeOF; anion.

A prior publication has reported the synthesis of [Cs][XeOFs;] and its
characterization by low-temperature Raman spectroscopy.®’ The synthesis (eqs 5.1 and

5.2) utilized aHF as the solvent medium which was complicated by the fact that both F

CsF+ mHF ——=—~ [Cs][F(HF),] (5.1)
[CSI[F(HE),] + XeOF, 225C¥% [C5][XeOF;] + mHF (5.2)

and XeOF,'” form HF solvates. Removal of HF under dynamic vacuum at —78 °C
produced a mixture of XeOF, and [Cs][F(HF),]. Slow warming of the product mixture to
room temperature under dynamic vacuum resulted in further removal of HF. The authors

concluded that upon solvent removal, the reaction proceeded to the formation of
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[Cs][XeOFs], along with traces of [Cs][XeO,Fs]; the latter was attributed to a

disproportionation (eq 5.3).” The present work will show that a mixture of XeF,, XeOF,,

2[Cs][XeOF;] —5

G [Cs][XeO,F3] + XeF, + CsF (5.3)
[Cs][XeFs], .and [Cs][XeO3F] was actually formed in the earlier reported work and that
the XeOF; anion has eluded synthesis until the present work.

The XeOF; anion is of special interest because, to the best of the authors’
knowledge, it represents the only example of an AX;YE; VSEPR* arrangement in which

the valence electron lone-pair domains and a double bond domain occupy positions

where they are approximately 90° to one another (Structure I).

o -
F )l(e/..
l

F
o

I
The present paper details the syntheses of the Cs' and N(CHs);' salts of the
XeOF; anion and their characterization by Raman spectroscopy. Quantum-chemical
calculations and '*0-enrichment have been employed to assign the Raman spectra of the

Xe'9®0F;” anion and to aid in the assessment of its chemical bonding.
5.2. Results and Discussion

5.2.1. Syntheses of [M][XeOFs] (M = N(CH,), Cs). 5.2.1.1. [M][XeOF;] in CH;CN

Solvent. Reactions and the purities of all products were routinely monitored by
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recording the low-temperature Raman spectra (—150 °C) of the natural abundance and
0-enriched (98.6 atom %) XeOF; salts.

The XeOF; anion was obtained as the N(CH3)s" and Cs' salts by the low-
temperature reaction of XeOF, with [N(CH3)4][F] (CsF) in dry CH3CN solvent according
to eq 5.4, where M = N(CH3)4, Cs. Tetramethylammonium fluoride or CsF was added in

XeOF, + [M][F] —go= [M][XeOF;] (5.4)
ca. 3—5% excess to circumvent possible XeOF, contamination of the product. The
[N(CH3)4][XeOF;] salt precipitated from solution as a very pale yellow, amorphous
powder and was isolated by removal of the solvent under dynamic vacuum at —45 to —42
°C over a period of several hours. The synthesis of [Cs][XeOF3] was complicated by the
low solubilities of CsF and [Cs][XeOFs] in CH3CN solvent. Upon warming, XeOF,
reacted in varying degrees with CsF, forming insoluble [Cs][XeOF;] in admixture with
unreacted CsF. Unreacted XeOF,, which imparted a yellow color to the supernatant,
remained in solution and was removed by use of a cannula as previously described.'?
The residual solvent was removed under dynamic vacuum at —45 to —42 °C over a period
of several hours, leaving behind a pale yellow powder. Reaction of [M][F] with XeOF, in
2:1 molar ratios yielded only [M][XeOF;] and did not result in the formation of
[M][XeOF,]. Conversely, reaction of the fluoride salts with XeOF, in 1:2 molar ratios
did not result in the formation of F,0Xe---F---XeOF, salts, yielding only [M][XeOF;]
and unreacted XeOF,.
5.2.1.2. Attempts to Replicate the Prior Synthesis of “[Cs][XeOF;)” in aHF. A 1:1

molar ratio of CsF and XeOF, was prepared in aHF and dried under dynamic vacuum at
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—78 °C. The product was shown by Raman spectroscopy to be XeOF,nHF, but
presumably also contained [Cs][F(HF),]. With further pumping, vigorous mixing, and
slow warming to —10 °C to remove additional bound HF, the original pale yellow color of
the sample intensified. The Raman spectrum of the resulting solid revealed a mixture of
XeOF, and [Cs][XeOF;] (and presumably [Cs][F(HF),], where n << m).

The previously reported synthesis of “[Cs][XeOF;]”, which was carried out at 0
°C,% closely resembles the present synthesis which was carried out at —10 °C. However,
the Raman spectra of their respective products are significantly different. The Raman
spectrum of the previously reported product mixture®’ has now been reassigned to XeFs,
XeOF,, [Cs][XeFs], and [Cs][XeOsF] (Table 5.1). It is likely that none of the reactions
leading to the latter products involve [Cs][XeOF;] as an intermediate because none of its
vibrational bands were observed in the Raman spectra of the product mixtures based on
the present Raman assignments for [Cs][XeOFs] (cf. Tables 5.1 and 5.2). The neutral
molecules, XeOF, and XeF,, likely form upon removal of HF from XeOF,#HF (eq
5.5),'® followed by either xenon(IV) reduction to xenon(Il) (eq 5.6)"* or
disproportionation (eq 5.7).°”!*> The previous report also noted that the reaction of XeF,
and H,O in HF solvent at —60 °C, which was used to synthesize XeOF,, was incomplete
and therefore contained unreacted XeF, and H,0.%” Xenon tetrafluoride, which has been
shown to react with CsF to form [Cs][XeFs],> presumably reacts with [Cs][F(HF),]
according to eq 5.8.'"° Water and [Cs][F(HF),] would form [Cs][XeOsF] by either
hydrolysis of XeO,F, (eq 5.9),% followed by fluoride ion addition®®' (eq 5.10), or by

fluoride ion addition to XeO,F,** (eq 5.11), followed by hydrolysis (eq 5.12). Equations
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Reassigned Raman Spectra of Products Attributed to [Cs][XeOFs] in Prior

Work”

exptl

assgnts b

XeF, XeOF,

[Cs][XeFs]

[Cs][XeOsF]

856(2) °
837(2)°
825(<1)°
805(4) ¢
793(3)°
768(17)
755(3)°
727(32)
716(5)°
503(61)
497(35)°
487(10)
464(100)
434(4)°
425(5)¢
381(5)
370(6)
292(1)
270(5)
260(8)
219(1)
167(6)

145(11)¢
138(3)°
124(19)°

118(3)°

v(Xe'%0)
v(Xe'*0)
Vs(XeFZ)

VS(XCFz)

Prock(XeOF,) 1.p.

S(XeFy) i.p.

lattice
vibration

VS(XCFs) i.p.

vi(XeFs) i.p.

ds(XeFs) i.p.

lattice
vibration

vas(Xe'°0"0,,)
Vas(Xe 1 8026q)
ve(Xe'Oneq)
vs(Xe'®0"04,)
vs(XemOZeq)
v(Xe'®04)

v(Xe'*04)

“ From ref 67. ° The abbreviations denote symmetric (s), asymmetric (as), stretch (v),
bend (3), rock (prock), and in-plane bend (i.p.). The in-plane mode descriptions are relative
to the XeOF, and XeFs planes for XeOF; and XeFs , respectively. The mode assignments
were based on comparison with ref 203 (XeF»), ref 125 (XeOF,), ref 53 ([Cs][XeFs]), and

ref 201 (Cs]
prior work;®’

e
G
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Table 5.2.  Experimental Raman Frequencies” and Intensities” for XeOF;  in
CS[X60F3] and [N(CH3)4] [XCOF3]

Cs salt™* N(CH,)4" salt*™ assgnts”
Xe'*OFy Xe'®OF; Xe'*OF; Xe'*OF; # Av (Cx) symmetry
759.6(100) 721.4(100) -382
7572sh 719.0 sh -382 730.1(100) 694.0(100) -36.1 v(Xe0)
748.9(20) 711.3(17) -37.6
512.8(6) 512.7(6) 0.1
509.7(4) 508.9(4) 08 n.o. no. Vae(XeFy)
498.9(5) 498.9(6) 0.0
487.7(46) 487.6(45) 0.1 471.3(12) 472.0(16) 0.7
483.8(20) 483.7(22) 0.1 } 4573(31) 457.434) 01 vi(XeF, ) + v(XeFs)
474.5(26) 474.5(28) 0.0 _
4702(65) 4702(65) 00 } 447.6(63) 447.5(66) -0.1 .VB(Xer.) v(XeFy )
n.o. n.0. 332.0(2) 332.4(1) 04 8(XeOF;) o.0.p.
301.6(8) 292.0(8) -96 271.5(10) 261.9(11) 96 )
283.2(7) 273.6(6) 96 } 268.7(9) 259.4(9) 93 Procx(OXeFy,) 1.p.
276.4(7) 263.2(6) -132
250.9(2) 249.6(3) -13
246.6(3) 244.5(3) 2.1 fluorine bridge modes
241.4(1) 239.7sh -17
223.42) 223.02) 04
201.2(3) 200.3(2) 09 193.9(1) 193.1Q1) 08 SCKEF.)
186.8(4) 186.4(5) 04 189.5(1) 189.0(1) 0.5 (XeFz) ip.
};258 |81 32 } 156.5(2) 152.9(1) 3.6 [8(0XeFy) — 5(XeFz0)] 0.0.p.
%gg:z(fg }‘3‘2:3(511?) :‘3‘ ;‘ } 137.82) 137.73) 0.1 [Paoc(OXeFss) + S(FsXeF,)] ip.
119.8(6) 119.1(7) 0.7
108.7(4) 108.7(5) 0.0 64.0(<1) 63.8(<1) 02 lattice modes
* Frequencies are given in cm™. ® Values in parentheses denote relative Raman intensities. ©

Raman spectra were recorded in FEP sample tubes at —150 °C using 1064-nm excitation. 4 The
abbreviations denote shoulder (sh) and not observed (n.0.). “ Weak bands at 454.7(4) and 763.1(sh)
in the %0 spectrum and at 454.5(7) and 724.8(sh) in the '*0 spectrum are attributed to a hydrolysis
product(s). / The N(CHs);" cation modes were observed at: v(E), 377(2); vio(T2), 460(2); vs(A,),
761(13); vis(T2), 951(10); v«(E), 1176(2), 1187(1); vi«(Ty), 1287(1); vis(T2), 1405(2), 1408(2);
va(Ay), ve(E), 1462(12), 1479(1), 1487(10); v(CH;) and combination bands, 2800(2), 2881sh,
2908(3), 2938(3), 2957(12), 2978sh, 2999sh, 3038(18) cm™. € Weak bands at 756.2(8), 749.4(5),
744.7(3), 721.3(5) 710.0(6), 702.1sh, 488.8(1), 481.9(3), and 478.2(6) in the '®0 spectrum are
attributed to a hydrolysis product(s). The band at 472.0(16) also partially overlaps with a hydrolysis
product band. * The abbreviations denote symmetric (s), asymmetric (as), stretch (v), bend (3),
rock (prock), in-plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-plane and out-of-plane
mode descriptions are relative to the XeOF,,F, plane, i.e., the anion lies in the xz-plane with the
Xe—O bond colinear with the z-axis (see Figure 5.1).
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Figure 5.1. Calculated geometries [B3LYP/aug-cc-pVTZ(-PP)] for (a) XeOF; and (b) XeOF,.
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5.11 and 5.12 represent the most likely route to [Cs][XeOsF] because [Cs][XeO,F;] was
often observed in the Raman spectra of product mixtures but XeOs was not.”” The
hydrolysis of XeFs in the presence of unreacted H,O, which competes with Xe(VI)
species in eqs 5.9 and 5.12, does not occur and is consistent with the higher oxophilicities

of Xe(VI) species (see 5.2.3, Reactivities of XeOF; Salts).

XeOF,nHF —> XeOF, + nHF 1 (5.5)
XeOF, —> XeF; + %40, (5.6)
XeOF; —> Y2XeF; + 2XeOsF; 5.7
XeF4 + [Cs][F(HF),] —> [Cs][XeFs] + nHF ¢ (5.8)
XeOyF, + H,O —> XeO; + 2HF (5.9)
XeO; + [Cs][F(HF),] —> [Cs][XeO3F] + »HF ¢ (5.10)
XeO,F, + [Cs][F(HF),] —> [Cs][XeO,F;] + nHF ¢ (5.11)
[Cs][XeO,F3] + H,O ——> [Cs][XeOsF] + 2HF (5.12)

5.2.1.3. An Alternative Synthesis of [Cs][XeOFs]. High-purity [Cs][XeOF;] was
obtained when HF solvent was removed from a stoichiometric mixture of CsF and XeOF,
at —78 °C, followed by warming the reaction mixture to —45 °C under dynamic vacuum.
Solid XeOF,, which forms an insoluble HF solvate,'? appeared to liquify and became
intense yellow in color prior to formation of a dry yellow powder under dynamic
vacuum. The Raman spectrum of this intermediate mixture showed only XeOF,. It is
presumed that [Cs][F(HF),] was also present but could not be observed in the Raman

spectrum because the bands were too broad and weak. Extraction of residual HF with an

143



Ph.D. Thesis — David S. Brock

aliquot of CH3CN at —20 °C resulted in high-purity [Cs][XeOF3]. The present method
avoids decomposition arising from higher reaction temperatures and heterogeneous
reaction conditions that result from the synthetic procedure outlined in the section above

by using CH3CN to partially or completely solubilize XeOF, and CsF.

5.2.2. Hydrolytic and Thermal Stabilities of [M][XeOF;] (M = N(CHy), Cs). Dry
[N(CH;)4][XeOF3] is shock sensitive at low temperatures but does not exhibit shock
sensitivity under CH3;CN upon standing at room temperature for 10 min. Dry
[N(CH3)4][XeOF3] is kinetically stable at —78 °C for indefinite periods of time but begins
to slowly decompose upon warming from 0 to 10 °C. The low-temperature (—150 °C)
Raman spectra of samples briefly warmed to 25 °C and then quenched at —150 °C show
the growth of the v{(XeF,) band of XeF, at 498 cm”,*” and the v(CHs) bands of
[N(CHs)4][F] at 2957 and 3038 cm™*.?**"2% The [Cs][XeOFs] salt is also stable at —78 °C
for indefinite periods of time but slowly decomposes at room temperature to XeF,,
XeOyF; , Oy, and CsF. Although [Cs][XeOF;] appears to be less shock sensitive than the
N(CH3)4+ salt, detonations have occurred when attempting to transfer the finely-
powdered salt in a drybox.

Two decomposition pathways have been inferred for XeOF; based on these
observations. The major decomposition pathway is through reduction to Xe(Il) (eq 5.13),
and the minor decomposition pathway is through disproportionation (eq 5.14) to Xe(II)
and Xe(VI) (see 5.2.5.3, Thermochemistry).

[M][XeOF;] —> XeF, + %0, + [M][F] (5.13)
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[M][XeOF;] —> Y:XeF; + 4[M][XeO,F;] + .[M][F] (5.14)

While [Cs][XeOFs] and [N(CH3)4][XeOF3] can be obtained as pure salts when
exact stoichiometric ratios of XeFs and H,O are used for the synthesis of XeOF,, both
salts hydrolyze when H,O is used in excess. Characterization of the hydrolysis products
by Raman spectroscopy showed several bands in the ﬁequency range 720—785 cm . The
bands appearing between 720 and 765 cm ' correspond to the v(XeO) regions for
XeOF,,'” F,0XeNCCH3,'” XeOF,nHF,'™ and XeOF; while the bands appearing
between 745 and 785 cm™' correspond to the v¢(XeOs) regions for XeOsF~ ?°! and
Xe0;3.!” The findings indicate that the decomposition pathway resulting from hydrolysis
involves disproportionation to Xe(VI)-containing species that likely occurs according to
eqs 5.15 and 5.16. Although the exact nature of the decomposition product(s) could not
be established, it is likely to be a compound(s) having the general formulation(s)

[Cs]:[(XeO3),Fx(XeOF,),].

CH,CN

XeOF; + H,0 —sec™ [XeO.F ] + 2HF (5.15)
[XeOF | —Sot= 1%XeOsF + ¥%iXe + %0 + %F (5.16)

5.2.3. Reactivities of XeOF; Salts. The insolubilities and/or reactivities of the
N(CH3);" and Cs" salts in CH;CN, SO,, SO,CIF, HF, XeOF,, ONF, and O,NF have
prevented crystal growth and NMR characterization.

Attempts to dissolve [N(CH;)4][XeOF;] in SO, at —78 °C resulted in sample
detonation, and it is proposed that XeOF; oxidizes SO, to SO; according to eq 5.17. An

[N(CH3)4][XGOF3] + SOZ —_;;—ié—> XeF, + SO3 + [N(CH3)4][F] (517)
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attempt to dissolve [Cs][XeOF3] in XeOF, at ca. 20 °C resulted in oxygen/fluorine
metathesis to give XeFs, XeO,F,, and [Cs][F(XeOF4)n]'*’ according to eq 5.18.
[Cs][XeOF;] + (m+1)XeOF, _;:)eatc__ XeFs + XeOyF; + [Cs][F(XeOFs),] (5.18)
The syntheses of the NO" and NO," salts of XeOF; were attempted. Contact of
ONF with XeOF, at —78 °C resulted in an explosion in which XeOF; likely oxidizes ONF
to O,NF (eq 5.19). The white residue that remained and coated the fractured FEP reaction
ONF + XeOF, ——eoc— O,NF + XeF, (5.19)
vessel had an odor reminiscent of XeF,. Addition of O,NF to XeOF; at —78 °C resulted in
an immediate color change from yellow to white upon contact with liquid O,NF. The
Raman spectrum of the product mixture showed modes corresponding to XeFs, N,Os (the
spectrum corresponded to the ionic solid-state formulation [NO2][NOs]*") and XeFs
anion bands. The Raman spectrum (Table 5.3) indicates that XeOF, transfers oxygen to

O,NF to give XeF4 and N>Os (eq 5.20) and a subsequent reaction of O,NF with XeF,

gives the XeFs anion (eq 5.21).

neat

20,NF + XeOF, 78°C XeF, + N,yOs (5.20)
XeFy + O;NF —~—= [NO;][XeFs] (5.21)

5.2.4. Raman Spectroscopy. The low-temperature Raman spectra of [N(CH3)4)
[Xe'¥'80F;] and [Cs][Xe'¥"8OF;] are shown in Figures 5.2 and 5.3, respectively. The
observed and calculated frequencies and their assignments are listed in Tables 5.2, 5.4,
and A2.1. In the absence of a crystal structure, the energy-minimized geometry of the

XeOF; anion was calculated at several levels of theory (Tables 5.4 and A2.1) using the
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Table 5.3.

Raman Spectrum of the Products Formed in the Reaction of XeOF, with O,NF

exptl

assgnt *

[NG,][NOs] (D, Co) XeFy (Duy)

_INOGp|[XeFs] (Do Dsp)

XeOF, (Cay) O,NF (Cy)

1411(3)
1397(69)
1385(4)
1349(3)
1300br(5)
1078(1)
1064(2)
1047(68)
750(4)
NG
554(15)
548(6)
545(100)
533(12)
512(12)
508(28)
504(83)
468(5)
284(3)
280(3)
239(2)
215(2)
160(23)
155sh
105(35)

v 1(Z+g), v{N 02+)
v3(E), v5(NO;")

2vy(ILy), BNO,")
2vy(I1), 3(NO,")
vi(Ay), v{NOy)

va(E"), 3INO3 )i,
v(Ayg), vd(XeFy)

v(Ayp), v(XeFy)
VZ(HU)’ S(NOZ-‘)

V(Byy), v, XeFy —XeFy)
v(B1p), va(XeFy —XeFy)

V(B1g), va(XeFy —XeFy)

V(BZu)» S%FZOO. op. a(XeFZf)o.o.pA
lattice vibrations
lattice vibrations
lattice vibrations

Vi, vdNG;)
vl(fg), v{(NG;")

2vo(Ay"), 8(XeFs)

vi(Ay), vo(XeFs)

vo(Ay"), (XeFs)
va(Ay), 8(XeFs)

vi(Ay), v{NOy)

vi(A)), (XeO)

VoA, v{(XeFp)

“ The abbreviations denote symmetric (s), asymmetric (as), stretch (v), bend (8), in-plane bend (i.p.), and out-of-plane bend
(0.0.p.). The in-plane and out-of-plane mode descriptions are relative to the molecular planes for XeF4 and NO; . The mode
assignments are based on comparison with ref 127 ([NO,][NOs]), refs 32,35,38 (XeF,), ref 53 ([NO,][XeFs]), ref 125 (XeOF,),
and ref 116 (O,NF).
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Figure 5.2. Raman spectra of natural abundance (lower trace) and 97.8% '®O-enriched (upper trace) [N(CH3)s][XeOF;]
recorded at —150 °C using 1064-nm excitation. Symbols denote FEP sample tube lines (*), instrumental artifact (1),
and minor hydrolysis product(s) ().
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Figure 5.3. Raman spectra of natural abundance (lower trace) and 97.8% '*O-enriched (upper trace) Cs[XeOFs] recorded at
—150 °C using 1064-nm excitation. Symbols denote FEP sample tube lines (*), instrumental artifact (1), and minor
hydrolysis product(s) (%).
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aug-cc-pVDZ(-PP) and aug-cc-pVTZ(-PP) basis sets. The calculated vibrational
frequencies, intensities, and '*'®0O-isotopic shifts were used to assign the Raman spectra
of XemOF{ and XeISOF{ in their Cs* and N(CH3)4+ salts. Regardless of the level of
theory or basis set used, the frequency, intensity, and isotopic shift trends are similar and
consistent. The frequency ranges cited in the ensuing discussion refer to isotopic shifts
and are the values obtained for the entire range of theory levels, showing good agreement
with experiment regardless of the level of theory used. The experimental and calculated
vibrational frequencies for monomeric XeOF; and their assignments (Table A2.2) have been
previously discussed'” and were also used to aid in the vibrational assignments of XeOF; .
The Xe'9'®OF;™ anion possesses Ca, symmetry which results in nine fundamental
vibrational modes that span the irreducible representations 4A; + 3B; + 2B, (the xz-plane
is the molecular plane and the Xe—O bond lies along the z-axis) which are both Raman
and infrared active.

5.2.4.1. [N(CH3)4][XeOF;]. The frequencies associated with the N(CHz)," cation have
been assigned based on comparisons with the previous literature.”** % The XeOF;
anion of [N(CHj)4][XeOF3] is in overall good agreement with the calculated gas-phase
anion. As predicted from the calculated frequencies and Raman intensities, the highest
frequency and most intense XeOF; band occurs at 730.1 cm ™ and is assigned to v(XeO).
This mode displays a large low-frequency shift (~36.1 cm™) upon 80 substitution that is
in very good agreement with the calculated values (—33.5 to —42.8 cm '). The
asymmetric v,s(XeF,,) mode is expected to be weak to very weak in the Raman spectrum

and was not observed. The bands at 457.3/471.3 and 447.6 cm™! are of medium intensity
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Table 5.4. Calculated Vibrational Frequencies® and Infrared and Raman Intensities’ for the Xe'®'*OF;~ Anion®

XeSOF;

MP2 SVWN5 BP86 PBEIPBE B3LYP B3PWY1 MPWIPW91 assgnt
867.9(25)241] 735.8(48)[163] 690.1(50)[150] 771.2(59)[160] 729.6(62)[152] 752.9(58)[157] 767.8(59)[157] v(XeO)
493.6(<1)[283] 482.%(<1)[285] 439.6(<1)[265] 491.2(<0.1)[340] 467.3(<0.1)[319] 479.3(<0.1)[324] 489.8(<0.1)[339] Vas(XeFa)
460.7(27)[152] 447.6(29)[88] 405.5(34)[92] 460.5(34)[54] 432.7(37)[66] 445.8(35)[62] 458.7(34)[55] vy(XeFy, )+ v(XeF, )
379.2(20){34] 389.2(15)[59] 347.8(21)[42] 3723(10)[131] 356.9(13)[106} 366.6(12)[113] 371.2(10)[129] v{XeFy, ) — v(XeFy )
286.8(<1)[54] 256.9(<1)[41] 242, 7(<1)[39] 269.4(<1)[48] 256.3(<1)[47] 263.8(<1)47] 268.8(<1)[48] 3(XeOF3) 0.0.p.
250.6(4)[<1] 227.24)(1] 222.7(9)[<1] 259.9(3)[<1] 246.9(4)[<1] 253.1@)[<1] 2602(3)(1] Proa(OXeF,5) 1.D.
171.2(<1){2] 166.5(<<1)[3] 163.8(<<1)[3] 183.6(<D)[t] 177.2(<1)[2] 180.5(<1)[1] 183.9<)[1] S3(XeFay) i.p.
132.6(<1)[<0.1] 125 9(<1)[<0.1] 115.4(<1)[<0.1] 136.6(<1)[<1] 1275(<1)[<1] 131.6(<1)<1] 135.8(<1)[<1] [S(OXeFy) — 8(XeF;,)] 0.0.p.
150.5(<1)[2] 125.1(<D)[2) 1289(<1)[2] 115.6(M(1] 119.8(1)[1] 120.0(D[1] 115.9<D)[<1] [Procd{ OXeFy,) + 3(FyXeF,)] i.p.

Xe®OFy”

MP2 SYWNS BP86 PBEIPBE B3LYP B3PWS1 MPWIPW9L assgt 7
825.1(22)[224] 700.1(42)[155] 656.6(43)[143] 733.4(53)[51] 694.0(54)[145] 716.1(51)[149] 729.9(52)[149] v(XeO)
494.8(<1)[284] 484.1(<1)[286] 440.7(<1)[266] 492.5(<0.1)[341] 468.5(<0.1)[319) 480.5(<0.1)[325] 490.9(<0.1)[339] Vae(XeFz)
461.0Q27)[151] 447.5(29)[85) 4053(35)[90] 460.6(10)[129) 432.8(38)[65] 445.936)[61] 458.7(35)[54] v{(XeFq, ) + v(XeFy )
379.3(20)[33] 389.2(15)[58] 347.8(21)[42] 3723(10){129] 356.8(13)[104] 366.6(12)[111] 370.9(10)[127] v{(XeFy, ) — v(XeFy )
283.0(<1)[52] 253 7(<1)[39] 239.6(<1)[38] 266.6(<1)[46] 253 4(<1)[46] 260.9(<1)[45] 266.0(<1)[46] 3(XeOF3) 0.0.p.
242.6(4)[<1] 219.5@)[1] 215.2(5)[<1] 250.8(3)[<1] 2384(4)[<1] 244341} 250.93)[<1] Proa{OXeF,,) 1.
171.2(<1)[2] 166.5(<0.1)[3] 163 8(<0.1)[3] 183.6(<1)[1] 177.2(<1)[2] 180.5(<1)[1] 183.9(<1)[1] S(XeFz,) i.p.
131.1(<1)[0] 124 A(<1)[<0.1] 114.0<1)[<0.1] 134.7(<1)[<1] 1258(<1)[<1] 129.8(<1y[<1] 133.9(< <1} [3(OXeFy,) — 8(XeF,y)] 0.0.p.
148.3(<1)[2] 124 4(<D)[2) 128.1(<1)[2] 115.0(1] 118.2¢1){1] 119.4(<1)[1] 115.8()[1] [Proc{ OXeFy,) + 8(FyXeF)] ip.

ooxg 'S prag(l — SISOYL "('Yd

“ Frequencies are given in cm™'. ® Values in parentheses denote calculated Raman intensities (A* u™). Values in square
brackets denote calculated infrared intensities (km mol™). © The aug-cc-pVTZ(-PP) basis set was used. ¢ The abbreviations
denote symmetric (s), asymmetric (as), stretch (v), bend (8), rock (prock), in-plane bend (i.p.), and out-of-plane bend (0.0.p.).
The in-plane and out-of-plane mode descriptions are relative to the XeOF2,F, plane (see Figure 5.1 and footnote % of Table
5.2).



Ph.D. Thesis — David S. Brock

and are assigned to the in-plane stretching modes vy(XeF,,) + v(XeFy) and vy(XeF2,) —
v(XeFy), respectively. Their frequencies are essentially unshifted upon '*O-enrichment,
which is expected for modes that do not involve oxygen atom displacements. The band at
332.0 cm ™! is assigned to the out-of-plane deformation mode, 8(XeOFs), and appears as a
weak band, in agreement with the calculated Raman intensity, and shows no '*O
dependence although the calculations predict a small isotopic shift (—2.8 to —3.8 cm™).
The split band at 268.7, 271.5 cm ™' is sensitive to isotopic substitution and is assigned to
the in-plane deformation mode, prock(XeOF2,). The experimental '*0 isotopic shift for
this mode, —9.3, —9.6 cm™", is in good agreement with the calculated values (7.5 to —9.3
cm ). The weak bands at 189.5, 193.9 cm ' are insensitive to '*O substitution and are
assigned to the in-plane XeF, bending mode. The band at 156.5 cm™ is assigned to the
out-of-plane §(XeOFy) — 8(XeF2,) mode and shows a small isotopic shift (—3.6 cm™) in
agreement with the calculated values (—1.4 to —1.9 cm ). The lowest frequency band at
137.8 cm™ is also weak, displaying no isotopic shift, in accordance with the small
calculated values (—0.1 to —1.2 cm™"), and is assigned to the in-plane deformation mode,
Proc(OXeF2a) + 8(FuXeF,).

The low-frequency shifts of the stretching modes relative to their counterparts in
XeOF, and F20XeNCCH3.125 are consistent with anion formation and increased Xe—O
and Xe—F bond polarities in the anion. These low-frequency shifts are reproduced by the

quantum-chemical calculations.
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5.2.4.2. [Cs][XeOFs]. The Raman spectrum of the Cs" salt is very similar to that of the
N(CH3)," salt, although the bands are shifted to higher frequencies, which likely results
from significant cation—anion contacts. The bands that are the most affected are shifted
by as much as 30 cm ' and correspond to modes that involve oxygen atom displacements,
i.e.,, v(XeO) and prock(XeOF,), indicating that the Cs' cation likely coordinates most
strongly to the oxygen atom. These findings are in agreement with the NBO analysis (see
5.2.5.2, Computational Results), which assigns most of the negative charge to the oxygen
atom. Weak bands between 223 and 276 cm™ ! in the Cs* salt are absent in the N(CHz),"
salt. These bands are in the appropriate region and are of appropriate intensity for
stretching modes associated with fluorine-bridges,'”’” suggesting an oligomeric or chain
structure for [Cs][XeOF;]. Such long contacts most likely result in coupling between
XeOF; units which would not only account for the splittings of the vibrational bands but
may also result in symmetry reduction and observation of the vas(XeF2,) stretching mode

at 498.9, 509.7, and 512.8 cm ! which was not observed in the N(CH3)4Jr salt.

5.2.5. Computational Results. Because a crystal structure for a XeOF; salt is not
available, a series of quantum-chemical calculations at different levels of theory with
different basis sets were carried out (Tables 5.4, 5.5, A2.1 and A2.3). All calculations
resulted in stationary points with all ﬁeqﬁencies real. The calculations established that
trends in the vibrational frequencies persisted at all levels of theory and for all basis sets
used. The calculated frequencies and their trends were then compared with the observed

trends, allowing reliable assignments of the experimental Raman frequencies to be made.
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Table 5.5. Calculated Geometrical Parameters for the XeOFs; Anion*

MP2 SVWNS BP86 PBE1PBE B3LYP B3PW91 MPWI1PW91

bond lengths (A)

Xe-F, 2.060 2.064 2.106 2.032 2.064 2.048 2.034
Xe-O 1.821 1.859 1.881 1.830 1.852 1.840 1.831
Xe-Fy 2.129 2.143 2.188 2.173 2.195 2.178 2.175
bond angles (deg)
0O-Xe-F, 94.8 937 93.7 929 93.1 93.0 92.8
Fa-Xe-Fy 852 86.3 86.3 87.1 86.9 87.0 872
F,-X¢-F, 170.3 172.6 172.5 174.3 173.9 173.9 1744

? The aug-cc-pVTZ(-PP) basis set was used.

The parent compound, XeOF,,'?

was used as a benchmark for the calculations (Table
A2.2). Values for the aug-cc-pVDZ(-PP) basis set are given in square brackets.

5.2.5.1. Geometries. The geometry of the XeOF; anion optimized at C;, symmetry,
yielding a planar structure that is in accord with that predicted by the VSEPR model of

125 the use

molecular geometry41 (see 5.2.4, Raman Spectroscopy). As noted for XeOF,,
of a larger basis set tends to give shorter bond lengths and smaller O—Xe—F, bond angles.
With the exception of the BP86 method, where the bonds are significantly elongated, all
bond lengths fall within relatively narrow ranges (Xe—O, 1.821-1.859 [1.854—1.890] A;
Xe-F,, 2.032-2.064 [2.061-2.096] A; Xe-Fp, 2.129-2.195 [2.131-2.205] A). As
predicted by the VSEPR rules,41 the Xe—F, bonds are shorter than the Xe-F, bond. In
general, all bond angles are also within a narrow range, with the exception of the MP2

value, which gives a larger O—Xe—F, angle than other levels of theory. The fluorine

atoms, F,, are bent away from the oxygen atom with an O-Xe—F, angle of 92.8-93.7
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[93.1-94.2]° and an F,—Xe-F, angle of 172.5-174.4 [171.7-173.91°. When compared
with XeOF,, the net —1 charge of XeOF; results in longer Xe-F, and Xe—O bonds and a

F,—Xe-F, angle that is closer to linearity than in XeOF; (164.8-170.8°).

5.2.5.2. Natural Bond Orbital (NBO) Analyses. The NBO'*"'% analyses were carried
out for all optimized gas-phase geometries of XeOF; and XeOF; for comparison and are
summarized in Tables 5.6 and 5.7. The results, at all levels of theory, are similar and
therefore only the MP2 values are referred to in the ensuing discussion.

The natural population analysis (NPA) charges of 2.11 and 2.13 for Xe in XeOF; and
XeOF,, respectively, show that the charge on xenon remains essentially unchanged upon
anion formation and is approximately half of the formal charge that is given by a purely
ionic model, indicating that the anion bonds are polar covalent. Upon formation of
XeOF; from XeOF,, the net negative charge of the anion is dispersed among the more
electronegative atoms, yielding natural charges for O (—1.038), F, (-0.762 each), and F,
(—0.654) that are higher than the corresponding values in XeOF,. The charge on O is
about half of its formal oxidation number, while the F charges are approximately two-
thirds of their formal oxidation number, indicating that the bonds are more ionic in the
anion than in neutral XeOF,. Among the plausible valence bond Structures I-IX for
XeOF; , the calculated charges are best represented by Structure V, which is an average
of Structures II-IV, with a somewhat larger contribution from Structure II. The

Xe—0O/Xe—F, and Xe—O/Xe—F; bond order ratios, 3.43 and 2.65 respectively, and
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Table 5.6. NBO Valencies, Bond Orders, and Natural Population Analysis (NPA) Charges for the XeOF3; Anion *

MP2 SVWN5 BP8&6 PBEIPBE B3LYP B3PWo1 MPWIPW91
Charges [valencies]
Xe 2.10811.509] 1.945 [1.561] 1.958 [1.549] 2.064 [1.527] 2,065 [1.509] 2.047 [1.519] 2.065 [1.523]
o) ~1.038 [0.703] —0.969 [0.672] —0.974 [0.668] ~1.000 [0.673] ~1.001 [0.663] —0.995 [0.670] -1.000 [0.672]
Fa —0.762[0.213] —0.721 [0.223] —0.725[0.219] —0.768 [0.213] —0.765 [0.206] -0.761 [0.212] ~0.768 [0.213]
Fy —0.654 [0.257] ~0.627 [0.290] -0.629 [0.288] —0.648 [0.283] -0.650[0.275] -0.646 [0.282] -0.649 [0.283]
bond orders
Xe-O 0.737 0.712 0.707 0.706 0.703 0.703 0.704
Xe-Fy 0.215 0225 0221 0.214 0210 0214 0214
Xe-Fy, 0.278 0.313 0.310 0.303 0.298 0.301 0302

¢ The aug-cc-pVTZ(-PP) basis set was used.

Table 5.7. Calculated Geometrical Parameters, NBO Valencies, Bond Orders, and Natural Population Analysis (NPA)

Charges for XeOF; *
MP2 SVWNS BP86 PBE1PBE B3LYP B3PW91 MPWI1PW91
bond lengths (A)
Xe-O 1.770 1.806 1.834 1.800 1.821 1.807 1.802
Xe-Fy 1971 1.987 2.028 1.968 1.997 1.981 1.968
bond angles (deg)
O-Xe-F, 959 96.7 97.6 949 95.8 955 %6
Fy-Xe-F, 1682 166.7 164.8 170.1 168.5 169.1 1708
Charges [valencies]
Xe 2.134 [1.480] 1.962 [1.580] 1.520 [1.485] 2.052 [1.561] 2.021 [1.498] 2.028 [1.539] 2.049 [1.555]
o) -0.893 [0.788] -0.807 [0.800] -0.775 [0.755] -0.837 [0.763] -0.813 [0.745] -0.823 [0.760] -0.834 [0.758]
F, -0.620 [0.292] -0.578 [0.351] -0.572 [0.328 -0.607 [0.350] -0.604 [0.333] -0.602 [0.345] -0.607 [0.349]
bond orders
Xe-O 0.848 0.845 0.795 0.813 0.790 0.807 0.809
Xe-Fa 0.316 0.368 0.344 0.374 0.354 0.366 0.373

“ The aug-cc-pVTZ(-PP) basis set was used.
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Xe/O/F,/Fy, valencies (1.509/0.703/0.213/0.257) are in overall agreement with a

composite of these resonance contributions.

I, 7. 7.
F—Xe—F F ’3(1.;‘ F F—x F F X—F
F F F F
I I I v
0 ? 0 o

- |'b - +| % - - +"q. |-.

F g(ge F F—xe F F X&—F F—m‘)(le-—w—-F
F F F F
Vi vII VI X

Upon anion formation, donation of electron density by the fluoride ion into the
xenon valence shell results in substantial decreases in the Xe—O and Xe-F bond orders
and Xe valency and increases in the O and F valencies relative to those of XeOF,. Thus,
the Xe—O and Xe-F bonds are somewhat more ionic in XeOF; when compared with

XCOFz.

5.2.5.3. Thermochemistry. To account for the different decomposition routes for

[N(CH3)4][XeOF3] and [Cs][XeOFs], quantum-chemical calculations and established
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208212 wwere used in conjunction with known thermodynamic

semi-empirical methods
quantities to estimate AH°, AS®, and AG® for egs 5.13 and 5.14.
The standard enthalpies for the decomposition reactions were determined by

analyzing their Born—Fajans—Haber cycles. The enthalpy changes for the gas-phase

reduction (eq 5.22) and disproportionation (eq 5.23) reactions were calculated using the

XeOF3 7y —> XeFyg + %03 + F (g (5.22)
AH° = +52.6 kJ mol™ MP2/aug-cc-pVTZ(-PP)

XeOF; () —> "XeFyg) + 2XeOsF; g + YAF (g (5.23)
AH° =+56.3 kJ mol™* MP2/aug-cc-pVTZ(-PP)

MP2 method. The experimental value for the enthalpy of sublimation (AHgw) for XeF;
(55.71 kJ mol™) was used.’’® The lattice enthalpies of [M][F], [M][XeOF;], and
[M][XeO,F;] (Table 5.8) were estimated by use of the volume-based method of Bartlett

et a1 a5 generalized by Jenkins et al.*!**!! in eq 5.24, where R is the gas constant

AH®L =2I(—;— + /3] + pRT (5.24)
3

(8.314 J K 'mol™), I is the ionicity of the salt and the constants, a, 8, and p, depend on
the nature of the salt. For the salts under investigation, which are singly charged and non-
linear, the following values were used: 7= 1, a = 117.3 nm kJ mol ™, L=519Kk] mol ™,
and p = 2. In this formalism, AH°, is the lattice enthalpy and is defined as the energy

required to break the crystal lattice, and therefore has a positive value. This approach is

generally accurate to ~4% for salts with AH°_ less than 5000 kJ mol™,*'! and is
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Table 5.8. Estimated Volumes, Lattice Enthalpies, and Entropies for N(CH3)4+ and Cs"
Salts of F, XeOF; , and XeO,F3

Salt Vam (nm’) AHCL (k) mol™ ) @ S (Jmol 'K)?

[N(CH3)4][F] 0.1460 © 554.4 213.5

0.2168 ¢ 499.3 309.9
[N(CH3)q][XeOF] 02192 ¢ 497.9 313.1
[N(CH3)4][XeO,F3] 023027 491.6 328.0
[Cs][F] 0.0573 ¢ 717.3 92.9

0.12827¢ 574.1 189.3
[Cs]1XeOF;] 0.1305 ¢ 571.3 192.5
[Cs][XeO,F;] © 0.14157 559.0 207.4

“ The lattice enthalpies (AH°) were calculated as described in ref 210. ° The standard
entropies were calculated as described in ref 212. ¢ The formula unit volumes, V, for
[N(CH3)4][F] and CsF, were obtained from their crystallographic unit cells at —-163 °C
(ref 111) and 25 °C (ref 214), respectively. 4 The values for Vu[M][XeOFs] were
estimated by: Vy(F,0XeNCCHs; 0.1324 nm®, ref 125) — Viu(CH5CN; 0.0616 nm’, ref
215) + Vi([M][F)). ® The Vi, values for [M][XeOF3] were estimated by: Vn([M][F]) +
[Vm(XeF2; 0.0622 nm’, ref 216) + Vin(XeO2F2; 0.0842 nm?, ref 148)]/2. 7 The Vy, values
for [M][XeO,F3] were estimated by: V(IM][F]) + Vi(XeO2F2; 0.0842 nm?, ref 148).
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particularly useful because the formula unit volume (Vi) of an unknown salt can be
estimated with reasonable accuracy using several methods.*!"*'” The net enthalpies of
decomposition (eq 5.25 and 5.26) calculated for the reductions (AH°.q) and
disproportionations (AH;s) of [M][XeOF;] (M = N(CHs)4, Cs) are summarized in Table
5.9.
AH’q = AH° ([M][XeOF3]) — AH°(eq 5.22) — AHL(IM][F]) — AH° (sub XeFy)  (5.25)
AH’sis = AHL(IM][XeOF;]) — AH°(eq 5.23) — 2AH°L(IM][F]) — /2AHL([M][XeO,F3]
— AH(sub XeF;) ~ (5.26)

A method for estimating the absolute standard entropy of a salt from its unit
volume has been reported by Jenkins and Glasser (eq 5.27) where k = 1360 JK 'mol™

S =kVp + c (5.27)
(nm™ formula unit™") and ¢ = 15 JK'mol™ .?!? Entropies for the [M][F], [M][XeOF], and
[M][XeO,F3] salts under consideration are provided in Table 5.8. When coupled with the
experimental standard entropies of Oz (206 J mol™ K™)'* and XeFy) (115.09 J mol™
K™),*? this method allows AS°® (eq 5.28, 5.29) and AG® (eq 5.30) to be calculated for the

AS%red = ¥28°(07) + S°(IM][F]) + S°(XeF,) — S°(IM][XeOF;]) (5.28)

AS°ais = oS (IM][F]) + 14S°(XeF,) + 15°(IM][XeO,F5]) — S ([M][XeOFs]) (5.29)

AG® = AH’ — TAS® (5.30)
reactions of interest. The AS°and AG°® values obtained for these reactions are
summarized in Table 5.9. Estimates of the unit volume of XeOF, using either the

difference method (Vi(F20XeNCCHs) — Vin(CH3CN) = 0.0708 nm?) or an average of the
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Table 5.9. Values of AH°, AS°, and AG® Calculated for the Decomposition Reactions of [M][XeOF;] (X = N(CHj3)as, Cs)

AH® AS° AG®

(kI mol™)® (Jmol™® KHh* (kI mol ™)@
[N(CH3)4][XeOFsl — XeFag + %Ouxg + [N(CHs)al[Fle 582 -59.6 1213 1181 -943 947
[N(CH3)4][XeOFs] — %XeFae + %[N(CHa)a][XeOsFs]e + BIN(CHa)][Fle 4.9 35 184 152 06  -l1
[Cs][XeOFs] ¢ — XeFas + %O0ag + [Cs][Fle -1463 -1451 1213 1181 -182.4 1843
[Cs][XeOF:]) — %XeFyg + %[Cs][XeOsFsle + %[Cs][Fle 356 384 184 152 411 429

“The first column under the headings AH°, AS°, and AG® was obtained from V,([M][XeOF3]) = Vi(F,0XeNCCH3) —

Vu(CH3CN) + Vi,[M][F], whereas the second column was obtained from Vy, ([M][XeOF3]) = Viu[M][F] + [Vn(XeF>) +
Vm(XCOZFz)]/ 2.
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unit volumes of XeF; and XeO,F, (0.0731 nm®) only differ by 0.0023 nm’ and lead to
essentially the same AH° and AG® values.

Based on the aforementioned thermochemical calculations, both the gas-phase
reduction and disproportionation pathways are endothermic, and the decompositions of
the [M][XeOF3] salts are largely driven by lattice enthalpies. This is illustrated by the
greater AH® and AG® values for the Cs" salt relative to those of the N(CH3)4" salt which
result from the smaller size of Cs" and greater lattice enthalpies of CsF and
[Cs][XeO,F3].

The entropy term is also a major contributor in the reduction pathways because O,
gas is evolved. The liberation of O, greatly increases the entropy of the reaction (119.7 J
mol™' K™) relative to the small entropy gain in the disproportionation pathways (16.8 J
mol ' K™). This results in the contribution of an additional —30.7 kJ mol ™ to the Gibbs
free energies for the reduction pathways which, combined with the lattice enthalpies,
renders the reduction pathways significantly more favorable than the disproportionation
pathways for both salts.

Although the disproportionation of [Cs][XeOFs] is less favorable than reduction,
the former is spontaneous. In contrast, AH° and AG®° of the corresponding
disproportionation reaction for [N(CHj3)4][XeOF3] are close to zero. The larger size of the
N(CHs)4" cation lowers the lattice enthalpies of [N(CH3)4][F] and [N(CH;)4][XeO,F3]
such that they no longer overcome the gas-phase disproportionation enthalpy. The
thermochemical calculations are in accordance with the observed decomposition products

(IN(CH3)4][F] and XeF,) for [N(CHj)4][XeOF;], which can only decompose by the
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reduction pathway (eq 5.13). In contrast, [Cs][XeOF;], which can decompose by either
the reduction (eq 5.13) or disproportionation (eq 5.14) pathway, resulted in the formation

of predominantly XeF, and a small amount of [Cs][XeO,F3].

5.3. Conclusion

The fluoride ion acceptor properties of XeOF, have been demonstrated by the
high-yield syntheses of the endothermic salts, [M][XeOF3;] (M = N(CHj3)4, Cs), in high
purity. Both salts are kinetically stable at —78 °C but slowly decompose at 1025 °C.
Their decomposition pathways, inferred from their decomposition products, are
supported by their thermochemical cycles. The latter show that the proposed
disproportionation and reduction pathways are mainly driven by lattice energy
contributions, with entropy playing a significant role in the péthways that lead to
reduction of Xe(IV) to Xe(II) and O, evolution. The thermochemical cycles also reveal
that disproportionation of Xe(IV) to Xe(II) and Xe(VI) is favored for [Cs][XeOF;] but
not for [N(CH3)4][XeOF3], in accordance with experiment.

Comparison of the solid-state vibrational spectrum of [N(CH3)4][XeOF;] with
that of the calculated gas-phase XeOF; anion indicates little interaction between the
anion and cation. The Raman spectra of the Cs" and N(CH3)4+ salts of XeOF; also show
that significant interactions occur between the Cs' cation and the oxygen atom of the
XeOF; anion and that the anions interact with one another by means of fluorine bridges.
The XeOF; anion is presently the only example of an AX3YE, VSEPR arrangement

known in which a double-bond domain subtends angles of ca. 90° with two valence
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electron lone pair domains. Comparisons of the experimental frequencies of [Cs][XeOF;]
with those previously reported for [Cs][XeOF]®’ reveal that the product obtained in an
earlier study was a mixture of XeF,, XeOF,, [Cs][XeFs], and [Cs][XeOsF]. Thus, the
present work represents the first bona fide synthesis and characterization of the XeOF;

anion.
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CHAPTER 6
[H(OXeF,),][AsF] and [FXe"(0Xe"F,),1[AsFq] (n =1, 2):
Examples of Xenon(IV) Hydroxy and Oxide Fluoride Cations;
and the Crystal Structures of [XeF;-HF][Sb,F;] and

(IXeF3-HF][SbyF11])2 [HsF4] [SbF]

6.1. Introduction

While many compounds containing xenon in the +2 or +6 oxidation states are
known, relatively few compounds exist where xenon is in the +4 oxidation state."”’
Among the factors that contribute to the relative scarcity of Xe(IV) compounds is the
propensity for the oxides and oxide-fluorides to undergo reduction to Xe(I) and O, and
redox disproportionation to Xe(II) and Xe(VI).55¢%123 126 Examples of Xe(IV) cations are
presently limited to C¢FsXeF,",% XeFs',* ™ and F,Xe(OTeFs)« (x = 0-2).5" Although
di- and trixenon cations of Xe(II), (Xe2F3+ 4573 and Xe30F3+,71)and Xe(VI) (XezFu+ 10218
and F(O),Xe-F—Xe(O),F" *'°) are known and XeF, form adducts with XeFs" (XeF, XeFs',
2XeF,XeFs™ and XeF,2XeFs™ %) attempts to synthesize polynuclear cations of Xe(IV)
have, to date, proven unsuccessful. With the exception of the Xe3OF;" cation, all of the
aforementioned dixenon cations contain fluorine-bridged xenon atoms, even when the
optioh to form oxygen bridges is available, e.g., F(O),Xe—F—Xe(O),F"*"* Fluorine-bridge
formation is also observed in the polynuclear xenon anion, [Cs][(XeOF4)sF], in

preference to oxygen-bridge formation.?*'*?
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The only confirmed hydroxy derivative of xenon is perxenic acid, HsXeOs,
which has only been observed in solution, and several speculative reports of xenic acid
(H2Xe04).1¥2*227 T¢ date, no other hydroxy derivatives of xenon have been reported,
and none have been characterized in the solid state. Similarly, HF adducts of main-group
and transition-metal centers are known which have been the subject of a recent review,**
e.g., [La(HF)][AsF¢ls, [Pb(HF)][AsFel,, [Ca(HF)][AsFs],, [Cd(HF)][AsFga,
[Mg(HF)][SbFsla,  [Ca(HF):][SbFelo,  [Hg(HF)][SbFsl,,  [OsOsF(HF):][AsFe],
[OsOs;F(HF)][SbFs], [Au(HF),][SbF¢],-2HF, and Mg(HF)AuFsAuFs, but none exist
where HF is coordinated to a non-metal center. The reaction conditions that are used to
synthesize HF adducts are also of interest because the adducts are often times formed in
superacidic media.** The HF/SbFs superacid medium is of particular interest because
acidium ion salts having the formulations [HyF][SbyFi1], [H3F2][SboF11], [H2F][SbFe],
[HaF,][SbF¢], [H4F3][SbF¢], and [H7F¢][SbFs], have been proposed,228 however, only
[HoF][SboF11],%%  [H3Fa][SboF1i], and [HF6][SbFs]*® have been isolated and
characterized by X-ray crystallography.

The syntheses and characterizations of several new Xe(IV) cations derived from
HF/AsFs and HF/SbFs superacid media are described in the present paper, and provide
the first examples of isolated hydroxy derivatives of xenon, the first Xe(I'V)-containing
mixed-oxidation state polynuclear compounds, and the first examples of HF coordinated
to xenon. Quantum-chemical calculations and “?H- and 16180y _enrichment have been
employed to assign the Raman spectra of the aforementioned cations and to aid in the

assessment of their chemical bonding.
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6.2. Results and Discussion

6.2.1. Syntheses and Properties. The reactions and the purities of all products were
routinely monitored by recording the low-temperature Raman spectra (—150 °C) of the
natural abundance, '®O-enriched (98.6 atom %), and *H-enriched (99.5 atom %) salts.
6.2.1.1. [HOXeF;][AsF¢]. (i) Synthesis. The salt, [HOXeF,][AsF¢], was obtained by
the low-temperature reaction of XeOF,-nHF with AsFs in anhydrous HF (aHF) according

to eq 6.1. The reaction proceeds to a significant degree with only slight mixing but was

XeOF,nHF + AsFs [HOXeF;][AsF] + (n—1)HF (6.1)

-78°C
allowed to stand for 12 h at —78 °C to ensure complete reaction, yielding an insoluble
white solid. The solvent and any residual AsFs were removed under dynamic vacuum at
~78 °C, yielding [HOXeF;][AsF¢] as a friable, white powder.

Prior to reaction with AsFs, it was necessary to ensure that XeOF, was fully
solvolyzed to the HF adduct and not merely suspended in HF, otherwise extensive
decomposition to [XeF][AsF¢] was observed. Formation of XeOF,-nHF was confirmed
by Raman spectroscopy.'> The XeF" cation likely resulted from the formation of the

unstable intermediate, XeOF (eq 6.2), which then decomposed by O, elimination to

yield XeF'(eq 6.3). This decomposition pathway also consistent with the large negative

XeOF, + AsFs ([XeOF][AsFs]) (6.2)

—78°C
(IXeOF][AsFe]))

B — [XeFI[AsFely + %0z (6.3)
AGyoa1s is for eq 63 (—313.0 kJ mol™") obtained from a Born-Fajans-Haber

thermochemical cycle using available experimental thermodynamic parameters and
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values derived from volume-based thermodynamics (VBT). The calculated exothermicity
is consistent with explosive behavior of the reaction of XeOF s, with AsFsq).%

Solid [HOXeF,][AsF¢] is stable indefinitely at —78 °C in the absence of moisture
but outgases rapidly upon warming to —35 °C. The resulting film, coating the reactor
walls, was shown by Raman spectroscopy to be [XeF][AsFs]. It is likely that the hydroxy

salt decomposed according to eq 6.4 which has a AGy94.15 of —288.6 kJ mol ! (Table 6.1).

[HOXeF;][AsFs]s) [XeF][AsFsls) + %02 +HFqy 6.4)

Attempts to dissolve [HOXeF,][AsF¢] were unsuccessful. Warming a suspension
of [HOXeF,][AsF¢] to —40 °C in aHF showed no apparent solubility and gave a Raman
spectrum at —150 °C that showed it had completely decomposed to [XeF][AsF¢]. A
suspension of [HOXeF;][AsF¢] in AsFs that had been warmed to —40 °C showed the
onset of decomposition to [XeF][AsFs], but no xenon-containing products were formed
and no solubility was detected. Dissolution in a superacid media was also attempted in
which [HOXeF,][AsFg] was suspended in a 1:3 v/v of HF:AsFs. On warming to —56 °C

no solubility was discernable and the compound decomposed to [XeF][AsFs] upon

warming to —50 °C.

(ii) Reactivity of [HOXeF;][AsFs]. The decomposition of HOXeF," to XeF' may be
induced by the heat of reaction resulting from the formation of HOXeF," (eq 6.1). In an
attempt to isolate a sample of [HOXeF,][AsF¢] that is free of [XeF][AsFs], a half
equivalent of AsFs was added to a reactor containing XeOF,-»HF and allowed to react for

12 h at =78 °C. Instead of pale yellow [HOXeF,][AsFg], the product was a bright yellow
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Table 6.1.  Values of AH, AS, and AG Calculated for the Decomposition Reactions of [ XeOF][AsF¢], [HOXeF;][AsFs],
[HOXe(F),OXeF;][AsFg], [FXeOXeF;][AsFs], and [FXeOXe(F),OXeF,][AsFs]

AH (k) mol™") AS (I mol™ KT AG (k] mol™
298.15K 194.15K 298.15K 194.15K 298.15K 194.15K eq
[XeOF[AsFse [XeFI[AsFely + %0z -294.6 2048 93.7 937 3225 3130 3
[HOXeF5][AsFels [XeF][AsFele + %Oz +HFg ~148.3 2607 242.1 143.7 ~220.5 _988.6 4
3[HOXe(F),0XeF;][AsFgl + 3H,00 2[Xe;OF;|[ASFe) + 30, + 6HF g, + [HO][ASFe ~ —1845.5 _13268 13415 817.3 -2245.5 _1485.5 6
[HOXe(F),OXeF,][AsFelo [XeF3][AsFele + Ong + HFq ~549.9 —421.1 362.7 2643 -658.0 4724 7
[FXeOXeF,J[AsF gl [XeF3l[AsFg)y + %02 —202.6 —205.7 120.6 120.6 -238.6 -2291 11
[FXeOXe(F),0XeF5][AsFels [XeF;JAsFekg + Opg + XeFyg -544.1 _385.1 242.4 242.4 -616.4 4322 12
3[FXeOXeF][AsFele + 3H,Og 2[Xe;0F; [AsFel + %Oz + 3HFg + [HOllAsFely ~ —611.3 ~670.4 6153 386.2 —794.8 7454 13
[FXeOXe(F);0XeF,][AsFele + HiOg [Xe:OF3][AsFele + Ozqp + 2HFg ~630.4 4386 446.6 271.9 7632 4914 14

Values of AH, AS, and AG were calculated as decrobed in Appendix 3.
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solid having a Raman spectrum that was consistent with the formation of the mixed

oxidation state salt, [FXe"OXe" (F)2][AsFe] (vide infra).

6.2.1.2. [HOXe(F),0XeF;][AsFs]. When samples containing XeOF,-#nHF and HF were
allowed to stand for ~3 weeks at —78 °C, traces of water apparently diffused through the
FEP reactor walls. Reaction of half an equivalent of AsFs for 12 h resulted in a bright
yellow solid that was consistent with the formation of [HOXe(F),0XeF,][AsF).
Although this compound was also synthesized from a stoichiometric amount of
XeOF,nHF, H,0, and AsFs in HF, a more controlled approach involved the low-
temperature (—78 °C) reaction of half an equivalent of [H3O][AsFs] with XeOF,-»HF in

aHF (eq 6.5). Both reactions are essentially the same because H,O forms [H30][AsFs] in

2XeOF,nHF + [H30][AsFe] _78H‘ZC

[HOXe(F),0XeF;][AsFe] + HyOur) + 2nHF (6.5)
the presence of AsFs and HF, but the direct use of [H3;O][AsF¢] allowed for a more
precise titration to be carried out under similar reaction conditions. Raman spectra of the
solid products were recorded under HF solvent. Reaction of a 4:1 molar ratio of
XeOF,nHF  with [H30][AsFs] revealed a mixture of XeOF,»HF and
[HOXe(F),0XeF;][AsF¢] while 2:1 and 1:1 molar ratios of reactants revealed only
[HOXe(F),OXeF,][AsF¢]. In the latter reaction, it was presumed that unreacted

[H30][AsFs] remained dissolved in the HF solvent and could not be observed in the

Raman spectrum.
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It is noteworthy that oxygen isotope scrambling was not observed when
Xe'®OF,nHF reacted with [Hs'®0][AsFs], producing only [H'®0Xe(F),'30XeF;][AsFe].
This indicates that the acidium ion is only involved in protonation and is not otherwise
involved in the reaction pathway.

Solid [HOXe(F),OXeF,][AsF¢] was stable when isolated and stored under HF for
several days at —78 °C. However, over the course of a month, samples that were
maintained at —78 °C under HF formed deep red-orange colored crystals that were shown
by Raman spectroscopy and unit cell determinations of several crystals to be
[Xe;OF:][AsFs].”! Gas evolution was also observed in the samples. It is presumed that
the HOXe(F),0XeF," cation decomposes to a xenon(Il) intermediate, XeF, and/or XeF",
with the release of O,, which is followed by its reaction with residual water (eq 6.6)
resulting from the synthesis of [HOXe(F),OXeF,][AsFs] (eq 6.5). The same

3[HOXe(F),0XeF][AsFsl + 300 —— o>

2[Xe;OF3][AsFs]) + 302¢ + 6HFq) + [H3O][AsFe]y)  (6.6)
decomposition products were observed when samples of [HOXe(F),0XeF,][AsFs] were
warmed to —50 °C in aHF. The thermochemical cycle for eq 6.6 indicates the proposed
reaction is spontaneous, with a AGyg4,15 of —1485.5 kJ (Table 6.1).

The reaction of an additional equivalent of AsFs with [HOXe(F),0XeF;][AsF¢] at
—78 °C did not lead to [HOXeF,][AsF¢] as expected, but instead, catalyzed its
decomposition to [Xe,F3][AsFs] (eq 6.7) (AGios1s = —420.0 kJ mol™’; Table 6.1). In
addition, AsFs also reacted with HF and H,O, the latter was produced in the synthesis of

[HOXe(F),0XeF,][AsFs], and formed [H3;O][AsF¢] (eq 6.8).
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HF/A
[HOXe(F):0XeR][AsFsly —osiim [XesFsl[AsFelg + Oz + HFgy (6.7)
/
HF + Hy0 + AsFs —— = [H;0][AsFq] (6.8)

In an effort to solubilize the HOXe(F),OXeF," cation, an attempt was made to
synthesize the SbF¢ salt from [H3O][SbFs] and XeOF,»HF by analogy with the
synthesis of the AsFs salt (eq 6.5). Instead, the SbFs salt proved to be unstable, rapidly
decomposing to [Xe;OF;][SbFs] within a matter of minutes when [H3O][SbFs] and
XeOF,-nHF were mixed in HF at —78 °C. This result indicates that the AsF¢ anion plays
a major role in stabilizing the HOXe(F),OXeF, cation because of its greater

fluorobasicity relative to that of SbF{.46

6.2.1.3. [FXe"OXe'VF,;][PnFs] (Pn = As, Sb) and [FXe"OXe"(F);0Xe'" F;][AsFq].
The propensity of the Xe—O bond of XeOF, to protonate and the existence of several
unidentified peaks in the Raman spectrum of [HOXeF,][AsF¢] led to attempts to
synthesize an XeOF, adduct with XeF" containing a Xe—O—Xe bridge.

Both [FXeOXeF,][AsFs] and [FXeOXe(F),0XeF,]|[AsFs] were synthesized by
the reaction of [XeF][AsFs] with stoichiometric amounts of fully solvated XeOF,-»nHF

suspended in aHF at —-78 °C (eq 6.9). Over the course of 5—10 min, the pale yellow solid

mXeOFynHF + [XeF][AsFe] —
[FXe(OXeF2)n][AsFs] + mnHF (m=1,2) (6.9)
turned bright yellow;however, occasional agitation and reaction times of approximately

one week (two weeks for [FXeOXe(F),0XeF;][AsF¢]) were required for complete

reaction. Oxygen-18 enriched samples that had been similarly prepared exhibited
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significant kinetic isotope effects, requiring as long as a month for complete reaction at
—78 °C. The products were isolated by removal of HF under dynamic vacuum at —78 °C,
leaving behind bright yellow powders. In both stoichiometric reactions, when XeOF, was
merely suspended in aHF and not fully solvolyzed, a mixture of XeOF,-nHF,
[XeF][AsFs], [FXeOXeF;][AsFs]), and [FXeOXe(F),OXeF;][AsFs] resulted which
required reaction times of approximately one month or more to go to completion. It is
therefore important to completely solvolyze XeOF, in aHF to XeOF,nHF prior to
reaction. The results also showed  that [FXeOXeF2][AsF¢] and
[FXeOXe(F),0XeF,][AsFs] interconvert when additional XeOF,-nHF or [XeF][AsFs] are
present.

Several studies were carried out under the aforementioned conditions using 4:1,
2:1, 4:3, 1:1, and 1:2 molar ratios of XeOF,-nHF and [XeF][AsFs] to determine if longer
chain length cations could be formed. In the 4:1 reaction, the Raman spectrum showed
only [FXeOXe(F),0XeF;][AsFs] and unreacted XeOF,-nHF. The 2:1 ratio gave pure
[FXeOXe(F),0XeF;][AsFs] while the 4:3 ratio yielded a mixture of
[FXeOXe(F),0XeF,][AsFs] and [FXeOXe(F),][AsF¢]. Finally, the 1:1 and 1:2 ratios
yielded [FXeOXe(F),][AsFg], with unreacted [XeF][AsF¢] also being present when a 1:2
ratio was used. The results indicated that no cations other than [FXeOXeF;][AsFs] and
[FXeOXe(F),0XeF,][AsFs] were formed and stable at —78 °C.

The FXeOXeF," cation can also be obtained by the reaction of XeOF,-#HF with

half an equivalent of AsFs in aHF solvent at —78 °C. It is presumed that the superacidic
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conditions catalyze O, elimination to give the mixed oxidation state cation according to

eq 6.10.

HF/ASF5
-78°C

Both [FXeOXeF;][AsFs] and [FXeOXe(F),OXeF;][AsFs] are stable under HF

2XeOF,:nHF + AsFs [FXeOXeF,][AsFe}] + 20, + 2nHF  (6.10)
solvent and as dry powders for several weeks at —78 °C under anhydrous conditions but
began to decompose to [Xe,F3][AsFs] upon warming to —40 °C (eqs 6.11 and 6.12). The

[FXeOXeF,][AsFsls) —=22C » [XeF3l[AsFsle + %02 (6.11)

[FXeOXe(F),0XeF][AsFsly —22S» [XesF3][AsFsle + Oz + XeFag (6.12)
factors contributing to the negative AGio4,5 values for both reactions (—229.1 kJ mol ™!
and —432.2 kJ mol'; Table 6.1) are dominated by the higher lattice energy associated
with the formation of [Xe,F;][AsFs] and the increase in entropy associated with O;
formation. Sample storage for approximately one month at —78 °C resulted in water
diffusion through the FEP walls of the reactor and hydrolysis of both samples to

[Xe;OF;][AsFs] (eq 6.13 and 6.14) as evidenced by the formation of deep red-orange

3 [FXGOXCFz] [ASF6](S) + 3H20(1)
2 [XC3 OF3] [ASFG] (s) + 3 07} (® + 3HF(1) =+ [H3 0] [ASF6] ) (6 1 3)

[FXeOXe(F),0XeF,][AsFel) + H2Oq

[Xe;OF;][AsFgls) + Oz + 2HF, (6.14)
crystals which were shown to be [Xe;OF3][AsFs] by Raman spectroscopy.”’ This
decomposition pathway is also supported by thermochemical cycles which give negative
AGhe4,5 values for both reactions (—745.4 kJ and —491.4 kJ mol—l; Table 6.1). Further

reaction of [FXeOXeF;][AsFs] with one equivalent of AsFs yielded a mixture of
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[HOXeF,][AsF¢] and [XeF][AsF¢] (eq 6.15), showing that AsFs must be added in a single

amount to prevent [XeF][AsFs] formation. Two-step additions also lead to formation of

the hydroxy cation.
[FXeOXeF,][AsFs] + AsFs + HF %[HOX&:FZ][ASFG] + [XeF][AsFg] (6.15)

In an attempt to solubilize the FXeOXeF," and FXeOXe(F)ZOXeF2+ cation salfs,
the syntheses of the SbFs salts were attempted in reactions analogous to those given in
eq 6.9, using [XeF][SbFe]. The reactions proceeded more rapidly than in the cases of the
arsenic analogues, requiring only 24 h to go to completion. However, only
[FXeOXeF,][SbFs] formed, which had a more intense yellow color than
[FXeOXeF;][AsF¢]. When the synthesis of the longer chain cation was attempted, a
mixture of [FXeOXeF,][SbFe] and XeOF,-nHF resulted, which was observed by Raman
spectroscopy, even after the sample had been warmed to —50 °C for 2 h. These results
indicate the anion plays a significant role in stabilizing the cations. Unfortunately,
[FXeOXeF,][SbFs] also exhibited behavior that was similar to that of the arsenic
analogue, and began to decompose to [Xe,F3][SbFs] when warmed to —40 °C with no
discernable solubility in aHF.

In a further attempt to solubilize a salt of FXeOXeF,", the formation of the
CH;CN adduct of this cation was attempted in a manner similar to that used for the
formation of FXe—NCCH{r.m4 However, CH;CN displaced XeOF, and the reaction

resulted in the formation of the longer chain salt, [FXeOXe(F),O0XeF,][AsFs] (eq 6.16).

2[FXeOXeF;][AsFs] + CH;CN —

[FXeOXe(F),OXeF,][AsFs] + [FXe-NCCH;][AsFs] (6.16)
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6.2.1.4. [XeF;-HF][Sb,F11]. In an effort to obtain a soluble salt of the HOXeF," cation
for crystal growth, the synthesis of an SbF¢ salt was attempted. Because SbFs freezes at
7°C,* it could not be added in a manner analogous to AsFs (eq 6.1). An aHF solution of
SbFs (~17 mol %) was decanted into the reactor containing XeOF,-nHF under aHF and
was warmed to ~78 °C and thoroughly mixed. The sample was then warmed to —50 °C
until all the solid dissolved, and was followed by cooling to —78 °C. Over the course of
24 h, colorless crystals formed that were found to be a mixture of
([XeF3HF][SbyF11])2:[HsF4][SbFe], [XeFs-HF][SbyFi1], and [XeF3;][SbFe]. Under highly
superacidic conditions (~17 mol % SbFs in HF) the hydroxyl group of the cation is

displaced, yielding XeFs;" and H;O" (eqs 6.17, 6.18 or 6.19, 6.20), with the latter

HF/SbF

XeOF;'nHF + SbFs 80 ([HOXeF,][SbF¢]) + (n—1)HF (6.17)
([HOXEF;][SbFe]) + (mr+1)SbFs + 3HF —— ="~

[XeFs HF][SboF11] + [H:Ol[F(SbFs).] (m=1,2) (6.18)

/SbF 5
XeOFynHF + 3HF + mSbFs —— = XeF; + [H;O][F(SbFs),] +nHF (6.19)
XeF, + HF + 2SbFs Hf;:"z [XeF; HF][SbyF 1] (6.20)

remaining in solution. The high acidity of this medium resulted in the formation of
Sb,F;1 7, which is not readily observed in unacidified HF,?! and the formation of the

previously unobserved acidium ion salt, [HsF4][SbFs].
6.2.2. X-ray Crystallography. A summary of the refinement results and other
crystallographic information for ([XeFs HF][SbyFi;])2:[HsF4][SbFs], [XeF3-HF][Sb.Fy1],

and [XeF;][SbF¢] is given in Table 6.2. Important bond lengths, bond angles, and
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Table 6.2. Summary of Crystal Data and Refinement Results for S[XeF;][SbFs],
([XeF3-HF][SbaF11])2 [HsF4][SbFs], and [XeF3-HF][SboFy1]

([XeF3 HF][SbaF1]):  [XeFs-HF][Sb:F11] F-[XeF3][SbFs]

‘[HsF4][SbF]
space group P1 (No.2) C2/c (No. 15) P2/c (No. 14)
a(A) 7.5604(8) 13.4120(4) 5.2321(2)
b (A) 8.4967(9) 8.4709(4) 15.6025(5)
c(A) 13.017(1) 10.4543(4) 8.6225(3)
a (deg) 85.469(4) 90 90
B (deg) 78.082(3) 110.493(2) 102.825(1)
7 (deg) 66.350(3) 90 90
V(A% 749.44(14) 1112.56(8) 686.33(4)
Z (molecules/unit cell) 2 4 4
mol. wt. (g mol™) 977.60 660.81 424.05
Peac (g cm ) 4332 3.945 4.104
T (°C) -173 -173 -173
2 (mm™) 7.87 8.04 8.99
A (A) 0.71073 0.71073 0.71073
R® 0.0389 0.0251 0.0281
wRy® 0.1011 0.0582 0.0612

“Ri=2||Fo| - | F||/2]| Fo| for I>26(D).
" WR, is defined as {Z[w(F,> — FO)X/w(FH*}* for 1> 20(D).

177



Ph.D. Thesis — David S. Brock

contacts for ([XeF3-HF][SbyF;1])2-[HsF4][SbF¢], [XeF3-HF][Sb,F;1], and [XeFs3][SbF¢] are
listed in Tables 6.3 and A3.2. The crystal structure of [XeF3][SbFs] has been reported
previously®® but the present low-temperature (—173 °C) crystal structure of [XeF3][SbFs]
was obtained in admixture with the aforementioned salts and has been included in the
Supporting Information because of its higher precision and to allow for a more suitable
comparison with the structural parameters of the XeFs-HF " cation in the present study.
6.2.2.1 The XeFs-HF" Cation. The XeFs-HF" cation can either be described as an HF
adduct of the XeFs' cation, or as a protonated XeF4 molecule. Both are valid descriptions
(see Computational Results), however, as a result of the similarity of the geometric
parameters of XeF3HF' to those of XeFs;™ in [XeF3][SbFs] (Figure 6.1) and
[XeF3][SboFy,],%! the adduct description is used in the ensuing discussion.

(i) ([XeF3HF][SbyF11])2'[HsF4][SbFg]. Both [XeFs;-HF][SbyFy;] ion pairs in the unit
cell of ([XeF;HF][SboFi1])2'[HsF4][SbFs] are related by symmetry and pack in
alternating planes of Sb,F;;” anions with XeF; *HF and HsF," cations (Figure 6.2). The
Xe—F. bond length (1.838(2) A) is equal to that of the SbFy salt (1.839(2) A), but is
‘significantly shorter than the Xe—F bonds in XeF, (1.953(2) A).* Similarly, the Xe-F,
bond lengths (1.880(2) and 1.890(2) A) are comparable to those of the SbFs salt
(1.894(2) and 1.901(2) A), and are also shorter than in XeF,. In contrast to other salts of
the XeF;" cation, which make contacts to their corresponding anions,*”'** the XeF;"
cations of ([XeF;-HF] [SbyF11])2:[HsF4][SbFs] each have a short (2.462(2) A) secondary
contact to a HF molecule that lies in the XeF;" molecular plane. This contact is similar to

the short secondary contact (2.485(1) A) that occurs between the cation and anion in
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Table 6.3.  Experimental and Calculated Bond Lengths (A) and Bond Angles (deg) for the XeF;"-HF Adduct.
XeF; -HF
exptl calcd”?

(D(j[F;ISIgl][[SS;’;Z”DZ [XeFs;HF][Sb,Fi;]  B3LYP PBE1PBE MP2
Xe(1)-F(1) 1.880(2) 1.865(1) 1.916 1.894 1.892
Xe(1)-F(2) 1.838(2) 1.865(1) 1.870 1.847 1.839
Xe(1)-F(3) 1.890(2) 2.186(2) 1.916 1.894 1.892
Xe(1)---F(10) 2.462(2) 2.186(2) 2.556 2.537 2.550
F(10)-H 0.937 0.933 0.934
F(1)-Xe(1)-F(2) 81.4(1) 81.40(8) 84.7 84.1 83.7
F(1)-Xe(1)-F(3) 162.3(1) 161.12(6) 169.3 168.3 167.4
F(1)-Xe(1)---F(10) 78.8(1) 79.72(6) 95.3 95.8 96.3
F(2)-Xe(1)-F(3) 81.0(1) 79.72(6) 84.7 84.1 83.7
F(2)-Xe(1)---F(10) 160.2(1) 161.12(6) 176.7 176.8 177.1
F(3)-Xe(1)---F(10) 118.77(9) 119.15(9) 95.4 95.9 96.3
Xe(D---F(10)-H 141.9 141.9 152.8

? The aug-cc-pVTZ(-PP) basis set was used.
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FYF(1 "F(1)F(2)

| Xe f \5(3 0)’F(3)

F(3)F(10)

C

Figure 6.1. The XeF;' cations in the X-ray crystal structures of (a)
([XeF3'HF][Sb2F11])2‘[H5F4] [SbFﬁ], (b) [XeF3’HF][Sb2F11], and (C)
[XeF3][SbFs]; thermal ellipsoids are shown at the 50% probability level.
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Figure 6.2. Crystal packing for ([XeFs;-HF][SbyF11])2:[HsF4][SbFs] viewed along the b-
axis; thermal ellipsoids are shown at the 50% probability level.
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[XeF][SbFs]. The Fe—Xe—F, (81.4(1)° 81.0(1)°), Fi—Xe—F, (162.3(1)°), and F;~Xe—Fyr
(78.8(1)°, 118.77(9)°) bond angles of XeF;-HF are also comparable to those in
[XeFs][SbFs] [FeXe—Fa 79.72(8)°, 79.74(7)% Fi~Xe~Fa, 159.45(8)° Fu—Xe—Fsurs

73.06(6)°, 127.47(6)°].

(i) [XeFs;-HF][SbyF;1]. The [XeFs;-HF][SbyF;;] salt was also isolated in the absence of
the acidium ion salt, [HsF4][SbFe¢]. However, in the crystal structure of
[XeF3;-HF][SboF11] (Figure 6.3), there is a two-fold positional disorder about the diagonal
that bisects the Fi—Xe—F, angle where the equatorial fluorine atom (F;) and one of the
axial fluorine atoms (F;) are indistinguishable from one another and the remaining axial
fluorine atom (F3) cannot be distinguished from the fluorine atom (F¢) of the coordinated
HF molecule (Table 6.3 and Figure 6.1). The positionally averaged bond lengths are
1.865(1) and 2.186(1) A, respectively, and are in good agreement with the averages of the
corresponding bond lengths in ([XeF; HF][SbaF11]),:[HsF4][SbFe], 1.859(3) and 2.176(3)
A, respectively.

The secondary coordination spheres are very similar in the crystal structures of
[XeF3-HF] [SbyFy;] and ([ XeF3-HF][Sb,Fi;])2 [HsF4][SbFs] (Figure 6.4) with'the contacts
ranging from 2.935(1) to 2.967(1) A and 2.847(3) to 3.088(3) A, respectively. There is an
additional contact (3.088(3) A) in the ordered structure,
([XeF5-HF][Sb,F11])2-[HsF4][SbFs], that occurs between the XeF;" cation and the SbyFy;~

anion which presumably better anchors the cation to give an ordered structure.
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Figure 6.3. Crystal packing for [XeF; HF][Sb,F;;] viewed along the b-axis; thermal
ellipsoids are shown at the 50% probability level.
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FE)F(0) |+ FUOVFE)

Xe'

Figure 6.4. Secondary coordination sphere of the XeF;"-HF adduct-cation subunit in the
X-ray crystal structures of (a) ([XeFs-HF][SbyF11])2[HsFs][SbF¢] and (b)
[XeF;-HF][Sb,F11]; thermal ellipsoids are shown at the 50% probability level.
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6.2.2.2. [HsF4][SbF¢]. The hydrogen atoms of the acidium ion in the crystal structure of
([XeF3-HF][SbaF11])2 [HsF4][SbFe] could not be observed in the difference map, which is
also the case for the HsF," and H,F" cations,”? but not for H-Fs", where the hydrogen
atoms were observed.””® The SbFs anion and fluorine atoms of the HsF4* cation form a
chain structure (Figure 6.5) that is consistent with the other acidium ion salts.”***° The
F---F distances between the SbF¢ anion and the closest fluorine atom of the cation
decrease from 2.444(4) A to 2.337(3) A, between the next closest fluorine atoms, and
finally to 2.293(5) A between the two central fluorine atoms of the HsF4" cation. These
distances are in excellent agreement with previously observed F---F interatomic distances
in H/F6™ (2.284(4)-2.450(2) A),®® HsF," (2.30(1)-2.41(1) A),”* and H,F" (2.64-2.78
A)2

6.2.3. Raman Spectroscopy. The low-temperature Raman spectra of solid
[V?H'980XeF,][AsFg], [H'**®0Xe(F),'"**0XeF,][AsFs], [FXe'*'®0XeF,][AsFs], and
[FXe'9"®0Xe(F),''®*0XeF,] [AsFq], are identical to low-temperature spectra recorded
under solid HF solvent, with the lqtter providing better signal to noise ratios.
Consequently, the Raman spectra depicted in Figures 6.6-6.9 and the observed and
calculated frequencies and their assignments listed in Tables 6.4-6.7 and A3.3—-A3.7 are
for spectra recorded under HF.

The spectral assignments for [I/ZHW 80XeF;][AsFg], [HW ISOXe(F)ZW B0XeF,]
[AsFg], [FXe'¥'®0XeF,][AsFg], and [FXe'¥'*0Xe(F),'¥'®0XeF,][AsFs] were made by

comparison with the calculated frequencies and Raman intensities (Tables 6.4—6.7) of the
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Figure 6.5.

The [HsF4][SbF¢] unit in the X-ray crystal structure of ([XeFs-HF][SbaFi1])2:[HsF4][SbFs]; thermal ellipsoids
are shown at the 50% probability level.
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Raman spectra of natural abundance (lower trace) and 97.8% '®0O-enriched (upper trace) of [HOXeF,][AsFe]
recorded at —150 °C under HF solvent using 1064-nm excitation. Symbols denote FEP sample tube lines (*),
instrumental artifact (1), and [XeF][AsFg] impurity ().

Joo1g 'S piae( — SISAYL " 'Ud



881

w
o
T

N
]
T

N
o
1

Y
o

Intensity, 107 cts s
o

100 200 300 400 500 600 700 800

Figure 6.7. Raman spectra of natural abundance (lower trace) and 97.8% '°O-enriched (upper trace) of [FXeOXeF,][AsF]
recorded at —150 °C under HF solvent using 1064-nm excitation. Symbols denote FEP sample tube lines (*),
instrumental artifact (1), and [FXe'*0Xe(F),'*0Xe(F),][AsFs] impurity (}).
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Figure 6.8. Raman spectra of natural abundance (lower trace) and 97.8% 80-enriched (upper trace) of

[HOXe(F),0Xe(F),][AsF¢] recorded at —150 °C under HF solvent using 1064-nm excitation. Symbols denote
FEP sample tube lines (*) and instrumental artifact ().
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Raman spectra of natural abundance (lower trace) and 97.8% 180-enriched (upper trace) of
[FXeOXe(F),0Xe(F),][AsFs] recorded at —150 °C under HF solvent using 1064-nm excitation. Symbols
denote FEP sample tube lines (*), instrumental artifact (1), and XeOF,-#nHF(}).
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Table 6.4.  Experimental Raman Frequencies * and Intensities’ for [V2H'¢ B0XeF,][AsFe]
1H160 IHISO 16/18Av ZHIGO ZHIBO 16/13AV I(IS)Q(IS)AV 1(18)2(1 F)Av aSSE td
n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. v(OH)
1264.6(2) 1261.2(2) 3.4 927.6(1) 922.0(1) 5.6 3370 3392 5(Xe;0.H)
692.0(52) 692.0(52) 0.0 692.0(66)  691.9(55) 0.1 0.0 0.1 _
689.7(30) 689.6(29) 0.1 689.2(32)  689.1(31) 0.1 0.5 05 } vitaw asFe)
646.7(59) 615.8(62) 309  640.9(66)  611.0(68)) 299  -58 438 v(Xe:01)
602.0(6) 601.9(8) 0.1 600.5(7) 600.3(9) 02 15 16 v(XeFy) — v(XerFy)
588.8(12 588.4(14 0.4 588.1(16 587.8(18 03 0.7 0.6
577.027)) 576.3&7)) 0.7 567.8Eh) 567.159)) 07 92 o2} vE@sE)
554.7(100)  554.6(100) 0.1 554.6(100)  554.5(100) 0.1 0.1 0.1
543.6%71)) 543.5§64)) 0.1 543.5%66)) 543.1%62)) 0.4 0.1 0.4 } ek £ vXeiFy)
380.2(4)° 379.2(6)° 1.0 3792(4) . 378.9(6) 03 -1.0 03
371.6(7) 371.0(7) 0.6 371.1(7) 370.7(9) 04 05 03 } vs(Tag) (ASFs)
362.3(3) 362.3(3) 0.0 362.4(3) 362.2(4) 02 0.1 01
3280(2br  327.52br 0.5 260.8(3)br  2592(3)br 1.6 —67.2 683 Pu(Xe:0H)
307.0(14) 296.9(13) 101 313.1(9) 301.9(9) 112 6.1 5.0 8(0Xe;F,) — S(OXe.Fy)
235.6(1) 236.1(1) 0.5 235.5(1) 236.2(1) 0.7 0.1 0.1 S(F,Xe1F2)oop.
210.4(2) 2103(2) 0.1 208.8(2) 208.4(3) 0.4 ~1.6 1.9 S Xe:Fa)ip,
194.6(4),br  186.4(4)br 82 187.6(4)br  181.6(4ybr 6.0 7.0 4.8 0{(HO Xe:F: Fo)oop.
1223(3) 121.0(4) 13 121.8(5) 1203(7) 15 05 0.7
106.3(14) 106.1(14) 0.2 1062(15)  106.1(15) 0.1 0.1 0.0

“ Frequencies are given in cm™. ® Values in parentheses denote relative Raman intensities. ° Raman spectra were recorded in
FEP sample tubes at —150 °C using 1064-nm excitation. The abbreviations denote broad (br) and not observed (n.o.). Weak
bands at 611.7(5) and 607.6(5) in the spectra (not listed) are assigned to [XeF][AsF¢]."** 9 The abbreviations denote stretch (v),
bend (8), wag (pw), rock (pr), in-plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-plane and out-of-plane mode
descriptions are relative to the XeOF, plane (Figure 6.10). ¢ The band intensity has been corrected for overlap with a FEP
band.” The band intensity has been corrected for overlap with a [XeF][AsFs] band.
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Table 6.5.  Experimental Raman  Frequencies”  and Intensities’
[FXe'Y"80XeF,][AsFe]°

%0 854 68, assgnt®
691.2(12) 691.3(13) 0.1 _
673.7(2) 673.5(3) L2 b Vi) (AsFe)
645.4(10) 615.6(12) 298  v(XeiO1) - v(Xe:01)
586.2(1) 587.1 sh 0.9
577.12) 577.23)7 02 | ViED (ASF)
556.0(3) 555 sh 1.0
545.6(84) 545.6(89) 00§ VR
513.5(100)  511.1(100) 24 v(XesF1) + v(XerFy)
409.4(5) 390.3(5) ~19.1
405.1(6) 384.0(6) 211 VXeO) +v(Xe0)
397.0(2)
373.9(3) 373.8 sh 0.1 } vs(Ta) (AsF§)
360.1(1) 359.8(1) 02
300.6(8) 290.0(7) ~10.6  5(0XeiFy)— 5(OXerFy)
229.9(2) 229.6(3) 023
225.6(1) 225.6(1) 0.0 } SEXeiFauos
187.7(2) 187.6(2) 0.1 |
181.3(4) 181.1(4) 02} OEXeiF,
174.7(2) 173.92) 08
155.7(1) 155.5(1) 02
132.9(3) 132.4(3) 0.5
119.8(2) 1203(2) 0.5
114.2(4) 114.3(4) 0.1 coupled deformation modes
106.2(4) 105.4(7) 038
97.2(5) 96.9(7) 0.3
76.0(3) 75.7(12) 0.3
71.3(7) 71.6(9) 0.3

for

“ Frequencies are given in cm . ° Values in parentheses denote relative Raman
intensities. © Raman spectra were recorded in FEP sample tubes at —150 °C using 1064-
nm excitation. The abbreviation denotes a shoulder (sh). A weak band at 498.5(3) in the
0 spectrum is attributed to [FXe'*0Xe(F),'®*0XeF,][AsFs]. ¢ The abbreviations denote
stretch (v), bend (), in-plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-plane and
out-of-plane mode descriptions are relative to the XeOF, plane (Figure 6.10)./ The band
intensity has been corrected for overlap with the FEP band occurring at 578 cm ™.
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Table 6.6. ExPerimental Raman  Frequencies’ and  Intensities’ for
[H'Y80Xe(F),'“®0XeF,][AsFs] ¢

T 857 IZEp assgnt’®
695.63) 695.72) 0.1 l

688.6(11 688.7(8 0.1

681.456))1‘ 681.38 0.1 [ ViAi) (AsFs)

675.4(4) 676.0 sh 0.6 J

658.1(3),br  624.6(1),br 335  [v(Xes0) —v(Xe105)] + v(Xe101)
586.8(2) 586.8(2) 0.0 7

579.2(7) 579.2(7) 0.0

573.6(5) 573.8(4) 02 [ VEp(AsFs)

569.1(7) 569.1(6) 00

550.4(82) 558.9(62) 05

549.7(9) 549.8(9 0.1

545.9%13) 546.1%1)1) 02 J V(XeiFy) + v(XeiF)
536.1(22) 535.6(21) 05

510.5 sh 510.2 sh 03

507.3(100)  506.8(100) 0.5 b vexesry + vixesrs
436.4(2) 438.1(1) 1.7

TR S B ppe———
374.5(4) 373.903) 06

370.02) 370.4(3) 0.4 } vs(T20) (AsF¢)

366.6(2) 366.4(1) 02

281.4(2) 278.8(1) 2.6

268.5(3) 265.3(2) 32 } 5(0,XesFy) — 8(01XerFy)
241.4(2) 237.5(3) 39

221.5(1) 221.9(1) 0.4 S(FaXesFs)ip. + 0(F1Xe1F2)o.0p.
1735(7), br 1714(6), br -2.1 S(FIXGIFZ)i.p. + 6(F4X63F5)i.p.
142.2(5) 140.7(5) 15

118.2(8) 116.9(8) 13

“ Frequencies are given in cm'. ° Values in parentheses denote relative Raman
intensities. © Raman spectra were recorded in FEP sample tubes at —150 °C using 1064-
nm excitation. The abbreviations denote shoulder (sh) and broad (br). 7 Weak bands
observed at 598.1(1), 554.4 sh, 479.7(2) in the '®0 spectrum and at 479.3(1) in the '*O
spectrum are assigned to Xe;OF;'. ¢ The abbreviations denote stretch (v), bend (8), in-
plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-plane and out-of-plane mode
descriptions are relative to the local XeOF, plane (Figure 6.10).” The band intensity has
been corrected for overlap with the AsFs band of [Xe;OF3][AsFe] occurring at 681 cm*.”!
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Table 6.7. Experimental Frequencies” and Intensities” for
[FXe'¥"80Xe(F), Y OXeF,][AsFg]°
0 B0 16718, assgnt?
700.8(3) 700.8(3) 0.0
679.1(7) 679.1(15) 00} Vil (AsFe)
[v(Xe30,) —v(Xe 05)] + [v(Xe Oy) —

662.4(1) br 632.1(1) b 303

ey (1) br v(Xe:01)]
577.1(4) 576.9(7) 0.2 va(E,) (AsFs)
550.3(46) 550.2(45) 0.1 v(XesF3)
539.4(5) 539.3(5) 0.1
534.0 sh 533.5 sh 0.5 [Vg(eifl) T v(Xei)] + [v(Xesky) +
526.7(16) 525.5(15) 12 V(XesFs)]
513.6(3)° 510.6(3)° 3.0 } [v(XelFy) + v(XerF2)] — [V(XesFa) +
498.6(100) 498.7(100) 0.1 v(XesFs)]
409.9(1) 409.9(1) 0.0
375.5(5) 375.6(4) 0.1
366.6(2) 366.7(2) 0.1 } vt (aske)
344.7(3) br 329.7(3) br ~15.0 8(0;XesFs) — 8(0:XesFs)
299.2 sh 287.8 sh -114 5(01X61F1) - 5(01X€1F2)
214.7(2) 214.9(2) 0.2 8(F4XC3F5)1.D. + 5(F1X61Fz)o.o,p,
201.7(2) 201.9(4) 0.2 S(F4XesFs)ip. + S(F1XerFa)is,
165.8(1)" 164.2(2) 1.6 S(F3Xe;01)ip. + S(F1XerFa)iop,
159.0(1) 159.0(1) 0.0 3(F3Xe201)ip. — [8(F1Xe1F2)ip Jsman
117.5(2) 117.0Q2) 0.5
104.0(6) 103.6(6) 0.4

“ Frequencies are given in cm . ° Values in parentheses denote relative Raman
intensities. © Raman spectra were recorded in FEP sample tubes at —150 °C using 1064-
nm excitation. The abbreviations denote shoulder (sh) and broad (br). 4 The abbreviations
denote stretch (v), bend (8), in-plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-
plane and out-of-plane mode descriptions are relative to the local XeOF, plane (Figure
6.10). ¢ These bands may arise from FXe'®*OXeF,"./ The band intensity has been corrected
for overlap with the Xe'°OF,.nHF band occurring at 166.0 cm™.'%
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energy-minimized geometries (Figure 6.10). Vibrational frequencies calculated at the
PBEIPBE, B3LYP, and MP2 levels of theory (Tables A3.3-A3.7) reproduced the
observed frequency trends across the series of compounds and therefore only the
PBE1PBE values are referred to in the ensuing discussion. It should be noted that the
calculated Raman intensities of the to Xe—O stretching bands are consistently
overestimated for each system when compared with the experimental intensities, as
observed for Xe;OF;"."! In all cases, symmetry lowering splits the three Raman-active
modes expected for octahedral AsFg , namely vi(Ajp), va(Eg), and vs(Tag). The additional
splittings, which include the A, band, can only be accounted for by vibrational coupling
within the unit cell (factor-group splitting). The anion bands were assigned by
comparison with other AsF¢ salts in which there are significant interactions by means of
fluorine bridging between the cations and the anions.*'>*%*?

6.2.3.1. [HOXeF:][AsF¢]. The Raman spectra of ["?H'¥'80XeF,][AsFs] exhibit two
bands that are 2H-dependent, and four bands that are both ?H- and ¢ 18O-dependent, in
good agreement with the calculated spectra where one band is predicted to be "H-
dependent, and five bands are both "?H- and !¥'80-dependent. The minor vibrational
differences that arise between experimental and calculated frequencies of modes
involving the hydrogen atom presumably arise because the calculated ion-pair models,
[1/ ?H'180XeF,] [AsFg], are for isolated gas-phase ion pairs (see Computational Results),
whereas it is also expected that there will be significant hydrogen bonding between

nearest neighbor ion pairs in the solid state.
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Figure 6.10. Calculated geometries [B3LYP/aug-cc-pVTZ(-PP)] for (a) HOXeF,", (b)
FXeOXeF,', (c¢) HOXe(F),0XeF,", (d) FXeOXe(F),0XeF,", and (e)
[HOXeF,][AsFs].
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The most intense bands in the spectra occur at 543.6 and 554.7 cm ! and do not
show isotopic shifts. These bands correspond to the factor-group split symmetric XeF»
stretching mode, v(XeiFy) + v(Xe;F,), in excellent agreement with the calculated value of
562.8 cm ', and with the symmetric stretching mode of the axial Xe—F bonds in
[XeF3][SbFs] (573(88); 564(94), 576(94) cm).*® The out-of-phase v(Xe F;) — v(XeiFy)

mode is assigned to the weaker band at 602.0 cm

iand is also well modelled by
calculations (618.9 cm™"). The most substantial '**#0-isotopic shift (—30.9 cm™) occurs
for the band at 646.7 cm™". This band also shows a "?H-isotopic shift (—5.8 cm™") and is
assigned to v(Xe10), which is postulated to show 2H_ and '¥"®0-isotopic shifts of —27.6
and —6.8 cm™’, respectively. The in-plane bend, 8(0XeFy) — 8(0OXe F2), is also expected
to show a '9'®0-isotopic shift (—~10.3 cm™) and is assigned to the band at 307.0 which
shows an isotopic shift of —10.1 cm . The broad band at 194.6 cm ™" also shows "?H- and
19180 _sensitivity and is assigned to p(HOXe;F1F2)o0,p, in agreement with the calculated
values.

The highest frequency mode expected for the HOXeF, " cation is v(O;H). It is
predicted to occur at 3763.9 cm™! and is expected to show significant "*H- and '¢'*0-
sensitivities (~1023 and —12.5 cm’', respectively). However, the Raman band
corresponding to this mode could not be observed, which is likely the result of the low
polarizability change associated with the O—H stretch, causing the band to be weak. The
XeOH bending and wagging modes are observed as a weak band at 1264.2 cm ' and a

broad, weak band at 328.0 cm™ which display ?H-isotopic shifts of —337.0 and —67.2

cm ", respectively, with the bending mode also displaying a ‘®O-isotopic shift of —3.4
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cm . While the isotopic shifts are well modeled by the calculations [*H: —306.2, —61.5
cm '; '*0: 3.3 cm™'], the XeOH wagging mode is likely underestimated because the
simplified model neglects hydrogen bonding involving neighboring ion pairs which
would shift the mode to higher frequency.”*’

The in-plane and out-of-plane XeF, bending modes occur at 210.4 and 235.6

172

cm ', respectively, and display neither "*H- nor ''®0-isotopic shifts, in agreement with

the calculated ion pair frequencies.

6.2.3.2. [F'XeO™VXeF;][PnFs] (Pn = As, Sb). The Raman spectra of
[FXeOXeF;][AsFs] and [FXeOXeF,][SbFe] are almost identical, with the exception of the
anion modes. In general, the spectra of FXe'®"®0XeF," resemble those of H'*"80XeF,",
aithough the latter frequencies are slightly higher, and they are in accord with the
frequency trend that is modeled by the calculations.

The Xe"—O and XeV—O bonds of FXeOXeF," are not symmetric (see Calculated
Geometries) and therefore the coupled v(Xe10;) — v(Xe;0,) and v(Xe;0;) + v(Xez03)
modes occur at significantly different frequencies. The former mode occurs at 645.4 cm ™"
and displays a 19180 jsotopic shift of —29.8 cm ™' which is in agreement with the
calculated values and with v(XeO) in HOXeF," (646.7, '¥"®Av: —30.9 cm™). The in-
phase mode, v(Xe 0;) + v(Xe,0y) is factor-group split and occurs at 405.1 and 409.4
cm ' with '¥*®0-isotopic shifts of —21.1 and —19.1 cm', which are in good agreement
with the calculated frequencies and isotopic shifts. The only other band that displayed a

19183_isotopic shift (-10.6 cm™") occurred at 300.6 cm™ and is assigned to 8(OXe,F;) —
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8(0Xe F,) which also agrees well with the calculated frequency and isotopic shift, and
with the corresponding band in [HOXeF][AsF¢] (307.0, ***Av: —10.1 cm™).

The bands at 545.6 and 556.0 are assigned to the terminal v(Xe,F3) stretch which
occur to significantly lower frequency than v(XeF) in [XeF][AsFe] (608 and 610 cm )
and is indicative of significant bonding between O; and Xe,, which renders Xe, less
electropositive. The symmetric stretch, v(Xe F1) + v(XeiFy), of FXeOXeF," occurs at
lower frequency (513.5 cm_l) relative to HOXeF," (543.6, 554.7 cm™") but is higher than
in XeOF, (467 cm"),'” which is consistent with cation formation. The bands
corresponding to the in-plane and out-of-plane F;—Xe;—F, bending modes are each

factor-group split and are observed at 181.7 and 187.7 cm™" and 225.6 and 229.9 cm™’,

respectively. Both modes are also in good agreement with the calculated values.

6.2.3.3. [HOXe(F),0XeF;][AsF¢] and [F'XeO'Xe(F),0"XeF;][AsFg]. The Raman
spectra of [HOXe(F),0XeF2][AsFs] and [F"XeO"VXe(F),0"VXeF,][AsF] are very similar
to each other, as is the case for the HOXeF," and FXeOXeF," cations discussed above. In
general, the vibrational frequencies of the longer chain cations occur at frequencies
similar to the corresponding modes in the shorter chain cations. Only three bands display
1o/ 18O-isotopic dependencies in [FXeOXe(F),0XeF;][AsF¢] and belong to three distinct
vibrational modes. The related three modes are observed in [HOXe(F),OXeF,][AsFs],
however, the lower frequency bands, which correspond to bending modes, are factor-
group split. The highest frequency, isotopically dependent modes occur at 658.1 and

662.4 cm ™" for the HOXe(F),OXeF," and FXeOXe(F),0XeF," cations, respectively, and
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are assigned to the coupled Xe—O stretches, [v(Xe302) — v(Xe;07)] + v(Xe;01) and
[V(Xes307) — v(Xei0,)] + [v(Xe01) — v(Xe204)], respectively. The calculated Xe;—O;
and Xe;~O, stretching frequencies occur at significantly different values
(HOXe(F),0XeF,": 626.2, 685.1 cm™'; FXeOXe(F),0XeF,": 671.4, 708.1 cm™). The
gas-phase calculations of the cation, however,do not take into account ion-pairing of the
cations with the AsF¢ anions which would render Xe; significantly less electropositive
and lower [v(Xe;07) — v(Xe102)] to an extent where the stretches would be expected to
couple more strongly. The remaining two bands that display ‘*'*0-isotopic dependencies
are 8(0xXesFs4) — 8(0,XesFs) and 8(01Xe F;) — 8(01Xe,F,) with the former occuring at
higher frequencies. The bands are factor-group split in [HOXe(F),OXeF,][AsFs],
appearing at 418.2 and 422.9 cm ™" and at 241.4, 268.5, and 281.4 cm ™", respectively, with
the corresponding bands occuring at 344.7 and 299.2 cm™, respectively, in
[FXeOXe(F),0XeF,][AsFs]. Both the greater frequency difference for these modes in the
hydroxy salt relative to those of FXeOXe(F),0XeF," and the '%'®0-isotopic shift trends
for 8(0,XesF4) — 8(02XesFs) and 8(01XeiF) — 8(01XeF2) are reproduced by the
calculations.

All the remaining bands are insensitive to '¥'®0-isotopic enrichment. The bands
at 536.1, 545.9, and 549.7 cm' in the spectrum of HOXe(F),0XeF," are assigned to the
factor-group split v(XeiFy) + v(Xe;F2) mode while those at 507.3 and 510.5 cm™" are also
factor-group split and are assigned to v(Xes;F4) + v(XesFs). The corresponding modes in
FXeOXe(F),0XeF," are also factor-group split but are coupled in-phase and out-of-

phase, appearing as bands at 526.7, 534.0 and 539.4 cm ' and at 498.6 and 513.6 cm™,
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respectively, with the terminal Xes—F; stretch occuring at 550.3 cm™'. The only other
modes whose bands are observed for either cation are the in-plane F—Xe—F bends, which
are coupled in both salts. The bands at 221.5 and 214.7 cm™" are assigned to 5(F4Xe;F 5)ip
+ O(Fi1Xe1F2)oop and those appearing at 173.5 and 201.7 cm ' and are assigned to
" &(FiXe1Fa)ip + 8(FaXesFs);, for the HOXe(F)ZOXer+ and FXeOXe(F)ZOXer+ cations,
respectively.

It is interesting to note that “H-isotopic substitution in [HOXe(F),OXeF;][AsFs]
did not show any isotopic dependencies in the Raman spectrum. It is likely that the

hydrogen-dependent modes are too weak and broad to be observed by Raman

spectroscopy.
6.2.4. Computational Results. The geometries of "H'%'¥0XeF,",
[1/2H16/180XeF2] [ASF6], H16/180Xe(F)216/180X6F2+, FX616/180XGF2+,

FXe'¥"*0Xe(F),'**0XeF,", XeF;"HF, and [XeFs][AsFs] were optimized starting from
C: symmetries. All of the structures resulted in stationary points with all frequencies real.
The PBE1PBE/aug-cc-pVTZ(-PP), B3LYP/aug-cc-pVTZ(-PP), and MP2/aug-cc-pVTZ(-
PP) results all reproduce the vibrational frequency trends across the series of compounds
reported in the present work (Figures 6.10 and 6.11 and Tables A3.2-A3.8; also see
Experimental Section). In the case of XeF;"-HF, two different starting geometries were
optimized, one starting from an optimized XeF4 geometry with a nearby (2.840 A) H'
ion, and the second starting from an optimized XeF;" geometry with a nearby (2.941 A)

HF molecule. Both starting geometries optimized to the same final geometry suggesting
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Figure 6.11. Calculated geometries [B3LYP/aug-cc-pVTZ(-PP)] for (a) XeF3', (b) XeF;"-HF, (c) [XeF3][AsFg].
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that XeF;"-HF can be described as either an HF adduct of XeF;" or a protonated XeF,
molecule.

6.2.4.1. Geometries. (i) HOXeF,", [HOXeF;][AsF¢], and FXeOXeF,". The Xe,—O;
bond in FXeOXeF,' (1.837-1.885 A) is elongated relative to that of XeOF, (1.770—1.821
A),'* however, the bond is lengthened even more in HOXeF," (1.880-1.929 A) and in
the ion-pair, [HOXeF,][AsFs], (1.931-1.965 A) which is consistent with the transfer of
electron density from oxygen to the Lewis acid centers. The increased bond lengths result
in greater single-bond character which is also manifested in the Raman spectra by lower
Xe—O stretching frequencies relative to that of XeOF, (vide supra). The greater Xe;—O;
single bond characters also result in decreased O;—Xe;—F bond angles as a result of the
reduced steric requirements of the Xe;—0; single bond domains in the cations
(FXeOXeF,": 89.3—89.9°; HOXeF,: 87.1-87.7°; [HOXeF,][AsFs]: 87.2—88.0°) relative
to the Xe—O double bond domain in XeOF, (94.9-95.9°).'* However, the O;—Xe,—F
bond angles are still greater than the F,,—Xe—Feq bond angles in XeF;™ (83.3-84.2°)
where the formal Xe—F bond order is one which indicates some Xe—O doﬁble bond
character remains. In contrast with the Xe;—O; bond lengths, the Xe;—F bond lengths
follow the reverse trend and are shorter in the cations (FXeOXeFf: 1.921-1.946 A;
HOXeF,": 1.903-1.927 A; [HOXeF,][AsFs]: 1.938-1.963 A) relative to XeOF,
(1.968-1.997 A)'* but are longer than the related Xe—F,x bonds of XeFs* (1.883-1.906
A). It is noteworthy that the Xe,—0; bond (2.240-2.296 A) in FXeOXeF," is significantly
longer than the Xe;—O; bond (1.837—1.885 A) which can be attributed to the greater

electronegativity of Xe(IV) relative to Xe(Il). The Xe;—O;—Xe, bond angle
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(123.8-129.7°) is also greater than the Xe;—0;—H bond angle (108.1°), which is likely a
consequence of the Xe—Xe (3.460-3.588 A) steric interaction of the XeF group relative
to that of hydrogen, as well as the greater electron lone pair — electron bond pair

interaction present in the more covalent O—H bond relative to the more polar covalent

Xe—F bond (see Table A3.9).

(i) HOXe(F);0XeF, and FXeOXe(F);0XeF,". Coordination of a second XeOF,
molecule has very little impact on the geometries of these cations in the remainder of
their chains. In both cations, the Xe, Oy, O, F;, and F, atoms are coplanar. The Xe;—O,
and Xe;—F bonds in HOXe(F),0XeF," (1.914-1.945 A and 1.929-1.958 A, respectively)
and FXeO'Xe(F)zOXerJr (1.863—1.899 A and 1.922-1.962 A, respectively) are slightly
elongated relative to those of the shorter chain cations whereas the related bond angles
remain essentially unchanged. Upon coordination, the geometric parameters of the
terminal XeOF, moieties follow the same trends as observed in HOXeF, and
FXeOXeF,', leading to Xe,;—O; bond elongation and the Xe;—F bond shortening,

although to a lesser extent, and are almost unchanged relative to those of free XeOF,.'*

(iii) XeFs; “HF and [XeF3][SbFg]. Coordination of HF to XeF;" has very little effect on
the geometry of XeF;". The Xe—F. (1.839-1.870 A) and Xe—F, (1.892-1.916 A) bond
lengths of the adduct are the same as those in XeF;" (Xe—F,: 1.838—1.867 A; Xe—F,
1.883-1.906 A) but slightly shorter than in [XeF3][SbFs] (Xe—F.: 1.894-1.921 A; Xe-F,

1.926-1.950 A). The F.—Xe—F, bond angles (XeF;': 83.3—-84.2° XeFs;"-HF: 83.7-84.7°
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[XeFs][SbFe]: 86.0—86.8%). The poorest agreement between the calculated XeF;"-HF and
[XeF3][SbFs] geometries and experimental geometries occurs for the contact angles and
distances. In both models, the F.—Xe---F bond angles are ~180° instead of the ~160°
angle observed in their respective crystal structures. The Xe---F distances are
overestimated and underestimated for XeFs;-HF and [XeF3][SbF¢], respectively
(XeF;""HF: 2.537-2.556 A; [XeFs][AsFs]: 2.127-2.136 A), relative to their crystal
structures (XeF; HF: 2.462(2); [XeF3][AsFs]: 2.485(1) A).  These discrepancies
presumably result from the deformability of these angles which are strongly influenced

by crystal packing.

6.3. Conclusion

The Lewis base properties of oxygen in XeOF, have been demonstrated by the
high-yield  syntheses of the noble-gas  salts, ["2H'*®0XeF,][AsFs],
[H'*0Xe(F),'¥"* 0XeF,][AsFe], [FXe'¥"*OXeF,][AsFg], and
[FXe'*'®0Xe(F), '8 0XeF,][AsFg], in high purity. The salts represent the first new
Xe(IV) cations to have been synthesized in over 35 years, with the
[V?H'9"80XeF,][AsFs] and [H'¥'80Xe(F),'*® 0XeF,][AsFq] salts also representing the
only examples of xenon hydroxides to have been isolated and characterized in the solid
state. All of the aforementioned salts are kinetically stable at —78 °C (with the exception
of [H'Y 80Xe(F),'¥"®0XeF,][AsFe], which slowly decomposes at —78 °C) but slowly
decompose upon warming to between —50 and —35 °C. Their decomposition pathways,

inferred from their decomposition products, are supported by their thermochemical
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cycles. The latter show that the proposed reduction pathways of Xe(IV) to Xe(II) and O,
are mainly driven by lattice energy contributions with entropy change associated with O,
evolution also playing a significant role.

In an attempt to synthesize [HOXeF,][SbFs], crystals of [XeF;-HF][SbyFi1],
(IXeF3-HF][SbaF11])2 [HsF4][SbFe], and [XeF;][SbFs] were grown in admixture. The
crystal structure of ([XeF3-HF][Sb2F1])2:[HsF4][SbFs] contains the previously unknown
acidium ion, HsF4'. The secondary coordination spheres of xenon are very similar in the
crystal structures of [XeF;-HF] [SbyF;i] and ([XeFsHF][SbyFi1])2:[HsF4][SbFs],
however, the former cation displays a 2-fold positional disorder. An additional contact in
([XeF3-HF][SbyF11])2-[HsF4][SbFs], between xenon of the XeF; cation and a fluorine
atom of the SbFs anion in the acidium salt affects the crystal packing sufficiently to give
an ordered structure. Quantum-chemical calculations indicate that the XeF;-HF cation
can be described as either a protonated XeFs molecule or a HF adduct of XeF;". The
experimental and calculated geometries of the XeFs:™ cation in [XeF3-HF][SbyF11],

([XeF3-HF][Sb2F1 1])2' [H5F4] [SbF6], and [XCF3] [SbFs]XeF3+-HF arc very similar.
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CHAPTER 7
A Rare Example of a Krypton Difluoride Coordination Compound;

[BrOF,][AsF]-2KrF,

7.1. Introduction

The precursor to all known krypton compounds, KrF,, has been structurally well
characterized'? and has been the subject of several theoretical studies.®'®® The chemistry
of krypton is restricted to the +2 oxidation state, presently consisting of several KrF" and
Kr,F;" salts,3’75 ,109,234-239 Kr(OTeF5)2,1°3 a number of nitrile adducts of KrF”, namely,
FKrN=CR" (R = H, CF;, C,Fs, n-C3F7),104’105 preliminary evidence, but no structural
characterization, for KrF,-VF s240 and K1F 2-M11F4,241 and a series of KrF, Lewis acid—base
adducts with group 6 d° transition metal centers, namely MOF,KrF, (M = Cr,'% Mo,'”
W'?). The structural characterizations of the latter KrF, adducts were limited to solution
F NMR and solid-state Raman spectroscopy. In all three caées, the Raman and “°F
NMR spectra indicate that the adducts result from weak coordination of KrF, through a
fluorine bridge to the metal atom. In the absence of X-ray crystal structures, an
assessment of the degree of coordination, based on the relative bond lengths of terminal
and bridge Kr—F bonds could not be made.

To date, there is no X-ray crystal structure in which KrF, serves as a ligand
towards a metal atom, nor are there any examples in which KrF, coordinates to a main-
group atom. Two criteria are required for KrF; coordination: (1) KrF, must interact with

a Lewis acid center which is not sufficiently strong to “completely” abstract a fluoride
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ion from KrF, and (2) the Lewis acid must be resistant to oxidation by the powerful
oxidative fluorinator, KrF,. These criteria are met in the aforementioned low-temperature
studies of the MOF4KrF, adducts.'®'%7 Earlier studies have shown that the BrOF,"
cation meets these criteria for the less strongly oxidizing XeF, ligand in
[BrOFz][AsFG]-Xer,129 which has been characterized in solution by PF and ¥Xe NMR
spectroscopy and in the solid state by Raman spectroscopy, offering promise for the
synthesis of a KrF; analogue.

The present study extends the little studied coordination chemistry of krypton to
the synthesis and characterization of the first main-group coordination compound of
KrF,, namely, [BrOF;][AsFs]-2KrF,. In addition to structural characterization by solid-
state Raman spectroscopy and single-crystal X-ray diffraction, the nature of the adduct
bonding is examined using quantum-chemical calculations in conjunction with electron

localization function (ELF) calculations.

7.2.  Results and Discussion
7.2.i. Synthesis and Properties of [BrOF,][AsF¢]-2KrF,. Reaction progress and the
purities of all products were routinely monitored by recording the low-temperature
Raman spectra (—150 °C) of the solids.

The [BrOF;][AsF¢]-XeF, adduct was synthesized as previously described.'?”’
Rather than through the direct combination of BrOF; and AsFs, the salt, [BrOF;][AsFs],
was synthesized in high purity by removal of XeF, from [BrOF,][AsFg]-XeF, under

dynamic vacuum at 0 °C (eq 7.1). This synthetic route to [BrOF,][AsF¢] circumvents
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dynamic vac.
—_——

[BI'OFz] [ASF6] -XeF; 0°C

[BrOF;][AsF¢] + XeF, (7.1)
difficulties associated with the synthesis and isolation of BrOF; from the reaction of
K[BrF,0] and [O;][AsFs] in HF***** and the possibility of explosion during the
hydrolysis of BrFs to form BrOF;.*'¢

Addition of KrF; to [BrOF;][AsFe] (2:1 molar ratio) that had been precipitated
and suspended in aHF at —78 °C resulted in a significant volume increase‘ with respect to
the original volume of suspended [BrOF,][AsF¢]. The Raman spectra of the solid product
under frozen HF solvent and of the product isolated by removal of HF at —78 °C were
identical. Both spectra revealed that the bands corresponding to BrOF," were shifted to
lower frequencies relative to those of [BrOF;][AsFs] and that the KrF, stretching band,
associated with uncomplexed KrF,, was replaced by two pairs of Kr—F stretching bands
(see 7.2.3., Raman Spectroscopy). The spectrum was consistent with the formation of
[BrOF;][AsFs]-2KrF», according to eq 7.2. The adduct is stable for at least five days at

[BrOF,][AsFs] + 2KrF) 1337 [BrOF:|[AsF]-2KrF, (7.2)
—78 °C as a solid and under aHF solvent. The adduct is also stable in aHF up to 25 °C for
at least 1 h, with Raman spectroscopy showing no discernable decomposition when the
adduct was isolated by removal of the solvent under dynamic vacuum at —78 °C.

Attempts to form the 1:1 adduct, [BrOF;][AsFs]KrF,, by reaction of a 1:1 molar
ratio of [BrOF,][AsFs] and KrF, in aHF at —78 °C yielded only a mixture of
[BrOF,][AsFe]-2KrF, and: [BrOF,][AsFs] upon removal of the solvent under dynamic
vacuum at —78 °C. Similar attempts to form a 3:1 adduct yielded only

[BrOF;][AsF¢]-2KrF; and unreacted KrF,.
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7.2.2. X-ray Crystal Structure of [BrOF;][AsF¢]-2KrF,. A summary of the
refinement results and other crystallographic information are given in Table 7.1.
Important bond lengths, bond angles, and contacts are listed in Table 7.2.

The structure of [BrOF,][AsFs]-2K1F; consists of a BrOF," cation that interacts by
means of short Br---F contacts with a single fluorine atom of the AsF¢ anion and a
fluorine atom from each of two KrF, ligands (Figure 7.1a). The [BrOF;][AsFg]2KrF,
structural units are relatively isolated, with the shortest intermolecular contacts (3.134 —
3.404 A) occurring between the fluorine and krypton atoms of neighboring KrF,
molecules, which are near or slightly under the sum of the fluorine and krypton van der
Waals radii (3.49).%

The primary coordination sphere of Br(V) in BrOF," is trigonal pyramidal. The
secondary coordination sphere comprises a fluorine atom of the AsF¢ anion coordinated
trans to the oxygen atom of BrOF,", and the fluorine atoms of two KrF, molecules
coordinated trans to the fluorine atoms of BrOF," so that the geometry of the F,OBrF;
moiety is pseudo-octahedral.

The Kr—F bond lengths of both coordinated KrF, molecules are distorted relative
to those of free KrF, (1.894(5) A),” with elongated bridge bonds (1.943(4), 1.933(4) A)
and terminal bonds that are shortened by nearly equal amounts (1.840(5), 1.847(4) A).
The differences between the terminal and bridging Kr—F bond lengths are significantly
less than in KrF* and Kr,F;" salts: [KrF][AsFs] (Kr—Fy, 2.131(2) A; Kr-F,, 1.765(2) A),”
[Kr,F3][AsFe]-[KrF][AsFs] (Kr—Fy, 2.061(6), 2.049(6), 2.106(6) A; Kr—F, 1.780(7),

1.803(6), 1.783(6) A),’ [KrF][SbFs] (Kr-Fp, 2.140(3) A; Kr-F, 1.765(3) A)*”
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Table 7.1. Summary of Crystal Data and Refinement Results for [BrOF,][AsF]-2KrF;

chem formula AsBrOF;Kr,
space group P2;/c (No. 14)
a (A) 5.7166(6)
b(A) 13.644(1)
c(A) 15.105(2)
B(deg.) 111.446(4)
V(A% 1096.6(2)

Z (molecules/unit cell) 4

mol. wt. (g mol ™) 2265.72

Dealc (g om™) 3.431

T (°C) -173

p (mm™) 14.91

A (A 0.71073

R 0.0693

WR,® 0.1715

‘Ri=2 || F, I — I F. || /= | F, | for I>20(I). "wR, is defined as {S[w(F,* _Fcz)z]/
Sw(F2*Y for I > 20(D).
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Table 7.2. Experimental and Calculated (C,) Geometrical Parameters for
[BrOF,][AsFg]-2KrF,
exptl” PBE1PBE’ B3LYP?
Bond Lengths (A)
Br(1)-0(1) 1.564(5) Br(1)-0(1) 1.556 1.569
Br(1)-F(1) 1.727(4) Br(1)-F(1) 1.731 1.757
Br(1)-F(2) 1.723(4) Br(1)-F(2) 1.730 1.757
Br(1)---F(3) 2.318(4) Br(1)---F(3) 2.350 2.363
Br(1)---F(5) 2.356(4) Br(1)---F(5) 2.302 2.338
Br(1)---F(7) 2.576(4) Br(1)---F(7) 2.579 2.529 -
Kr(1)-F(3) 1.943(4) Kr(1)-F(3) 1.951 1.984
Kr(1)-F(4) 1.840(5) Kr(1)-F(4) 1.814 1.843
Kr(2)-F(5) 1.933(4) Kr(2)-F(5) 1.957 1.984
Kr(2)-F(6) 1.847(4) Kr(2)-F(6) 1.808 1.837
As(1)-F(7) 1.742(4) As(1)-F(7) 1.789 1.813
As(1)-F(8) 1.711(4) As(1)-F(8) 1.709 1.722
As(1)-F(9) 1.732(4) As(1)-F(9) 1.743 1.752
As(1)-F(10) 1.732(4) As(1)-F(10) 1.724 1.742
As(1)-F(11) 1.712(4) As(1)-F(11) 1.705 1.720
As(1)-F(12) 1.709(4) As(1)-F(12) 1.761 1.773
Bond Angles (deg)
F(1)-Br(1)-F(2) 89.3(2) F(1)-Br(1)-F(2) 89.1 89.8
F(1)-Br(1)-0(1) 103.3(3) F(1)-Br(1)-0O(1) 102.0 102.0
F(1)-Br(1)---F(3) 85.1(2) F(1)-Br(1)---F(3) 83.9 85.7
F(1)-Br(1)---F(5) 162.4(2) F(1)-Br(1)---F(5) 166.9 166.5
F(1)-Br(1)---F(7) 80.5(2) F(1)-Br(1)---F(7) 89.9 86.1
F(2)-Br(1)-0(1) 102.8(3) F(2)-Br(1)-0O(1) 100.0 100.1
F(2)-Br(1)---F(3) 166.7(2) F(2)-Br(1)---F(3) 172.5 173.7
F(2)-Br(1)---F(5) 84.9(2) F(2)-Br(1)---F(5) 82.4 83.4
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Table 7.2. continued...

F(2)-Br(1)-—F(7) 83.5(2) F(2)-Br(1)-—F(7) 72.1 74.1
O(1)-Br(1)-—F(3)  90.2(2) O(1)-Br(1)--F(3)  84.1 85.3
O(1)}-Br(1)--F(5)  94.2Q2) O(1)-Br(1)--F(5)  89.3 90.7
O(1)-Br(1)-—F(7) 172.6(2)  O(1)-Br(1)---F(7) 165.7 170.2
F(3)-Kr(1)-F(4) 179.92)  F3)-Kr(1)-F(4) 177.2 176.9
FG3)---Br(1)-F(5)  96.9(2) FG3)-—Br(1)—F(G5)  104.0 100.1
FG3)---Br(1)--F7)  83.7Q2) F(3)--Br(1)--F(7) 1053 101.1
F(5)-Kr(2)-F(6) 178.72)  F(5)-Kr(2)-F(6) 177.5 177.7
F(5)--Br(1)--F(7)  82.3(2) F(5)—Br(1)-F(7)  78.0 80.8
Br(1)--F(3)-Kr(1)  132.1(2)  Br(1)--F(3)Kr(1)  138.9 139.6
Br(1)--F(5)-Kr(2)  139.9Q2)  Br(1)--F(5)-Kr(2)  129.4 129.4
Br(1)--F(7}-As(1)  131.1(2)  Br(1)-—F(7)-As(1)  114.8 123.7
F(7)-As(1)-F(8) 179.4(2)  F(7)-As(1)}-F(8) 175.8 176.6
F(7)-As(1)-F(9) 89.1(2) F(7)-As(1)-F(9) 86.8 87.4
F(7)-As(1)-F(10) 88.8(2) F(7)-As(1)-F(10) 88.6 87.9
F(7)-As(1)-F(11) 88.4(4) F(7)-As(1)-F(11) 90.1 89.6
F(7)-As(1)-F(12) 89.5(2) F(7)-As(1)-F(12) 85.6 85.6
F(8)-As(1)-F(9) 90.4(2) F(8)-As(1)-F(9) 91.5 91.9
F(8)-As(1)-F(10) 91.6(2) F(8)-As(1)-F(10) 92.9 92.6
F(8)-As(1)-F(11) 91.2(2) F(8)-As(1)-F(11) 93.8 93.8
F(8)-As(1)-F(12) 90.8(2) F(8)-As(1)-F(12) 90.5 91.0
F(9)-As(1)-F(10) 177.9(2)  F(9)-As(1)-F(10) 174.5 174.5
F(9)-As(1)-F(11) 90.4(2) F(9)-As(1)-F(11) 91.1 91.2
F(9)-As(1)-F(12) 89.1(2) F(9)-As(1)-F(12) 87.6 87.9
F(10)-As(1)-F(11)  90.1(2) F(10)-As(1)}-F(11)  91.9 91.6
F(10)-As(1)-F(12)  90.4(2) F(10)-As(1)-F(12)  89.1 88.9
F(11)-As(1)-F(12)  177.8Q2)  F(11)»-As(1)-F(12)  175.5 175.1

“ The aug-cc-pVTZ(-PP) basis set was used. The symmetry of the energy-minimized
geometry is C;. The labeling scheme corresponds to that used in Figures 7.1a and 7.1b.
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Figure 7.1.

(a) The structural unit in the X-ray crystal structure of [BrOF;][AsFs]-2KrF,; thermal ellipsoids are shown at
the 50% probability level and (b) the calculated geometry (PBE1PBE/aug-cc-pVTZ(-PP)) of
[BrOF,][AsF¢]-2KrF, showing the pseudo-octahedral coordination around bromine(V).
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[KrF][BiFs] (Kr-Fs, 2.090(6) A; Kr-F, 1.774(6) A),”’ [KryF3]o[SbFslyKrF, (Kr—Fy,
2.041(4), 2.065(4), 2.052(5), 2.056(4) A; Kr-F,, 1.805(5), 1.799(4), 1.797(5), 1.787(4)
A),” and [Kr,F3][SbFs]-KrF, (Kr—F, 2.027(5), 2.046(5) A; Kr—F;, 1.800(5), 1.790(5)
A).” This indicates that the Kr—F, bonds in [BrOF,][AsFs]-2K1F, have considerably
more covalent character relative to those of KrF' and KryF;' salts and that the KrF,
molecules behave as coordinating ligands rather than as fluoride ion donors.

The KrF, molecules coordinate to the cation by means of Br---F(3) and Br---F(5)
contacts of 2.318(4) and 2.356(4) A, respectively, which are relatively short and
significantly less than the sum of the van der Waals radii of Br and F (3.32 A). The
fluorine bridges, Br(1)---F(3)-Kr(1) and Br(1)---F(5)-Kr(2), are bent as a consequence of
the AX,E, VSEPR*' arrangement of bond pair and electron lone pair domains of the
bridging fluorine atom, resulting in angles of 132.1(2)° and 139.9(2)°, respectively. The
NBO analysis (PBE1PBE and B3LYP values are taken from Table 7.3; B3LYP values
are in parentheses) assigns a bond order of 0.10 (0.08) for Br---F compared to 0.50 (0.39)
for the Br—F bond of the BrOF," cation in the complex and 0.38 (0.37) for the terminal
and 0.25 (0.24) for the bridge Kr—F bonds of the coordinated KrF, molecules. Because
the lone pair-bond pair repulsions are less for these long and very ionic bridge bonds, the
angles will be significantly more open than the ideal tetrahedral angle of an AX)E,
VSEPR arrangement. Similar reasoning applies to the Br(1)---F(7)-As(1) angle where
the Br---F and As—F bond orders are 0.04 (0.04) and 0.47 (0.46), respectively. The Br---
F—Kr angles appear to be little influenced by steric interactions, with F, -Fy, distances of

3.25-3.50 A and Fy,Fp; distances of 2.77-2.93 A compared to the van der Waals sum of
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Table 7.3. NBO Valencies, Bond Orders, and Charges (NPA) for BrOF,", [BrOF,][AsF¢]-2K1F,, and K1F,
BI'OF2+ [BI'OFz] [ASF 61 ZKI'Fz
Charges [ Valencies]
PBE1PBE B3LYP PBEIPBE B3LYP PBEIPBE B3LYP
Br(1) 2326 [1.325] 2298 [1.294] 2411 [2.270] 2381 [1.893]
o) -0.586  [0.594] 0.563  [0.602] -0715 [0953]  -0.695 [0.843]
F(1) 0370 [0.271] 0368  [0.257) -0.446 [0.457] 0445 [0.357]
F2) 0370 [0.271] 0368 [0257] -0445 [0.455]  —0446 [0.355]
Kr(1) 1.081  [0.645] 1.065 [0.619] 1.032  [0619] 1.013  [0.588]
F3) 0579 [0351]  -0570 [0326] -0516 [0326]  —0.506 [0.309]
F(4) -0.432 [0394] 0420 [0378] 0516 [0326]  -0.506 [0.309]
Kr(2) 1.084  [0.667] 1.065  [0.635] 1032 [0619] 1.013  [0.588]
F(5) -0.576 [0372]  -0566 [0341] 0516 [0326]  -0.506 [0.309]
F(6) 0422 [0.404]  -0414 [0.380] -0516 [0326]  —0.506 [0.309]
As(1) 2638 [3.222] 2640 [3.152]
F(T) -0.634 [0.464]  —0636 [0.443]
F(8) -0573 [0502] 0571 [0.490]
F(9) 0612 [0.466]  —0.606 [0.460]
F(10) -0.589 [0.490]  —0593 [0.473]
F(11) -0.566 [0.506]  -0.565 [0.492]
F(12) -0.626 [0.467)  —0623 [0.447)
Bond Orders
Br(1)-0(1) 0.670 0.674 1.023 0.905
Br(1)-F(1) 0.328 0310 0.493 0.389
Br(1)-F(2) 0.328 0310 0.497 0391
Br(1)--F(3) 0.092 0.075
Br(1)—F(5) 0.103 0.081
Br(1)—F(7) 0.042 0.041
Kr(1)-F(3) 0.244 0.234 0310 0.294
Kr(1)-F(4) 0.380 0.365 0310 0.294
K1(2)-F(5) 0.250 0.241 0310 0.294
Kx(2)-F(6) 0.389 0368 0310 0.294
As(1)-F(7) 0.474 0.455
As(1)-F(8) 0.574 0.564
As(1)-F(©9) 0.530 0.526
As(1)-F(10) 0.555 0.539
As(1)-F(11) 0.580 0.567
As(1)-F(12) 0.508 0.502
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2.94 A3 The only other short intramolecular contacts are Kr(1)---F(9) (3.22 A) and
Kr(2)---F(10) (3.40 A), which are near the van der Waals sum for krypton and fluorine
(3.49 A). The KrF; ligands retain their linearity with F(3)-Kr(1)-F(4) and F(5)-Kr(2)-
F(6) angles of 179.9(2)° and 178.7(2)°, respectively. One fluorine atom of the AsFq
anion forms a relatively short Br---F;, bridge bond (2.576(4) A) with the BrOF," cation,
giving rise to a distorted octahedral arrangement around arsenic in which the As—F, bond
(1.742(4) A) is elongated relative to the As—F bond trans to it (1.711(4) A) and with the
equatorial bond lengths ranging from 1.709(4) to 1.732(4) A.

The Br—O bond length (1.564(5) A) is equal, within +30, to that of BrOF4 in
[NO][BrOFs] (1.575(3) A),** and the neutral parent molecule, BrOFs;, in
[NO,][BrF4]-2BrOF; (1.569, 1.606 A),** but is significantly shorter than in the neutral
species O,Br—0—-BrO; (1.606 (12), 1.611(2), 1.613(2), 1.606(2) A),*** and O,BrOTeFs
(1.595(4), 1.608(3) A),2* and in the BrO," cation of [BrO,][SbFe] (1.595(2) A).2*" The
Br—O bond length is also comparable to the Se—O bond length in isoelectronic SeOF,
(1.576 A), which was measured in the gas phase by microwave spectroscopy.>*® The
Br—F bond lengths in [BrOF,][AsFs]-2KrF, (1.727(4), 1.723(4) A) are equal, within +30,
to the axial Br—F bond lengths of the BrF," cation in [BrF4][SboF11] (Br—Fay, 1.728(3),
1.729(3) A (Br—F,, 1.664(3), 1.667(2) A)),>* the equatorial Br—F bond lengths in the
neutral parent molecule, BrOF;, in [NO,][BrFs]-2BrOF; (Br—F., 1.820, 1.839, 1.822,
1.836 A; Br—Feq, 1.725, 1.692 A),244 and to the Se—F bond lengths of the isoelectronic
SeOF, molecule (1.7295 A).>*® They are, however, significantly shorter than the Br—F

bonds in [NO][BrOF,] (1.846(2), 1.912(2) A).**
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The valence electron lone pair of bromine in [BrOF;][AsFs]-2KrF; is expected to
occupy a region opposite the three primary bond domains, giving a tetrahedral AX,YE
VSEPR*! arrangement at Br(V). Thus, a stereochemically active valence electron lone
pair is expected to occupy a region at the center of the triangular arrangement defined by
the three long contacts that comprise the more open face of the pseudo-octahedron. The
sum of the F(3)---Br(1)---F(5) (96.9(2)°), F(3)---Br(1)---F(7) (83.7(2)°), and F(5)---Br(1)-
--F(7) (82.3(2)°) angles is 262.9(6)°, whereas the face of the octahedron containing the
primary contacts is significantly more open (F(1)-Br(1)-0O(1), 103.3(3)%
F(1)-Br(1)-F(2), 89.3(2)°; F(2)-Br(1)-0(1), 102.8(3)°) with an angle sum of 295.4(8)°.
The angle sums are attributable to the greater steric requirement of the Br—O double bond
domain. The short secondary contact distances observed in [BrOF;][AsFg]-2KrF, render
the valence electron lone pair domain of bromine more compact and localized around the
bromine atom relative to that of free BrOF,". The steric crowding of the Br(V) valence
electron lone pair represents an example of a “weakly active” electron lone pair™® (see

7.2.4, Computational Results).

7.2.3. Raman Spectroscopy. The low-temperature. Raman spectrum of
[BrOF;][AsFg]-2KrF; is shown in Figure 7.2. The observed and calculated frequencies
and their detailed assignments are listed in Table 7.4. The spectral assignments for
[BrOF;][AsFs]-2KrF, were made by comparison with the calculated vibrational
frequencies and Raman intensities (Table 7.4) of the energy-minimized geometry (Figure

7.1b), as well as those of KrF; (Table A4.1). In both the crystal structure and the
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Raman spectrum of [BrOF,][AsFs]-2K1F, recorded at —150 °C using 1064-nm excitation. Symbols denote FEP
sample tube lines (*), unreacted KrF; (), and instrumental artifact ().
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Table 7.4.  Experimental and Calculated Vibrational Frequencies® for [BrOF;][AsF¢]-2KrF;
exptl’ PBE1PBE° B3LYP* assgnts (C1)” ' AsFg
[BrOF,][AsF¢]-2KrF, ©n)
}gigg?) } 1071(68)[69]  1021(80)[69] v(BrO)
745(6)[174] 718(6)[167] v(AsFy1) - W(AsFyy)
702(3) 729(3)[165] T07(4)[157] v(AsFs) v3(Tw)
724(<1)[232] 698(<1)[229] v(AsFs) — v(AsFyq)
675(6) 662(18)[71] 637(56)[45] v(AsF) + v(AsFs) + v(AsFyo) + v(AsF2) © vi(Arp)
644(22) 683(58)[85] 644(32)[45] v(BrFy) + v(BrFy)”
625(13) 652(26)[68] 612(31)[67] v(BrF}) — v(BrFy)
549(7) 610(28)[182] 577(20)[194] v(K1,Fg) + [V(Kr1F4) — V(BrF1)]sman
533(5) 587(21)[295] 549(12)[295] V(K1 F4) — [V(Kr;Fg) + V(BrF)lsman
22778; } 571(4)[6] 557(6)[70] [V(AsFs) + v(AsFy0)] - [V(AsF1y) + v(AsFp)]
va(Eg)
2255;8; } 536(5)[31] 50420)[50] V(ASF7) — W(ASF12)smat ’
472(100), br 489(76)[124] 473(87)[84] V(K11F3) + [V(KrFs) — V(ASF7) anal
443(17) 467(33)[270] 450(43)[231] V(Kr;Fs) — v(Kr,F3)quan
401(<1)[45] 391(<1)[49] 8(FoAsF12) — 8(F10AsF11) + pw(F7AsFs)
401(2) 396(<1)[26] 385(<1)[32] 8(FsAsFs) — 8(F7AsF10) + pw(F11AsF12) va(T1w)
394(<1)[39] 383(<D)[31] S(ASF7FoF11)0op — S(AsFsF10F12)00p
397(2) 386(4)[123] 368(4)[103] 8(OBrF,Fy)
367(1)[<1] 359(1)[<1] 8(FsAsFyy) + 8(F10AsF1y)
366(1) { 362(1)[1] 352(1)|3] 8(F;AsFyy) + 8(FsAsFy;) vs(Tag)
356(<1)[<1] 344(<D)[<1] 8(F7AsFo) + 8(FsAsFio)
g;;’g‘g } 334(5)[84] 319(4)[69] pw(OBrF2) + p(F1BrFy)
314(4) 304(<1)[7] 283(<1)[9] 8(F, BrFy)
301(1) 291(1)[44] 274(1)[34] B(FsKr2F6)op
266(1) 269(2)[67] 258(1)[53] 8(F;Kr1Fa)ip
254(2) 256(<1)[7] 243(<1)[8] 8(FsKr:Fe)p
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Table 7.4.  (continued...)
246(<0.1)[5] 241(<0.1)[4] pw(F7AsFg) — pw(FoAsFig) + [8(F3Kr1Fa)ooplsmalt
244(1[9] 234(1)[12] 8(F3Kr1F)oop + [pw(F7AsFs) — pw(FoAsF10)]smatl
235(<1)[<1] 227(<0.D[<1] pw(F11ASF12) — pw(F7AsFs) + pw(FsAsF10) v e(Tz)
230(<0.1)[<1] 221(<0.1)[<1] pw(FoAsF10) — pw(F11AsF12) + pw(F7AsFs)
161(3) 174(2)[5] 166(4)[5] p{(OBrF;) + py(FsKrsFe)
153(1) 169(2)[22] 165(<1)[19] pu(F1BrFy) + py(FsKryFe)
148(<D)[7] 146(1)[9] p(OBIF1F2) + py(FsKraFe)smail
127(<1)[7] 119(1)[6] p{OBrFF2)
109(4)[27] 106(3)[16] p{OBIF Fy) + p(FsKriFy)
101(2)[1] 100(3)[2] p(FsKrFe) — p(F3Kr1Fs) + p(OBrF1F2)sman
89(2)[<1] 86(<1)[<1] \
80(1)[5] 82(2)2]
T2A<D[<]] 64(<1)[<1]
62(<1)[1] 61(1)[<1]
51(<D[1] 48(<D)[x1] deformation and torsional modes of
48(<D)[<1] 44(<1D[<1] ’ [BrOF,][AsFe] 2KrF,
42(2)[<1] 403)[<1]
39(<1)[<1] 33(<D)[1]
30(<1)[<1] 19(D)[<1]
22(D[<1] 11(<0.1)[<1] J
132(11)
113(8) } lattice modes
26(6)

* Frequencies are given in cm™. ® The Raman spectrum was recorded in an FEP sample tube at —150 °C using 1064-nm excitation.
Values in parentheses denote relative Raman intensities. An additional band observed at 465(21) cm™ was assigned to unreacted KrF,. ©
The aug-cc-pVTZ(-PP) basis set was used. Values in parentheses denote Raman intensities (A* amu™). Values in square brackets denote
infrared intensities (km mol™). ¢ Vibrational assignments were based on modes calculated at the PBE1PBE level of theory. The
abbreviations denote stretch (v), bend (), rock (p,), twist (p;), wag (pw), in-plane bend (ip), and out-of-plane bend (oop). ® This band is
assigned to v(BrF,) + v(BrF,) at the B3LYP level.” This band is assigned to v(AsFj3) + V(AsF4) + v(AsF1o) + v(AsFy) at the B3LYP

]P‘IP]
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calculated geometry, the [BrOF;][AsFs]-2KrF; structural unit possesses C; symmetry and
the Raman spectrum has been assigned under that symmetry. Vibrational frequencies
calculated at both the PBEIPBE and B3LYP (values in parentheses) levels of theory
reproduced the observed frequency trends. The AsF¢ anion, under ideal octahedral
symmetry (Op), has three Raman-active bands, vi(Aig), v2(Eg), and vs(Tag), two infrared-
active bands, v3(T1,) and v4(T1y), and one inactive band, v¢(T5y). In the present instance,
the fluorine-bridged AsF¢ anion is distorted, with local C; symmetry which gives rise to
15 Raman- and infrared-active bands. Only eight bands were observed in the Raman
spectrum for AsF¢ and their assignments were guided by comparison with other
coordinated AsFg anions having local C; or C, symmetries.”""**

All 45 vibrational modes of [BrOF;][AsF¢]-2KrF, belong to A irreducible
representations and are predicted to be Raman- and infrared-active. Additional bands
appear in the Raman spectrum that cannot be accounted for by site symmetry lowering
alone because correlation of the gas-phase adduct symmetry (C;) to the crystal site
symmetry (C;) results in no additional band splitting (Table 7.5). The additional bands
are associated with vibrational coupling within the crystallographic unit cell. Correlation
of the site symmetry to the centrosymmetric unit cell symmetry (Cy;, with Z = 4) results in
equal apportioning of the 43N — 6) vibrational modes among A, A,, Bg, and B,
symmetries. Thus, of the 180 coupled vibrational modes for [BrOF,][AsFs]-2KrF, in its
unit cell, 45 A, and 45 B; Raman-active and 45 A, and 45 B, infrared-active components

are predicted. Of the predicted 90 Raman bands, only 25, including eight AsFs bands,
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Table 7.5.  Factor-Group Analysis for [BrOF,][AsF¢]-2KrF,

free [BrOF,][AsFs]-2KrF, crystal site unit cell”
(C) () (Can)

Ag  vi-vss, 2R (R), 3T }
R

/ Bg V1-V3s, 1R (—2R), 3T
4(V1-V45, 3R, 3T) A — 4A
Ay Vvi-vs5, 3R, 2T (-T)
\ } IR

Bu V1-V45, 3R, T (—ZR)

 The crystallographic space group is P2,/c with Z = 4 structural units per unit cell.

were observed, implying vibrational coupling within the unit cell is, except in a few
instances, too weak to be observed.

Upon coordination of KrF,, the cation stretching frequencies shift to lower
frequency relative to those of [BrOF,][AsFs].'*® The highest frequency bands at 1047,
1053 cm™! are assigned to the factor-group split Br—O stretching mode. The in-phase and
out-of-phase BrF, stretching bands occur at 644 and 625 cm ™', respectively, and show no
factor-group splitting. The in-phase band occurs at higher frequency and is more intense,
in agreement with the trends expected from the calculated values. The two bands are also
slightly shifted to lower frequency compared to those observed for free BrOF,".!*® The
trends in the cation stretching frequencies can be accounted for by donation of electron

density from the KrF, ligands to the bromine atom, rendering bromine less

224



Ph.D. Thesis — David S. Brock

electropositive (see 7.2.4.2, Natural Bond Orbital Analyses) and shifting the modes to
lower frequency. The cation bands at 314, 371/377, and 397 cm™! are assigned to BrOF,"
deformation modes and are in good agreement with the calculated values.

The most intense modes in the spectrum of [BrOF,][AsF¢]-2KrF; are those of the
KrF, ligand. Coordination of KrF, to BrOF,  results in removal of the center of
symmetry at krypton, which is manifested in the Raman spectrum by the appearance of
bands to high and to low frequency of free KrF, (v(KrF), 465 cm™),'® with the higher
frequency band assigned to the terminal Kr—F; stretch and the lower frequency and more
intense band assigned to the bridging Kr—Fy, stretch. These trends have been observed in
XeF, adducts with metal cations.**® The vibrational displacements calculated at the
PBE1PBE and B3LYP levels reveal that while there is no intraligand coupling for the
Kr—F; and Kr—F, stretching modes, interligand coupling occurs giving rise to in-phase
(KrF) + v(Kr'F,) and out-of-phase (KrF;) — v(Kr'F)) modes at 549 and 533 cm ',
respectively, where the KrF, and Kr'F; displacement amplitudes are unequal in both
coupled modes. These modes occur at similar frequencies, in accordance with their
calculated frequencies, 610 (577) and 587 (549) cm ', respectively. The bands at 443 and
472 cm™' are associated with analogous interligand coupling of the Kr—F, bridging
stretching modes and are in good agreement with the calculated values, 467 (450) and
489 (473) cm™". In contrast to the coupled Kr—F; and Kr'-F, modes, the c;oupled Kr-F,
and Kr'—F, displacement amplitudes are nearly equal. The Kr—F, stretching frequencies
are comparable to V(KrF;) of KrF,-CrOF, (550 cm )% but are somewhat lower than

those of KrF»"MoOF4 (566, 579 cm™),'”” and KrF,-WOF, (571, 581 cm™)."%” The value
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is, however, much lower than that of v(KrF) in B-[KrF][AsFs] (615, 619 cm_l),99
[KrF][SbFs] (615 cm™),” and [KrF][BiFs] (604, 610 cm"),” indicating that the
coordinated KrF, molecules in [BrOF;][AsF¢]-2KrF; are adducted and do not behave as
fluoride ion. donors towards the Lewis acid, BrOF,", as inferred from their relative
crystallographic bond lengths (see X-ray Crystallography).

The Kr—F;, bridging frequencies are in better agreement with those of KrF,-WOF,4
(450, 469 cm )" than with those of KrF,-CrOF, (486 cm ')'% or KrF,-MoOF, (462,
479 cm™).'” Comparison of the frequency differences between the Kr—F; and Kr—F,
modes reveals an increase over the series: KrF,-CrOF, (64 cm™),'% KrF,-MoOF, (102
cm ),' and KrF,-WOF, (116 cm™),'” following the anticipated Lewis acidity trend of
the metal oxide tetrafluorides. This trend suggests that the strengths of the Br---F adduct
bonds in [BrOF,][AsFs]-2KrF,, with a frequency difference between the Kr—F; and Kr—F;
modes of 84 cm ', are intermediate with respect to those of KrF,-CrOF, and
KrF,'MoOF,.

The present vibrational assignments of coordinated KrF, are in accordance with
those reported for XeF, homoleptically coordinated to a variety of metal cations.**** In
these coordination complexes, the high-frequency Xe—F stretching bands are assigned to
Xe—F; stretches and the low-frequency ones are assigned to Xe—Fy stretches without
invoking intramolecular coupling in the vibrational mode descriptions of coordinated
XeF,. The calculated vibrational displacements of coordinated KrF, in
[BrOF;][AsF¢]-2KrF; also do not show intramolecular coupling. Instead, the vibrational

coupling of the Kr—F stretches is interligand in nature occurring between Kr—F,
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stretching modes that have near-equal displacement amplitudes, and between Kr—F;
stretching modes which have unequal displacement amplitudes.

The double degeneracy of the KrF, bending mode of free KrF, (v, Ily) is
removed when it is fluorine bridged to bromine, resulting in splitfing into out-of-plane
and in-plane Fi—Kr—F, bending modes with respect to the plane containing the two KrF,
molecules and the bromine atom. The vibrational bands are shifted to higher frequency
relative to that of free KrF, (236 cm™),” and occur - at slightly different frequencies
because one KrF, ligand is somewhat more strongly bound than the other in the crystal
structure and in the calculated gas-phase structure (see 7.2.2, X-ray Crystal Structure and
7.2.4.1, Computational Results). The 8(FKrF) modes are not coupled (Table 7.4), where
O(FsKrFe)ip and O(FsKrFe)oop are observed at 254 and 301 cm ', respectively, and
S(F3KrFy);, is observed at 266 cm ', The O(F3KrF4)oop bend was not observed but is
calculated at 244 (234) cm ™' and is expected to be weak. The calculated frequencies are
also in excellent agreement with the experimental frequencies. These bands occur at
much higher frequencies than those that are assigned for the MOF, adducts, i.e., 176 cm™
(KrFy-CrOF),'% 170 cm™ (KrFyMoOF,),"” and 172 cm ' (KrFy»WOF),'”" suggesting
that the latter may have been erroneously assigned in the earlier work and likely should

be re-assigned to the bands reported at 256/283, 303/312, and 301/312, respectively.

7.2.4. Computational Results. The geometry of [BrOF;][AsF¢]-2KrF, was energy
minimized starting from the crystallographic coordinates and resulted in stationary points

with all frequencies real. The PBE1PBE/aug-cc-pVTZ(-PP) and B3LYP/aug-cc-pVTZ(-
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PP) (B3LYP values are in parentheses) results are reported in Tables 7.2 and 7.43, and
Figure 7.1b.

7.2.4.1. Geometries. The gas-phase geometry of [BrOF,][AsFe]-2KrF, optimized at C;
symmetry at both levels of theory and did not deviate significantly from that observed in
the X-ray crystal structure (Figure 7.1a). The largest angle discrepancies occur for F(3)---
Br(1)---F(7) and Br(1)---F(7)-As(1) which are over- and underestimated, respectively,
with respect to the experimental values (Figure 7.1b).

The calculated Br—O bond length was 1.556 (1.569) A and the Br-F bond lengths
were 1.731 (1.757) A and 1.730 (1.757) A, in very good agreement with the experimental
Br-O (1.564(5) A) and Br—F (1.727(4), 1.723(4) A) bond lengths. The calculated O—Br—
F1 (102.0 (102.0)°) and O-Br-F, (100.0 (100.1)°) angles are more open than the F—Br—F
angle of (89.1 (89.8)°), and all three bond angles are in good agreement with the
experimental values. The three contact distances, Br-—-F3s7, 2.350 (2.363) A, 2.302
(2.338) A, and 2.579 (2.529) A, respectively, reproduce the observed distances (2.318(4),
2.356(4), 2.576(4) A), with the contact opposite the oxygen atom, Br---F;, being the
longest.

The KrF, ligand geometries are also well modeled by the calculations, i.e., the
bridging krypton—fluorine bond lengths, Kr—Fs 5, 1.951 (1.984) A and 1.957 (1.984) A,
respectively, are longer than the terminal krypton-fluorine bond lengths, Kr—F4¢, 1.814
(1.843) A and 1.808 (1.837) A, respectively. The KrF, ligands are also predicted to be -

near linear (177.2 (176.9)°, 177.5 (177.7)°), as observed experimentally.
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The bond lengths, bond angles, and their trends for the pseudo-octahedral
fluorine-bridged AsFs anion are also well reproduced but not as well as for the cation.
The arsenic—fluorine bridge bond length, As—F, 1.789 (1.813) A, is elongated relative to
the other As—F bonds. The remaining calculated As—F bond lengths range from 1.705

(1.720) A to 1.761 (1.773) A.

7.2.4.2. Natural Bond Orbital (NBO) Analyses. The NBO'**'%® analyses were carried
out for the PBEIPBE- and B3LYP-optimized gas-phase geometries of
[BrOF;][AsF¢]-2KrF, and KrF, with the results given in Table 7.3. Both the PBE1PBE
and B3LYP results are very similar; only the PBEIPBE results are referred to in the
ensuing discussion.

The natural population analysis (NPA) charges given by the NBO analysis for Br
(+2.41), O (—0.72), and F(—0.45) in the BrOF," cation of [BrOF,][AsFs]-2K1F, total
+0.79 and are approximately half of the formal charges that are given by a purely ionic
model (+5, —2, and —1, respectively), indicating that the cation bonds are polar covalent.
The natural charges are also consistent with a cation having a net charge of +1 where the
charge difference, —0.21, is primarily transferred from the KrF; ligands and, to a lesser
extent, from the AsF¢ anion (—0.05), providing a total anion charge of —0.95. Of the
plausible valence bond contributions that can be considered for the BrOF," cation
(Structures 1-1V), Structure IV best represents the calculated charges, the Br—O/Br—F

bond order ratio (2.06), and Br/O/F/ valencies (2.27/0.95/0.46).
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Among the three plausible valence bond structures for KrF, V, VI, and VII, the
calculated charges (Kr: 1.08, 1.08; F: —0.58, —0.43, —0.58, ~0.42), bond orders (0.24,
0.38, 0.25, 0.39), and valencies (Kr: 0.64, 0.67; F: 0.35, 0.39, 0.37, 0.40) of the
coordinated molecules are best represented by ~“F--Kr'--F *, the average of Structures
VI and VII, which are customarily used to describe the bonding in KrF,.” Upon adduct
formation, the total of the fluorine atom charges of KrF, remains essentially unchanged,
however, the charge distributions of the KrF, molecules are polarized towards the
positive bromine atom, with ~0.07 e transferred from F; to F,. A minor contribution from
Structure VI accounts for the charge drift and also accounts for the decreased Kr—Fy bond
order, increased Kr—F; bond order, and increased F; valence. In addition, upon
coordination, the krypton atoms become somewhat more positively charged and there is
an overall charge transfer of 0.08 e from each KrF, ligand to the [BrOF,][AsFs] ion pair.

F-Kr-F F 'Kr-F FKr' F

A\ V1 VII
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The valence bond description of BrOF, " -2KrF,, which takes Structures IV and
VI/VII into account, is represented by Structures VIII and IX, where Structure VIII is the
dominant contributor and best accounts for the bonding in the adduct. A minor
contribution from Structure IX accounts for the small increase in positive charge on the
krypton atoms, the low Br—F, bond orders (0.09, 0.10), and a small degree of charge

transfer from the KrF; ligands.
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7.2.4.3. QTAIM and ELF Analyses. The bonding was investigated by complementary

use of the quantum theory of atoms in molecules (QTAIM)>'

and the topological
analysis® of the Becke and Edgecombe electron localization function (ELF).>* Both
methods partition molecular space into adjacent nonoverlapping regions with the help of
the gradient dynamical system theory, a technique very similar to that used in hydrology
to determine drainage basins and drainage divides. An outline of QTAIM and ELF is

provided in Appendix 4. For the ensuing discussion, the following abbreviations denote

atomic populations, N(A); electron localization function, 7(r); core basins, C(A);
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valence basins, V(A, B, ...); monosynaptic basins, V(A); disynaptic basins, V(A, B); and
closed isosurfaces, 7(r) = f, where f is defined as the isosurface contour. The QTAIM
and ELF analyses of K1F,, BrOF,", and AsFs fragments are provided in Appendix 4.

Bonding in [BrOF;][AsF¢]-2KrF,. The NBO, AIM and ELF bonding analyses provide
a consistent picture of the reorganization of electron density that result from formation of
the KrF, complex, i.e., the net electron density transfer towards the BrOF," group and the
polarization of the KrF; ligands. The very large electronegativity differences between
BrOF," and KrF, (7.6 eV) and between BrOF," and AsFs (14.2 eV) using Parr’s
definition of electronegativity,”* accounts for the direction of the charge transfer,
whereas the hardness values™* of KrF, (6.5 V) and AsFs (10.1 V) account for the
magnitudes of the contributions. The NPA and QTAIM populations provide global
charge transfer values that are in agreement within a few hundredths of an electron.
About 0.1 e is transferred from each KrF; and 0.05 e from AsF¢ . In the complex
molecular graph, the bromine atom is linked to the two bridging fluorines, F; and Fs, of
the KrF groups and to F7 of AsF¢ . The values of the Laplacian of the electron density at
the bond critical points are positive and decrease with the Br—F internuclear distance, i.e.,
0.166 (Br—Fs), 0.157 (Br—F3) and 0.122 (Br—F,). Moreover, there is a degenerate critical
point between Br and Fy. The delocalization indexes between Br and the weakly bonded
fluorine atoms show almost the same trends: 6(Br, F3), 0.24; 6(Br, Fs), 0.22; d(Br, Fy),
0.14; and J(Br, Fy), 0.02. The localization domains of the complex at 7(r) = 0.75 are
shown in Figure 7.3a whereas the hierarchy of the ELF basins is given in Scheme 7.1.

Although the bromine coordination number has increased to 6, the V(Br) (“valence
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Figure 7.3.  ELF localization domains for (a) [BrOF,][AsF¢]-2KrF, compared with
those of (b) BrOF,". The isosurface value is 7(r) = 0.75. Color code:
magenta = core, brick-red = monosynaptic basin.
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Scheme 7.1. Reduction of localization diagram for [BrOF;][AsFs]-2KrF, showing the
ordering of localization nodes and the boundary isosurface value, 7(r), at
which the reducible domains split. The labeling scheme corresponds to that
used in Figures 7.3a.
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electron lone pair on Br”) basin population remains unchanged in the complex while its
n(r) = 0.75 localization domain appears to be contracted in the complex (Figure 7.3a)
compared to the free BrOF," cation (Figure 7.3b). In fact, the V(Br) basin accommodates
its shape and volume to the environment. In the complex it is confined within the cage
formed by the F), F», F3, Fs and F; atoms, whereas there are no constraints in the free
cation. In contrast to the classical AX¢E arrangement predicted by VSEPR rules,” the
bond pair and electron lone pair arrangement around Br appears to be a hybrid of
distorted octahedral, square pyramidal, and trigonal pyramidal geometries that are
predicted for AXg, AXE and AX3E arrangements. The angles subtended at bromine have
the following values: O—Br-F;, 102.0°; O—Br—F,, 100.1°; O-Br-F;, 90.7°; O—Br—Fs,
85.3° O—-Br—V(Br), 133.2°; and O-Br-F,, 170.3°.

The deviations from the octahedral (or square pyramidal) value occur for those
angles involving F; and F», which correspond to the shortest F—O internuclear distances
(largest repulsions), and for F;, which is close to the V(Br) basin. It is worth noting that

the degenerate critical point mentioned above lies on a line linking Fy to V(Br).

The interaction of the different groups also induces a redistribution of their
electronic densities among their basins. The BrOF," cation attracts 0.25 ¢ which is almost
equally distributed among the V(F) and V(O) basins, whereas the V(Br) population
remains unchanged. In the AsF¢ anion, the V(As, F) basins vanish in the complex and
merge into the corresponding V(F) basins. Within the KrF, ligands, there is a density
flow from the terminal fluorine and the krypton atomic basins towards the bridging

fluorine whose net population is increased by 0.08 e. Paradoxically, the populations of
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the V(F4) and V(F¢) basins increase with respect to the uncomplexed KrF, molecule at
the expense of V(Kr). This polarization increases the covalent character of the Kr—F4 and
Kr—F¢ interactions; the Kr atomic basin contributions to V(F4) and V(F¢) are 0.63 and
0.93 e whereas the V(F3) and V(Fs) basins only belong to the F3 and Fs atomic basins.
This effect explains the contraction of the Kr—F4 and Kr—Fg internuclear distances with

respect to uncomplexed KrF,.

7.3. Conclusion

The Lewis acid properties of the BrOF," cation and its resistance to oxidation
have provided the avenue to the synthesis of a KrF, coordination complex with a main-
group atom. The synthesis and crystal structure of [BrOF»][AsF¢]-2KrF, provide a rare
example in which KrF, functions as a ligand and represents a significant extension of
krypton chemistry, accounting for much of what is presently known about the
coordination chemistry of KrF,. The vibrational assignments of the KrF; ligands and their
descriptions substantiate those of known homoleptic XeF, coordination complexes with
metal cations. The present findings may be expected to facilitate the extension of KrF,
coordination chemistry to the syntheses of KrF, complexes with other main-group and
metal centers.

The NBO, AIM and ELF bonding analyses indicate that [BrOF,][AsF¢]-2KrF, is
organized around BrOF," and its stabilization is due to its Coulomb interaction with the
AsFg anion and to electron delocalization and charge transfers involving the KrF,

ligands. This charge transfer increases the ionic character of the Br—O and Br—F; ; bonds.
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The polarization of the KrF, ligands is a result of the electric field imposed by the BrOF,"
cation. Its main effect is to enhance the anionic character of each bridging fluorine atom,
thereby giving rise to an electrostatic interaction with the positively charged bromine
atom of the [BrOF;][AsF¢] ion pair. However, the stabilization energy is not large enough
to enable significant local rearrangement of the ligands around the bromine atom and
consequently the two KrF; ligands are adjacent to one another. The study has provided
two structurally related examples that .illustrate strong (BrOF,") and weak

([BrOF][AsF]-2KrF,) valence electron lone pair behavior.”
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CHAPTER 8
XeF, Coordination to a Halogen Center;
Raman Spectra (n = 1, 2) and X-ray Crystal Structures (n = 2) of

[BrOF,][AsFy]-nXeF, and [XOF;][AsF;] (X = Cl, Br)

8.1. Introduction

Xenon difluoride behaves as a fluoride ion donor toward strong fluoride ion
acceptors such as AsFs, SbFs, and BiFs forming XeF' and Xe,F;" salts,'®#*747625
Relatively few examples are known in which XeF, behaves as a coordinating ligand
towards weaker Lewis acid centers. Coordination of a weak to moderate strength,
oxidatively resistant Lewis acid to a fluorine atom of XeF, may also occur without
“complete” fluoride ion transfer. A considerable number of metal cations satisfy these
criteria, and their XeF, coordination complexes have been synthesized and structurally
characterized, e.g., Li', Mg2+, Ca?, Cu*', Zn%, Sr*, Ag’, Cd*, Ba*", La*", Nd*,
Pb** **® Xenon difluoride coordination complexes with the neutral metal oxide
tetrafluorides, WOF, and MoOF., have also been synthesized and characterized in the
solid-state by Raman spectroscopy and by solution F and 'Xe NMR
spectroscopy.'”*** A number of molecular addition compounds of XeF, are also known
in which XeF, exhibits no tendency to coordinate. These are exemplified by IFs-XeF,,2’

XeF4XeF,,2® and XeOFs XeF,, 2 which show that the vibrational frequencies of XeF,

and the Xe—F bond lengths are essentially unaffected relative to solid XeF,.
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Presently, the only examples known in which XeF, coordinates to a nonmetal
center are 2XeF,[XeFs][AsFs], XeF»[XeFs][AsFe], and XeF,-2([XeFs][AsFe]), where
XeF, coordinates to the Xe(VI) atom of XeFs',2° and [BrOF,][AsFs]-XeF,, where XeF,
coordinates to BrOF," through Br(V).'” In both cases, XeF, coordinates end-on through
fluorine to the electropositive atom of the cation. Although the XeFs™ adducts have been
characterized by X-ray crystallography, [BrOF,][AsFg]-XeF, has only been characterized
by Raman spectroscopy and by solution °F and '®Xe NMR spectroscopy. In a recent
related study, [BrOF,][AsF¢]2KrF,>* has been synthesized and structurally
characterized, showing that the KrF, molecules are each coordinated to Br(V) through a
single fluorine bridge. The study suggested that the synthesis of [BrOF;][AsFs]-2XeF,
should also be possible.

The present study describes the syntheses and structural characterizations of
[BrOF;][AsF¢], [CIOF,][AsFe], [BrOF;][AsFs]-XeF;, and [BrOF,][AsF¢]-2XeF,. The
extension of this chemistry to the CIOF N analogue is also considered, as well as its Lewis

acid behavior toward the less fluoro-basic and more strongly oxidizing XeF4 molecule.

8.2. Results and Discussion
8.2.1. Syntheses of [BrOF;][AsFg], [BrOF;][AsF¢]-XeF,, and [BrOF,][AsF¢]-2XeF,.
The progress of each reaction and the purities of all products were routinely monitored by
recording the low-temperature Raman spectra of the solids at —150 °C.

Low-temperature solvolysis of [XeOTeFs][AsFs] in liquid BrFs resulted in an

XeF, adduct of BrOF," that also contained BrFs (eq 8.1). This compound was isolated as

239.



Ph.D. Thesis — David S. Brock

neat
_
20°C

[BrOF;][AsF¢]- XeF,'nBrFs + TeFg 8.1

[XeOTeFs][AsFs] + (n1+1)BrFs

a very pale yellow powder upon removal of the bulk solvent under a dynamic vacuum at
—52 to —50 °C. Continued pumping on the polycrystalline solid for several hours at —52 to
—50 °C was shown by Raman spectroscopy (Table 8.1) to result in slow removal of BrFs
from the crystal lattice, leaving behind [BrOF;][AsF¢]-XeF, as an amorphous white
powder (eq 8.2). Further pumping at 0 °C for several hours resulted in slow removal of
adducted XeF, (eq 8.3), forming [BrOF,][AsFs] as a white powder.

[BrOF,][AsFs]-nBrFsXeF, ﬂa““—zga‘% [BrOF;][AsF¢]-XeF, + nBrFs (8.2)

dynamlc vac.

[BrOF,][AsFs]- XeF, [BrOF;][AsF¢] + XeF» (8.3)

The Raman spectrum of the product was in agreement with the previously
reported spectrum,'*® however, contrary to the earlier report, samples of [BrOF,][AsFg]
that were left at room temperature overnight showed no signs of decomposition to Br,"
either visually or by Raman spectroscopy, i.e., the Br—Br stretching mode at 360 cm™
was absent.”*® Hydrogen fluoride solutions of [BrOF,][AsFs] were also warmed to 50 °C
for several minutes followed by slow cooling to 22 °C over 24 h, and showed no signs of
decomposition.

Addition of aHF to [BrOF;][AsF¢]-XeF, and dissolution at —20 °C resulted in a
clear, colorless solution. Upon cooling to —78 °C, a white precipitate formed. The Raman
spectrum of the solid under HF and the Raman spectrum recorded after HF had been

removed under dynamic vacuum at —78 °C were identical and revealed that a mixture of

[BrOF,][AsF¢]-2XeF; and [BrOF,][AsFg] had formed according to eq 8.4. Under similar
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Table 8.1. Raman Spectra® Acquired During the Removal of BrFs (=50 °C) from a BrFs Solution of [BrOF;][AsF¢]-XeF,
and the Raman Spectra of Uncoordinated XeF,.” BrFs.? and [BrOF,1[AsFel-XeF,
BrFs-Solvate (approximate pumping time in hours)
XeF, b BrFs*® 0.25% 0.50%* 0.75 (pure BrFs- 1.0%8 4.0% 9.0% 13.0
solvate)’ [BrOF;][AsFs] XeF,"
10653) 1063(1) 1063(10) 1067(2) 1062(3)
1051(8) 1048(39) 1047(32) 1048(31) 1049(41) 1050(38) 1050(34)
1043(23) 1043(22) 1043(22)
751(4) 751(5) 750(3) 751(10) 749(3) 752(3)
745(2) 744(11) 744(6) 744(T)
739(10)
733(35)
718(2) 722(14)
708(2) 709(2) 707(9) 707(3) 706(3)
697(20) 697(2) 697(9) 698(2) 698(2)
687sh’ 686(90)" 686(66)° 686(60)° 686(36)" 686(5)°
681(81) 681(100) 681(19)
678(4) 679(4) 674(14) 674(11) 674(11)
674(5)
668(4) 669(4)
660(3)
655(5) 651 sh
646(1)
651br(4) 645(57) 644(51) 645(61) 646(96) 646(79) 646(75)
630(22) 630(21) 633(29) 633(46) 633(41) 634(38)
630 sh
628(2) 627(2)
625(9) 624 sh 621(11)
614(12)
601(7) 602(5) ,
598(3)" 598(2)" 598(2) 599(9)°
589(4)" 589(4)" 588(4)’ 589(9)" 586(2)
© 581(26) 581(26)
570br(43)’ 574(99)" 574(69)" 574(60)" S74(47)’ 574(18)' 575(14)
568(30)"
565(1) 566(12) 565(6) 565(7)
561(100) 561(86)
560(10) 559(44) 55%(44) 559(45)
549(100) 549(100) 549(100) 548(80) 547(60) 546(51)
, 543(45)° 543(100) 543(100) 543(100)
538(39) 538(82)° 538(78)° 538(50)° 538(48)’ 539(40)"
533(17) 531(11)
523(68) 523(72)
496(100)

477(1)
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Table 8.1. (continued...)
BrFs-Solvate (approximate pumping time in hours)
XeF, ° BiFs? 025 0.50% 0.75 (Pure 1.08 408 9.0¢ 13.0
BrFs-Solvate)” _[BrOF,][AsFs] XeF,"
467(72) 466(80) 7 466(78) 7 466(49) 7 466(24)7 466(17)
447(8) br
422(1) 425(13) 2807 426(10) br
21(12) 421017
417sh 418(9) 418(2) 417(2)
416(7) 412(3) 412(13) 41%(8) 411(11)
412(8) 412(7)
407(13) 407(16) 407(15) 407(15) 408 sh
402(3) 403(4) 402(15) 402(9) 402(12)
396(1) 395(2) 394(4) 394(5) 392(17) 391(12) 392(14)
391(4)
387(4) 387%(8) 387(5) 387(19) 387(12) 3877
381(11)
373sh 372(22) 372(18) 372(20) 373(29) 373(19) 373(21)
369(15) 368(13) 369(13)
371(4) 371(10)
364(20) 363(25) 364(59) 364(10) 364(22) 364(14) 364(17)
362(13) 361(8) 361(12)
326(4) 325(11) 325(6) 325(10)
317(11) 317(22) 318(19) 318(13) 318(12) 318(11)
311(13) 311(28) 311(17) 310(12) 310(11) 313(11) 314(2) 314(4)
204(3) 294(6) 293(9) 293(6) 292(13) 203(7) 203(8)
288(4) 286(4)
244(2) 245(5) 242(4) 243(1) 242(2) 244(3)
237(3) 237(5)
234(3) 234(5)
232(2)
223(3) 223(2) 223(2)
162(2) 162(2) 160(3)
153(4) 153(11) 153(6) 152(11)
140(3) 140(10) 139(4) 140(9)
121(1) 122(8) 122(10)
117D 117(8) 117(5) 11(4)
110(10)
95(14) 95(9) 96(11) 97(15) 98(11)

Jooig 'S prAR(T — SISOYL " Ud



344

Table 8.1. (continued...)

“ Frequencies are given in cm . The Raman spectra were recorded in an FEP sample tube at —150 °C using 1064-nm
excitation. Values in parentheses denote relative Raman intensities. The abbreviations denote a shoulder (sh) and broad
(br). ® The frequencies and intensities were obtained in this work for the pure solids. ¢ A saturated frozen BrFs solution,

. produced by removal of excess BrFs. “ Free BrFs is more readily removed in the early stages of pumping with times varying

from sample to sample. ¢ The solid product contained clumps resulting from residual BrFs solvent.” A pure sample of the
BrFs-solvate of [BrOF,][AsFs]-XeF, was obtained as a friable powder. # Removal of associated BrFs was slow and the
samples were rarely homogenous, with the pumping time varying from sample to sample. ” The spectrum corresponds to
the spectrum in Figure 8.6 and Table 8.7. ' These BrFs bands are most influenced by association with [BrOF,][AsFs]-XeF,
and are similar to the bands of solid BrFs but are shifted to higher frequencies.’ This band is associated with v(XeFy) and is
sensitive to BrFs solvation.
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2[BrOF;][AsFg]-XeF Tglic" [BrOF,][AsF¢]-2XeF, + [BrOF,][AsF¢] (8.4)
conditions, 1, 1.5, 2, and 3 equiv of XeF, were allowed to react with 1 equiv of
[BrOF;][AsFg] in HF solvent. Using 1 or 1.5 equiv of XeF,, the Raman spectrum of the
isolated product showed them to be mixtures of [BrOF;][AsFs] and
[BrOF,][AsFg]-2XeF,; with 2 equiv of XeF,, the only product was [BrOF;][AsFs]-2XeF,,
and with 3 equiv, a mixture of [BrOF,][AsFs]-2XeF, and XeF, was obtained. No other
adduct stoichiometries were detected.

Both [BrOF,][AsF¢]-XeF, and [BrOF;][AsFs]-2XeF, are kinetically stable for
indefinite periods of time under anhydrous conditions at —78 °C. Concentrated (ca. 0.6
M) and dilute (ca. 0.3 M) HF solutions of both salts that had been warmed to 20 °C and
then rapidly cooled to —78 °C showed only a mixture of [BrOF,][AsFs] and
[BrOF;}[AsF¢]-2XeF,, and [BrOF,][ AsFg]-2XeF>, respectively, when their Raman spectra
were recorded under frozen HF. Upon slow cooling of both concentrated solutions from
20 to —78 °C over several hours, two colorless phases formed as a result of the complex
salting out of solution. Soon thereafter the denser phases in both samples rapidly
crystallized to give a mixture of [BrOF;][AsF¢] and [BrOF,][AsF¢]-2XeF,, as well as
[BrOF;][AsF¢]-2XeF,, respectively. However, slow cooling of both dilute solutions from
20 to —78 °C over several hours resulted in predominantly the starting materials but also
significant amounts of the fluoride ion abstraction products, BrOF; and [Xe,F3][AsFs]
which formed according to equation 8.5. Both products were observed in the Raman
spectrum and [Xe,F3;][AsFg] was also confirmed by several single-crystal unit cell

determinations (trigonal phase””). The calculated Gibbs free energy for the major gas-
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BrOF, g + 2XeF; ) ==—= Xe;F3 (g + BrOFy( 8.5)

AHC o = —44.3 KJ mol ™ AG®rn = +6.4 kJ mol™ MP2/(aug-)cc-pVIZ

AHCq = —33.5 kJ mol™ AGxn = +4.8 kI mol™ B3LYP/(aug-)cc-pVTZ
phase decomposition pathway (eq 8.5) shows that the reaction is near equilibrium so that
small changes in temperature, concentration or solution conditions could account for an
equilibrium shift that favors the formation of Xe,F;" and BrOF; in solution. The large
positive AHy," and AGy,° values associated with internal fluoride ion abstraction starting
from the associated adduct (eq 8.6) relative to starting from its dissociated components
(eq 8.5) suggests that the adduct is already at equilibrium with its dissociation products in
HF solutions.

BrOF,"2XeF, ;) =——= XeF3'(y + BrOFs, (8.6)

AHyy =+158.0kI mol”’  AG°xy=+124.6kI mol' B3LYP/(aug-)ec-pVTZ

8.2.2. Xe and “F NMR Spectroscopy. The '*Xe and "F NMR spectra of
[BrOF,][AsFs]- XeF, had been previously recorded in BrFs solvent at —59 °C at an
external field strength of 2.349 T (°F, 94.1 MHz; '*Xe, 27.86 MHz).'”® The study
indicated that XeF, exchange was sufficiently fast on the NMR time scale to collapse the
PF-F couplings between the fluorine environments of coordinated XeF, (“XeF,”) and
BrOF,". In the present study, a sample of [BrOF,][AsFs]-XeF, was dissolved in BrFs
solvent, and the '**Xe and ’F NMR spectra were recorded at —60 °C at an external field
strength of 11.744 T (*°F, 470.593 MHz; '®Xe, 139.051 MHz) in an attempt to slow the

chemical exchange rate sufficiently to observe the LI(F~"%°Xe), 1J(lng—mXe),
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2J(PF"Fy), 2J(*°F,—""Fg,), and 3J("°Fa—"%Xe) couplings among the fluorine and xenon
environments of “XeF,” and BrOF,". The '®Xe and '°’F NMR spectra were similar to
those reported previously [8(*°F, 163.9 ppm), Avy, = 27 Hz; 8('*Xe, —1358 ppm), Avy, =
38 Hz; 'J(F-'*Xe) = 5680 Hz]'? with the exception of broadened lines for “XeF,” in
the "°F (Avy, = 1180 Hz [’F]) and '®Xe (Avy, = 230 Hz ['®Xe]) spectra, which indicated
that “XeF,” exchange was slowed, but not sufficiently to resolve any of the spin—spin
couplings of the complex cation.

The '®Xe and '°F NMR spectra were also recorded for [BrOF,][AsFs]-2XcF,
dissolved in BrFs solvent (—60 °C). The spectra were similar to those of the 1:1 adduct
with single °F (—174.2 ppm) and '®Xe (1489 ppm) resonances for “XeF,” but were
more shielded than those of [BrOF;][AsFs]-XeF, [8(**Xe, —1368 ppm; 8(*°F, —165.8
ppm)] and less shielded than that of XeF, recorded in BrFs solvent [8('*’Xe), —1708
ppm, —40 °C;*¥ §(*°F), —181.8 ppm, —20 °C'%]. The "F resonance of “XeF,” was also
narrower in [BrOF,][AsFs]-2XeF, (Avy, = 320 Hz [°F]; 'J(PF-'®Xe) = 5660 Hz) when
compared with that of [BrOF,][AsFs]-XeF, (Avy, = 1180 Hz; 'J(’F-'*Xe) = 5678 Hz),
indicating that “XeF,” exchange was more rapid for [BrOF,][AsFs]-2XeF,. The **Xe
resonances of “XeF,” were slightly broader in [BrOF;][AsF¢]-2XeF, (Avy, = 310 Hz)
when compared with that of [BrOF,][AsF¢]-XeF, (Avy, = 230 Hz). Exchange between
coordinated “XeF,” and free XeF; is expected to result in more pronounced broadening

in the '”Xe NMR spectrum than in the °F spectrum because of the greater frequency

differences between complexed and free XeF, [5('*Xe, “XeF,”) — 8(**Xe, XeF,) = 9400
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Hz versus 5('°F, “XeF,”) — 8(*°F, XeF,) ~ 1500 Hz].*"!® However, the significant line

narrowing that occurs in the ’F NMR spectrum of “XeF,” results from collapse of the

219, 19 . 3 7129+, 19 o
(""Fv— "Fg) coupling, whereas collapse of the smaller "J("~"Xe—""Fg;) coupling in the

129X e NMR spectrum would not be expected to have a significant effect on the '*Xe line

width.

8.2.3. Attempted Syntheses of [CIOF;][AsF¢]-2XeF;, and XeF; Coordination
Complexes of [CIOF;][AsFg] and [BrOF;][AsFg]. An attempt to synthesize a XeF4
adduct of [BrOF;,][AsF¢] proved unsuccessful when an equimolar mixture of XeF4 and
[BrOF;][AsFs] was dissolved at 50 °C in HF and cooled to 22 °C. A white precipitate
formed which was shown by Raman spectroscopy to be a mixture of the starting
materials. This is not unexpected because the fluoride ion donor strength of XeF, is much
less than that of XeF,.%"!

Attempts were made to synthesize XeF, and XeF4 adducts of [CIOF;][AsFs] in
the hope that the chlorine analogue, by virtue of the greater electronegativity of chlorine,
would prove to be a stronger Lewis acid. Mixtures of XeF,/[CIOF;][AsFs] and
XeF4/[CIOF;][AsFg] dissolved in HF at —50 and 50 °C, respectively, were cooled to —78
°C, whereupon white solids precipitated. Raman spectra of both products were recorded
under HF solvent and after the solvent had been removed under a dynamic vacuum at
—78 °C. In both cases, the solids proved to be mixtures of the starting materials. In the
case of the XeF,/[CIOF,][AsFg] system, warming of the HF solution to room temperature

resulted in fluoride ion abstraction from XeF, by CIOF," to form Xe,F;" and CIOF; (eq
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8.7). Evidence for fluoride ion abstraction is based on Raman spectroscopy of the frozen
[CIOF,][AsFe] + 2XeF, —ee=  CIOF; + [XeF][AsF] 8.7)
samples under HF and the unit cell dimensions of several of [Xe;F3][AsF¢] crystals
(trigonal phase).”” Raman spectroscopy confirmed the presence of [Xe,F3][AsFs] but
CIOF; presumably remained in the frozen HF solvent phase and was too dilute to be

observed in the Raman spectrum.

8.2.4. X-ray Crystallography. Summaries of the refinement results and other
crystallographic  information for [BrOF;][AsFe]-2XeF,, [BrOF;]J[AsF¢], and
[CIOF;][AsF¢] are provided in Table 8.2. Important bond lengths, bond angles, and
contacts for [BrOF;][AsFs]-2XeF, and [C1OF;][AsFs] are listed in Tables 8.3 and 8.4.
8.2.4.1. [BrOF;][AsF¢]-2XeF;. The compound, [BrOF;][AsFe]-2XeF,, is isomorphous
with [BrOF,][AsFs]-2KrF,>* and belongs to the P2,/c space group with a unit cell
volume that is 87.7(3) A? larger than that of the krypton analogue at the same temperature
(=173 °C). The structure consists of well-separated [BrOF;][AsFs]-2XeF, units. The
primary coordination sphere of the BrOF," cation is trigonal pyramidal, as observed in
the KrF, analogue. A fluorine ligand of the AsFs anion is coordinated trans to the
oxygen atom, while the fluorine electron pair donor atoms of two XeF, molecules are
coordinated trans to the fluorine atoms of BrOF," so that the coordination sphere around
bromine is pseudo-octahedral (Figures 8.1 and 8.2) as observed in the KrF, analogue.”*
The geometrical parameters of BrOF," in [BrOF,][AsF¢]-2XeF, and

[BrOF;][AsFs]-2KrF, are equal to within £3c. Although the Br—O bond length (1.549(5)
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Table 8.2. Summary of Crystal Data and Refinement Results for [BrOF,][AsF],
[CIOF;][AsFs], and [BrOF;][AsFs]-2XeF,

[BrOF;][AsFs] [CIOF,][AsFs] [BrOF;][AsFe]-2XeF,
space group P2/13 (No. 198)  Pna2/; (No.33)  P2/c (No. 14)
a(A) 8.6144(3) 14.686(2) 5.9282(3)
b(A) 8.6144(3) 5.2072(6) 13.9789(8)
c(A) 8.6144(3) 8.1070(9) 15.3983(9)
B (deg.) 90 90 111.859(2)
V(A% 639.3(1) 620.0(2) 1184.3(1)
Z (molecules/unit 4 4 4
cell)
mol. wt. (gmol ™)  1291.32 1113.48 2645.72
Peale (g cm™) 3.354 2.982 3.710
T(°C) -173 -173 -173
4 (mm™) 11.68 6.03 12.01
A (A) 0.71073 0.71073 0.71073
R/ 0.0198 0.0304 0.0450
WwRy’ 0.0370 0.0634 0.0932

"R1=E||Fo| - |Fc||/Z|F0|forI>20(1). 5\WR, is defined as

{Z[W(FoE - F2*/Ew(F,2*} for 1> 20(1).
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Table 8.3.  Complete List of Experimental and Calculated Geometrical Parameters for
[BrOF;][AsF¢]-2XeF>
exptl” PBE1PBE’ B3LYP”
Bond Lengths (A)
Br(1)-0O(1) 1.549(5) Br(1)-0(1) 1.556 1.569
Br(1)-F(1) 1.736(4) Br(1)-F(1) 1.733 1.758
Br(1)-F(2) 1.733(4) Br(1)-F(2) 1.734 1.760
Br(1)---F(3) 2.306(4) Br(1)--F(3) 2.303 2.323
Br(1)---F(5) 2.292(4) Br(1)---F(5) 2.296 2.325
Br(1)---F(7) 2.610(4) Br(1)--F(7) 2.579 2.561
Xe(1)-F(3) 2.052(4) Xe(1)-F(3) 2.074 2.101
Xe(1)-F(4) 1.960(4)  Xe(1)-F(4) 1.948 1.971
Xe(2)-F(5) 2.053(4) Xe(2)-F(5) 2.081 2.106
Xe(2)-F(6) 1.956(3)  Xe(2)-F(6) 1.945 1.968
As(1)-F(7) 1.746(4) As(1)-F(7) 1.789 1.812
As(1)-F(8) 1.719(4) As(1)-F(8) 1.710 1.723
As(1)-F(9) 1.720(4) As(1)-F(9) 1.744 1.756
As(1)-F(10) 1.728(4) As(1)-F(10) 1.725 1.740
As(1)-F(11) 1.719(4) As(D)-F(11) 1.706 1.720
As(1)-F(12) 1.720(4) As(1)-F(12) 1.758 1.771
Bond Angles (deg)

F(1)-Br(1)-F(2) 89.6(2) F(1)-Br(1)-F(2) 89.0 89.4
F(1)-Br(1)}-0(1) 102.8(3) F(1)-Br(1)-0(1) 101.8 101.8
F(1)-Br(1)---F(3) 84.8(2) F(1)-Br(1)---F(3) 84.3 85.1
F(1)-Br(1)---F(5) 165.8(2) F(1)-Br(1)--F(5) 166.5 166.1
F(1)-Br(1)---F(7) 84.9(2) F(1)-Br(1)---F(7) 88.8 88.7
F(2)-Br(1)-0(1) 102.6(3) F(2)-Br(1)-0(1) 100.0 100.2
F(2)-Br(1)---F(3) 163.2(2) F(2)-Br(1)---F(3) 171.8 171.5
F(2)-Br(1)---F(5) 84.9(2) F(2)-Br(1)---F(5) 82.4 83.2
F(2)-Br(1)---F(7) 81.02) F(2)-Br(1)---F(7) 73.0 74.9
O(1)-Br(1)---F(3) 94.1(2) O(1)-Br(1)-F(3) 86.1 87.3
O(1)-Br(1)---F(5) 91.2(2) O(1)-Br(1)---F(5) 90.0 91.1
O(1)-Br(1)---F(7) 171.4(2) O(1)-Br(1)---F(7) 167.3 168.5
F(3)-Xe(1)-F(4) 178.4(2) F(3)-Xe(1)-F(4) 174.8 1744
F(3)--Br(1)-F(5) 96.7(2) F(3)---Br(1)-—F(5) 103.2 100.8
F(3)--Br(1)--F(7) 82.7(2) F(3)--Br(1)--F(7) 102.1 98.5
F(5)-Xe(2)-F(6) 179.8(2) F(5)-Xe(2)-F(6) 175.9 176.3
F(5)-—Br(1)---F(7) 81.32) F(5)--Br(1)—F(7) 78.7 78.1
Br(1)--F(3)-Xe(1) 142.4(2) Br(1)---F(3)-Xe(1) 149.5 151.0
Br(1)---F(5)-Xe(2) 134.1(2) Br(1)-—F(5)-Xe(2) 130.4 130.6
Br(1)---F(7)-As(1) 135.5(2) Br(1)---F(7)-As(1) 116.6 123.3
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Table 8.3.  (continued...)

F(7)-As(1)-F(8) 179.4(2) F(7)-As(1)-F(8) 176.1 176.6
F(7)-As(1)-F(9) 89.2(2) F(7)-As(1)-F(9) 86.9 87.3
F(7)-As(1)-F(10) 88.8(2) F(7)-As(1)-F(10) 88.7 88.2
F(7)-As(1)-F(11) 88.4(4) F(7)-As(1)-F(11) 89.9 89.6
F(7)-As(1)-F(12) 90.0(2) F(7)-As(1)-F(12) 85.8 85.8
F(8)-As(1)-F(9) 91.2(2) F(8)-As(1)-F(9) 91.4 91.6
F(8)-As(1)-F(10) 90.7(2) F(8)-As(1)-F(10) 92.8 92.8
F(8)-As(1)-F(11) 91.2(2) F(8)-As(1)-F(11) 93.6 93.7
F(8)-As(1)-F(12) 90.3(2) F(8)-As(1)-F(12) 90.7 90.9
F(9)-As(1)-F(10) 178.0(2)  F(9)-As(1)-F(10) 174.9 174.8
F(9)-As(1)-F(11) 90.32) F(9)-As(1)}-F(11) 90.9 91.0
F(9)-As(1)-F(12) 90.0(2) F(9)-As(1)-F(12) 87.8 87.9
F(10)-As(1)-F(11) 90.2(2) F(10)-As(1)-F(11) 91.7 91.6
F(10)-As(1)-F(12) 89.4(2) F(10)-As(1)-F(12) 89.2 89.2
F(11)-As(1)-F(12) 178.5(2)  F(11)}-As(1)-F(12) 175.5 175.3

? The aug-cc-pVTZ(-PP) basis set was used. The energy-minimized geometry was C;.
The atom labeling scheme corresponds to that used in Figures 8.1 and 8.2.
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Figure 8.1. The structural unit in the X-ray crystal structure of [BrOF,][AsF¢]-2XeF,; thermal ellipsoids are shown at the
50% probability level.
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Figure 8.2. The calculated geometry (PBE1PBE/aug-cc-pVTZ(-PP)) of [BrOF,][AsFg]
-2XeF, showing the pseudo-octahedral coordination around bromine(V).
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Table 8.4.  Complete List of Geometrical Parameters for [CIOF,][AsFs] (Exptl) and [CIOF,][AsFs] *~ (Calcd)
exptl® PBEIPBE’ BILYP PBEIPBE B3LYP PBEIPBE’  B3LYP®
Bond Lengths (A)
CI(1)-0(1) 1455(2) Cl-0; 1408 1421
CIQ)-F(1) 1.522(2) Cl-F, 1627 1.660
CI(1)-F(2) 1543(2) Cl-F; 1.627 1.659
Ci(1)--F(3) 2476(2) Cl---Fa 2.304 2317
CI(1)—-F(4A) 2.523(2) Cle-Fiar 2.305 2317
CK1)--F(5B) 2.598(2) Cl-Fp 2484 2490
As(1)-F(3) 1.740(2) Ass—Fa 1.798 1.811 Asa—TFaa 1.797 1.811 Ass—Fp 1772 1.782
As(1)-F(4) 1.731(2) Asg—Fan 1.732 1.740 Asp—Foep 1.732 1.740 As—Fgp 1.737 1.745
As()-F(5) 1.747¢2) Asy-Fap 1.733 1.740 Asa—Fsa 1.734 1.742 Ass-Fsp 1.737 1.745
As(1)-F(6) 1.715(2) AsyFaa 1.736 1.744 Asp—Fear 1.736 1.744 As; Fe 1743 1.752
As(D)-F(D) 1.710Q2) Asp—Fa 1.742 1.750 Asp—Faa 1.742 1.750 Asy-Fp 1.744 1.752
As(1)-F(8) 1.709(2) Asp—Faa 1.731 1.739 Asa—Faa 1.730 1.738 As;—Fa 1.736 1.744
Bond Angles (deg)
FQ)-CI(1)}-FQ@) 98.7(1) F-Cl1-F; 90.6 90.3
F()-CI(13-0(1) 105.5(1) F-Cl-0, 104.7 104.5
F(1)-CI(1)---F(3) 1633(1) F|~Cl---F3s 163.9 163.7
F(1)-CI(1)-~F{4A) 91.5(1) F—Cl---Fsa 830 836
F(1)-CI(1)---F(5B) 84.1(1) Fy-Cl---Fa 76.6 713
F(2)-CI(1)-0(1) 104.2(1) F+C1-0y 104.7 104.5
F(2)-Cl(1}--F(3) 84.7(1) F2—Ci~~-F1a 82.4 83.1
F(2)-CI(1)---F(4A) 157.7¢) FyCl--Fan 1646 1643
F(2)-CI(1)--F(5B) 80.29(9) F3Cl-Fgp 775 78.1
O()-Cl(1)---F(3) 89.3(1) O4=CleF3, 91.1 91.6
O()-CI1)---F(4A) 92.1(1) 01-Cl—Fa 90.6 91.1
O(1)-CI(1)~-F(5B) 168.5(1) 0,—Cl--Fap 1774 176.7
F(3)--CI(1)-~F(4A) 80.20(7) Fag-~-Cl-—Fas 160.0 98.9
F(3)---CI(1)---F(5B) 8041(7) Fap--Cl-—Fap 87.7 86.7
F(4A)-~Cl(1)-—F(5B) 81.10(7) FaypmerCle-Fop 874 86.7
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Table 8.4.

CI(1)---F(3)-As(1)
CH1)---F(4A)-AS(1A)
CI{1)---F(5B}-As(IB)
F(3)-As(1)-F(4)
F(3)-As(1)-F(5)
F(3)-As(1)-F(6)
F(3)-As(1)-F(7)
F(3)-As(1)-F(8)
F(4)-As(1)-F(5)
F(4)-As(1)-F(6)
F(4)-As(1)-F(7)
F(4)-As(1)-F(8)
F(5)-As(1)-F(6)
F(5)-As(1)-F(7)
F(5)-As(1)-F(8)
F(6)-As(1)-F(7)
F(6)-As(1)-F(8)
F(7)-As(1)-F(8)

(continued...)

141.2(1)
145.0(1)
137.7(1)
88.5(1)
88.06(9)
177.001)
90.7(1)
90.4(1)
385(1)
90.1(1)
178.2Q1)
90.7(1)
89.4(1)
90.0(1)
178.31)
90.8(1)
92.2(1)
90.8(1)

ClwFy-As,

Faa—Asa-Fsa
Faa—Ass—Fsa
Fas—Asy—TFea
Faa—Asay—Fqa
Fas—Asy—Fga
Fap—AsyFsg
Fan—-AsyFsa
Fap—-Asa-Fra
Fap—-Asa—Fsa
Fsp-Asa-Fea
Fsp—Asa-Fra
Fsa-Asp—Fga
Fea-Asa—Frs
Fop—Asa—TFsa
Fra-Ass—Fga

131.2

88.6
88.7
179.6
882
88.9
90.2
91.8
176.7
90.4
91.2
89.6
1774
91.4
91.3
89.6

132.1

88.5
88.6
179.6
83.1
88.9
90.3
9.9
176.6
90.4
91.2
89.6
1774
91.5
91.3
89.6

Cl---Faa—Ass

Faa—Asy—Fan
Fs—Aspy—TFsa
Fap—Asy—Fga
Faa—Asa—Fra
Faa—Asp—Fay
Faa—Asp—Fsa
Fun—Aspy-Fou
Fsn—ASp—Fra
Faa—Asa—Fex
Fsp—ASa—TFon
Fsa—Asa—Fa
Fsa—Asp—Faa
Foa—Asp—TFoa
Foa~Asa—Faar
Foa—Asa—TFes

1289

88.7
884
179.4
88.1
89.0
903
918
17638
903
913
894
1773
915
913
899

1304

88.6
834
179.5
88.1
89,0
903
918
176.6
903
913
894
1773
9135
N3
898

Cl—Fp-Asy
Fu-As-Fap
Fp-As—Fs
Fp-Ass—Fe
Fp—Ass—Fz
Fap-Ass—Fes
Fo-AssFxn
Fap-AsFe
Fap-AsFr
Fap-Ass-Fap
Fop-Ass—Fe
Fop—Asp-Fpp
Fo—Ass—Fp
Fo-AssFrn
Fa-Ass—Fg
Fp-Ass—Fgp

1350
894
89.3
179.7
89.1
894
904
909
178.5
90.2
907
89.5
178.6
90.7
90.6
89.9

1374
894
89.3
179.8
89.1
89.4
90.3
90.9
178.5
90.2
90.6
89.6
178.7
90.7
90.6
89.9

“The atom labeling scheme corresponds to that used in Figure 8.3. “The Stutt Huzpolar 2 basis set was used. The energy-

minimized geometry was C;. The atom labeling scheme corresponds to that used in Figure 8.4.
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Figure 8.3. The X-ray crystal structure of [CIOF;][AsF¢] showing the pseudo-octahedral coordination around chlorine(V);
thermal ellipsoids are shown at the 50% probability level.
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Figure 8.4. The calculated geometry (PBE1PBE/Stutt Huzpolar.2) of [CIOF,][AsFe]s>
(C)) showing the pseudo-octahedral coordination around chlorine(V).
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A) is very similar to that of the KrF, analogue (1.564(5) A),”> it is significantly shorter
than those of other Br(V) compounds, including the BrOF4 anion in [NO][BrOF4]
(1.575(3) A),** 0O,Br-O-BrO, (1.606 (12), 1.611(2), 1.613(2), 1.606(2) A)**
0,BrOTeFs (1.595(4), 1.608(3) A),2* the parent molecule, BrOF3, in [NO,][BrF4]-BrOF;
(1.569, 1.606 A),*** and the related cation, BrO,", in [BrO;][SbFs] (1.595(2) A).**" The
Br—O bond length is also shorter than the Se—O bond length of isoelectronic SeOF;
(1.576 A).**® The Br—F bond lengths in [BrOF;][AsFs]-2XeF, (1.734(4), 1.736(4) A) are
intermediate with respect to the axial and equatorial Br—F bond lengths in the neutral
parent molecule, BrOF; (Br—F. = 1.820, 1.839, 1.822, 1.836 A; Br—F., = 1.725, 1.692
A), shorter than in the BrOF, anion (1.846(2), 1.912(2) A),*** and are essentially
equal to those of the KrF, analogue, [BrOF,][AsFq]-2KrF, (1.727(4), 1.723(4) A)**? and
the axial Br—F bond lengths of BrF;" in [BrF4][SboF11] (Br—Fux = 1.728(3), 1.729(3) A;
Br—F., = 1.664(3), 1.667(2) A),>* and the Se~F bond lengths in SeOF, (1.7255 A).2*®

The fluorine bridge distances, Br--F, between the BrOF," cation and the
coordinated XeF, molecules (Br---F(3), 2.306(4) and Br---F(5), 2.292(4) A) and between
the BrOF," cation and the AsFs anion (Br---F(7), 2.610(4) A) are significantly less than
the sum of the van der Waals radii of Br and F (3.32 A).*

Coordination of XeF, to the BrOF," cation results in asymmetric Xe—F bond
lengths, with the Xe—Fy (2.052(4), 2.053(4) A) and Xe—F, (1.960(4), 1.956(5) A) bonds
elongated and shortened, respectively, relative to those of solid XeF, at —173 °C
(1.999(4) A)*'°® Such asymmetries have been previously observed for the KiF,

analogue®? and for XeF, terminally coordinated to metal centers.*>®* The present Xe—F,
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and Xe—F; bond lengths are comparable to those in [Ca(Xer)s][PF6]2,262

[Cd(XeF2)s][PFel,>* [Cd(XeF,)][BFal,™® [Mg(XeF2)a][AsFs]2,”*
[Mg(XeF2)2][AsFelp,”* and [Cay(XeF2)o][AsFs]s®®® where the Xe—F, bonds range from
2.026(7) to 2.087(8) A and the Xe—F; bonds range from 1.913(5) to 1.966(6) A. The
AsF¢ anion in the present structure is a distorted octahedron in which the As—F;, bridge
bond is elongated relative to the other As—F bonds.

The XeF, ligands coordinate to bromine with Br(1)---F(3)-Xe(1) and Br(1)---
F(5)-Xe(2) angles of 142.4(2)° and 134.1(2)°, respectively, which are bent as a result of
steric repulsion between the two valence electron lone pairs of each bridging fluorine
atom and their respective bridge bond pair domains. Both XeF; ligands are near-linear
with F(3)-Xe(1)-F(4) and F(5)-Xe(2)-F(6) angles equal to 178.4(2)° and 179.8(2)°,

respectively, consistent with other XeF, adducts, 383262265

8.2.4.2. [BrOF;][AsF¢]. The unit cell of [BrOF;][AsF¢] .contains four structural units
and is in agreement with the previously reported cell parameters obtained from an earlier

powder diffraction study.'?®

The cubic space group, P2/;3, results in a three-fold
positional disorder around the bromine atom in which the oxygen and fluorine atoms of
the trigonal pyramidal BrOF," cation are indistinguishable. The observed Br—O/F bond
length (1.647(1) A) is slightly shorter than the weighted average of the Br—O and Br—F
bond lengths in [BrOF,][AsFs]-2XeF, (1.673(4) A) (vide supra), and is consistent with

the greater electronegativity of the bromine atom in [BrOF;][AsF] relative to that in

[BrOF;][AsF¢]-2XeF,. Using a weighted apportioning of the calculated Br—O to Br—F
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bond length ratio (0.891) obtained from the calculated structures of [BrOF,][AsFels* (see
8.2.6.1, Computational Results), Br—O and Br—F bond lengths of 1.523 and 1.709 A,
respectively, may be assigned.

The bromine atom also makes three longer contacts with one fluorine atom of
three different AsFs anions, resulting in pseudo-octahedral coordination around the
bromine atom. These contacts (2.506(1) A) are significantly less than the sum of the van

der Waals radii for Br and F (3.32 A).”

8.2.4.3. [CIOF;][AsFg]. The unit cell contains four [CIOF,;][AsFs] structural units and
differs from that deduced previously from an X-ray powder diffraction study which

reported six structural units per unit cell.'*

The present study represents the first single-
crystal X-ray structure determination of the CIOF,  cation and, unlike the bromine
analogue, the CIOF," cation is ordered.

The structure of [CIOF,][AsFs] consists of a CIOF," cation which interacts by
means of three non-equivalent short contacts with fluorine atoms from of three AsFg¢
anions within the unit cell (Figure 8.3), providing the chlorine atom with a pseudo-
octahedral coordination sphere similar to that of bromine in [BrOF;][AsF¢] and
[BrOF;][AsF¢]-2XeF, (vide supra). Three fluorine atoms of each AsF¢ anion coordinate
to three different CIOF," cations, generating a two-dimensional zig-zag pattern of

alternating CIOF," and AsFs ions (Figure 8.5), which is manifested in the crystal

morphology, with the salt having a propensity to crystallize in very thin plates.
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Figure 8.5. The crystal packing of [CIOF;][AsFs] (along the b-axis); thermal
ellipsoids are shown at the 50% probability level.
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The CI-O bond length (1.455(2) A) is significantly longer than those of other
CI(V) species, including the ClO," cation in [C104]J[SbFs] (1.385(5) A),**" [C102][RuF]
(1.379(9) A),*® [CIO,][BF4] (1.405(1), 1.408(1);*7 1.397(2), 1.390(2)*® A),
[C10,][C1O4] (1.406(2), 1.410(2) A),*® and CIOF; (1.405(3) A; gas-phase electron
diffraction),”” and the estimated C1-O bond length of CIOF," (1.41 A) used to calculate
its force constants.' Comparisons could not be made with the solid-state structure of
CIOF; because the oxygen atom and the equatorial fluorine atom are positionally
disordered. The C1-O bond of CIOF," is also longer than the S—O bond in isoelectronic
SOF, (1.412(1) Ay but shorter than the CI-O bond in the ClOs;  anion of
[Na][C105](1.502(3) A).>"* This is in accord with the average lower formal CI-O bond
order of the ClOs; anion (%3) compared to formal Cl-O and S—O bond orders of 2 for
CIOF," and SOF,. When compared with the calculated structure (see 8.2.6.1,
Computational Results), the experimental fluorine contact distance (Cl---F(5B)) opposite
the oxygen atom is significantly shorter than the other Cl---F contact distances and is
likely a result of crystal packing. This would account for lengthening of the CI-O bond
trans to it.

The CI-F bond lengths (1.522(2), 1.543(2) A) of [CIOF;][AsFs] are comparable
to the equatorial bond lengths of CIF;" in [CIF4[SbFs] (1.530(2) A),*” but are
significantly shorter than the axial bonds of CIF," in [CIF4][SbFe] (1.618(2) A),*” the
axial and equatorial CI-F bond‘s in gas-phase CIOF; (C1-F,, = 1.713(3) A; Cl-Feq =
1.603(4) A),?”° and the S—F bonds in SOF, (1.585(1) A),””" as well as the estimated C1-F

bond length used to calculate the force constants of CIOF," (1.62 A).'**
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The chlorine atom of CIOF," makes three additional long contacts with three
neighboring AsFs anions (CI(1)---F(3) = 2.476(2) A, C1(1)---F(4A) = 2.523(2) A, CI(1)--
-F(5B) = 2.598(2) A) that are substantially less than the sum of the van der Waals radii
for Cl and F (3.22 A).>® As a result, the AsF¢ anions display distorted octahedral
arrangements in which the three As—F bridge bonds are elongated and the bonds trans to

the As—F bridge bonds are shortened.

8.2.5. Raman Spectroscopy. The low-temperature Raman spectra of solid
[BrOF;][AsFes], [CIOF,][AsFs], [BrOF.][AsFs]-XeF,, and [BrOF;][AsF¢]-2XeF,, are
shown in Figures 8.6-8.9. The observed and calculated frequencies and their assignments
are listed in Tables 8.5-8.8. The Raman spectra of [BrOF;][AsFs] and [CIOF;][AsFs]
were assigned using the calculated [BrOF,][AsFs]s>” and [CIOF,][AsF¢ls*” anions as
models in which the cation coordinates by means of fluorine bridges to three different
AsF¢ anions, providing good approximations of the cation environments observed in
their respective crystal structures (see 8.2.6.1, Computational Results)..The current work
also shows that the previously reported Raman spectrum of [BrOF,][AsFs]-XeF,'?
contained small amounts of residual BrFs which was incorrectly assigned to
[BrOF,][AsF¢]-XeF, (Table 8.1).

The spectral assignments for [BrOF,][ AsFg], [CIOF;][AsFs],
[BrOF,][AsF¢]-XeF,;, and [BrOF;][AsFs]:2XeF, were made by comparison with the
calculated frequencies and Raman intensities (Tables 8.5-8.8) of the energy-minimized

geometries (Figures 8.2, 8.4, 8.10, and 8.11) and for [BrOF,][AsF¢]-2XeF, by
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Raman spectrum of [BrOF,][AsFs] recorded at —150 °C using 1064-nm excitation. Symbols denote FEP
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Table 8.8.  Raman spectrum of [BrOF,][AsF¢]-XeF, recorded at —150 °C using 1064-nm excitation. Symbols denote
FEP sample tube lines (*), [BrOF;][AsFs] (1) and instrumental artifact (7).
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Table 8.5. Complete List of Vibrational Frequencies” for [BrOF,][AsFs] (Exptl) and [BrOF,][AsFs]:*~ (Calcd)

exptl® caled’ assgnts
Raman®  infrared ¢ Raman PBE1PBE B3LYP [BrOF,[AsFs]s* (C1ff
1059(50) 1055 m 1064(45) 1048(40)[ 78] 997(46)[72] v(BrO)
729(1)[260] 708(1)[259] [V(AsaFss) — (AsaFea)] + [{AsaTsa) - W(AsaFea?)]
725(<1)[249] 705(<1)[227] [v(AsaFsa) — (AssFea)] + [M(AsaFaa?) — WAsaFsa)] + [v(AspFsp) — v(AspFes)]
722(1)[489] 701(2)[475] [V(AsaFas) — V(ASaF7a)] + [W(AspFan) — WAsaTFra)] + [v(AspFap) ~ v(Asel78)lem
718(1)[4] 697(1)[4] [V(AsaFaa) - (AsaF70)] + [WAsaFra) — W(AsaFaa)]
714(<0.1)[90] 693(<0.1)[91] [v(AspFsp) — W(AspFeg))
709(1)[97] 688(1)[98] [V(AspFap) — W AspF7p)]
720(17)  730sh 723(20) 687(26)(8] 665(25)[9] [V(AsaFea) + W(AsaFea) + V(AssFeg)] + [VBIFy) + v(BIE,)]
688(1) 676(2)[171] 656(2)[179] [v(AsaFea) — (AsgFea)]
670(<1)[253] 649(<1)[245] W(AssFen)
[v(AspF3a) + v(AspFsa) + Y(ASaFs5a) + V(AsAF74) + v(AspFga) — V(AsaFea)]
650D 631(DI108] - [V(A\S:'%:m') + V(IA\S:"FM') + "?A;:Fsa') + ‘:EKSAA'F7A') + I;(;ASA'FSA') _AV(‘XSA’FﬁA')]
[ [V‘(Eil) + ‘)’EBY}EQL; [};"(A)SAFs(Azi-l- ;(AiAF:}?)A'S" VE‘ASSAFs:;gA"SV(FASA)FeA)(;SV(%SA])%A)
+ W(AssFan)] + [W(AsyFan) + W(AsaFan) + V(AsaFsa) + WAsaFsn) + V(ASpFra)) +
6S1N35) 635639 <1]* V(ASA'I‘és:';] + [V(ASB§ 313““ V(ASBFtB;i W AsgF 5:) iAV(ASBF 613 '::'(ASBF 7B)A+ "
660 w 667 sh W AspFen) Jsmat
) [VBIF1) + W(BrFy)] + [(AspFsa) + V(AsaFsa) + (AsaFsa) + W(AsaF 40) + v(AsaFrp)-
649(100) 647(100) 649(36)[176] 617(63)[(81] ! V(AsaFep)] + [V(AsaFan) + W(AsyFsa) + WAsaFsa) + WAsyFua) + W(AsaFrp) —
e B SR
v + + + - +
| 64849)[9] 629(3)(135)/ [W(BIFD) £ WBrE)] *® o ™ *
634sh  630sh 634(25) 627(16)[191] 590(20){159] [W(BrE,) - v(BrE;)]
[V(AsaFgs) + W(Asalsa)] — [W(AsaF4a) + v(AsaT7,)]
58 s 56006 { POkl sk ;Ewﬁsfi?;x); V(mf]")gvi [v?AQQ;FMz( + v'EA?l;m)J
V{AspFea) + v{AsaFsa)] — [V(AsaFaa) + v(As,F
1<) STARY3] - [V(IE\AS:%SA') + V(zersA')] + [VEA;.:'F'#A') + ;(K:A’FWA')]
583(3)[<1] 566(3)[<1] ["(AssFgs) + v(AssFsp)] — [W(AspF ) + (AspF7p)]
549 sh 538(18)[25] 520022)[29] [v(AsgFss) — v(BrEsp)] + v(AsgFep)
543(10) 494(16)(146] 472(18)[150] [v(AsaF3s) + W(AsaFsa) — ¥(AspFap)] - [W(BrFsa) + v(BrFsa) ~ v(BrFss)]
531(12)  535m 535(14) 474(11)[224] 453(12)[218] [(AsF3s) — WAsaFsa)] + [¥BrFsx) — WBrFas)]
[8(F1aA34F34) — 8(F7aA85Fsa) + pFgpAsaFsa)] + [8(FanAspFsa) — 8(F7aAsyFen)
398(1) 405 sh 403(2) 401(2)[122] 393(3)[106] + paFeaAsaFsa)] + [3(FpAspFsn) — S(FmAssFen) + pulFepAspEse)sman +

S(BrOF 1) st
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Table 8.5. (continued...)

387(6)
360(18)

311(18)

289(6)
239(1)

119(4)

385 ms

355sh

387(6)* {

366(16)

359(16) {

314(23)
292(6)*
244(1)

121(5) {

391(<1)[7]
388(<1)[32]
386(<1)[48]
382(<0.1)[80]
380(<1)[42]
378(<1)[138]

377(1)[143]

377(<0.1)[1]
359(3)[12]
356(1)[<1]
356(<1)[<0.1]
351(1)[<1]
347(<D)[7]
347(1)[4]
344(3)[11]
339(1)[<0.1]
333(1)[<1]
332(<1)[<0.1]
312(3)[90]
283(<1)[24]
245(<0.1)[2]
238(<0.1)[31]
234(<0.1)[5]
229(<0.1)[<0.1]
229(<D)[2]
228(<0.1)[<1]
216(<0.1)[<1]
210(<0.1)[<0.1]
210(<0.1)[<1]
162(<1)[33]
153(<1)[33]
127(<1)[3]

384(2)[10]
383(<1)[38]
382(<1)[57]
378(<0.1)[79]
375(<1)[60]
374(1)[125]

371()[158]

373(<0.1)[13]
346(3)[16]
351(2)[<1]
351(<1)[<0.1]
347(D)[<1]
342(<1)[4]
341(1)[8]
339(3)[11]
3352)[<1]
329(2)[<1]
328(<1)[<0.1]
302(3)[79]
270(D)[21]
241(<1)[2]
234(<0.1)[30]
231(<0.1)[5]
225(<0.1)[<0.1]
225(<1)[2]
225(=0.1)[ <1]
212(<0.1)[<0.1]
206(<0.1)[<0.1]
206(<0.1)[<1]
156(<1){32]
149(<1)[18]
120(<1)[5]

[8(F4aAsaF35) — 8(F1aASsF6a) + PulFsaAAsaF5a)] — [3(TanAsaFanr) — 8F7aAsaFen)
+ pelFaaAsaFsa)]

3(F4pAspFap) — 3(FsAspFen) + pelFapAsslsn)

[8(FspAsyFen) — 8(FpASsF3p) + pulFepAseFsp)]

6(ASBF 48F78F 38F GB)o.o.p.

S(ASAF4aF7aF 34 6a)00p. + S(ASAF 4aF7aF34F6a)0.0p.

S(AspF snF B 58l s8)o.0.p. — S(ASAF4aF7aF8aFs58)0.0.p. — S(ASaFanT7aFeaFsadoosp.
[8(AsaFaFeaFsa) — 8(AsaF3aFsaF7a)] — [8(AsaFaaFoaFaa) — S(AsaFraFsalra)] +
6(OBIF1)M

3(AsaF 1aF72F34F64)0.0p. — 8(ASAF41aFraF3aFs0 )00,

8(BrOF1F,)

[S(FAAASAFSA) + S(F'/AASAF 5A)] + [6(F4A'ASA'F8A') + 6(F7A‘ASA'F5A')]

[8(FsaAsaFsa) + 3(FraBsalsa)] — [8(Fan-AsaFea) + 8(FraAsyFsar)]

[8(F1pAspFsp) + 3(F-mAspFss)]

[8(F1aAAsaFsa) + S(F1aASF30)] + [B(FsnAsaFon) + 8(F7pAspFra)] — [8(F snAspFen)
+ §(F-pAsgFap)]

[8(FanAsaFs,) + 8(F7aAsaF6a)] — [8(F4nAs,F3a) + 8(F70ASxFea)] + S(OBIF ) st
[8(FapAspFep) + 3(F/pAssF3p)]

[8(FspAspFep) + 8(FspAspFin)]

[8(FsaAAsaF34) + 8(FsaAs,Fea)] + [3(FsaAsaFan) + 8(FeaAsaFoa)]

[8(FsaAsaF3,) + 8(FsaAsaFea)] — [8(FsaAspTsar) + 8(FsaAsaFear)]

S(OBrF;)

8(F,BrF,)

[PulFeaAsaFsa) — pelFraAsaFsa)] + [pwlFeaAsaFsa) — pulFaaAsaTear)]
[Po(FeaAsaFsa) — pu(FaaAsaFsa)] — [pe{FeaAsaFsad) — pelFaaAsyFea)l
Pu(FspAsplsp) ~ pw(F3pAselen)

pw(F1pAspF7p) — pu(FipAspFep)

[Pw(FanAsaF7p) — pulF3aA84F6a)] + [PelFanAsaFra) — pulFaaAsaFea)
[PwFaalsaFra) — PulFaalAsaFsn)] — [PwanAsyFa) — palFaaAAssFea)]
pw(FapAspl7n) — pe(FepAssFsp)

[Pw(F1aAsaF7a) — PulFealAsaFsa)] + [PaFanAsaFra) — pulFeahsyFsa)l
[Po(FanAssFr0) — PulFealsaFsa)] — [PulFanAsaFra) - pPelfaaAsaFsad]
PBIrF1F3)

p(BrOF;F7)

pdBrOF,F;)
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Table 8.5. (continued...)

96(10)

81(10)

125(<1)[6]
94(<1)[25]
9(<1)[15]
52(<0.1)[4]
S1(<D[<1]
48(<1)[2]
39(<1)[<1]
37(<1)[<0.1]
27(<0.1)[<0.1]
26(<1)[1]
18(<0.1)[<0.1]
17(<0.1)[<0.1]
11(<0.1)[<0.1]
10(<0.1)[<0.1]
7(<0.1)[<0.1]

124(<1)[6]
91(<1)[24]
89(<D)[15]

~ 50(<1)[4]

48(<1)[<1]
45(<1)[2]
38(<1)[<0.1]
37(<1)[<0.1]
26(<0.1)[<0.1]
25(=<1)[<1]
16(<0.1)[<0.1]
15(<0.1)[<0.1]
12(<0.1)[{<0.1]
12(<0.1)[<0.1]
7(<0.1)[<0.1]

} coupled deformation modes

/

lattice mode

“ Frequencies are given in cm™. ? The abbreviations denote shoulder (sh). ¢ The Stutt Huzpolar 2 basis set was used. Values
in parentheses denote Raman intensities (A* u™). Values in square brackets denote infrared intensities (km mol ™). 4 From ref
128. ¢ Values in parentheses denote relative Raman intensities.” The Raman spectrum was recorded in a FEP sample tube at
—150 °C using 1064-nm excitation. An asterisk, *, indicates overlap with a FEP sample tube band; the relative Raman
intensity does not include the FEP contribution. £ Vibrational assignments were based on the modes at the PBE1PBE level.
The abbreviations denote stretch (v), bend (), rock (p,), wag (pw), twist (p¢), and out-of-plane bend (0.0.p.). " [W(AsaFsa) +
V(ASAF SA) + V(ASAF3A) + V(ASAF6A) + v(AsAF4A) + V(ASAF7A)] + [V(ASA'FgA’) + V(ASA’FSA') + V(ASA'F::,A') + V(ASA'F6A') +
V(ASA’F4A'_) + V(Asa’Fra)] + [v(AsgFgg) + v(AspFsg) + v(AsgF3p) + V(AspFep) Jsman + [v(BrF;) + v(BrF2)lsma- ! [w(BrF,) +
v(Ber)]. I [V(AS a'Fg A') + v(Asa'Fsa) + v(AsaFaa) + WAsaFap) + v(AspFrp) — v(AsA'F6A')].
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Table 8.6. Complete List of Vibrational Frequencies” for [CIOF,][AsFs] (Exptl) and [CIOF,][AsFs]s>~ (Calcd)

exptl® caled® assgnts
Raman® i exptl? PBEIPBE B3LYP [CIOF,][AsFel™ (C1)#
1333(21)
1333) 1331 ms 1329(39) } 1303(41)[136] 1228(51)[126] ¥ClO)
200)  1lomw 32
7573)  750br ;g%%'ﬁr 749(76)[299] 708G9)386]"  [W(CIFy)+ WCIFy)]
720(8) 729(14)[309] 702(3)[305]° E}‘Eﬁg&i V(CIFy)] + [A(AsaFsa) — AsaFsa)] — [V(AsaFsa) - v(AsaFea)] + [M(AspFse) —
721(2)[239] 698(13)[375) [V(AsaFsa) — v(AspFsa)] + [W(Asalsa) — V(AsaTea)]
710(1) 716(6)[107] 691(17)[22] g?és]lggsi)v_(é](gs)i:)] — [{(AsaFsa) — W(AsaFea)] + [W(AsaFrar) — v(AsgFaa)] +
713(8)[297] 690(27)[95] [V(AssFua) —v(AsaFoa)] + [W(AsaFra) - V(AsaFan)]
709(<1)[96] 689(<1)[90] [(AspFra) —W(AspFaa)] + [(AspFer) — V(AspFsp)]
x ["(AsaFss) — v(AssF72)] + [(AspF7p) — v(AsgFun)] + [W(AspFsp) — v(AspFep)] + [v(CIF;) -
oy s 635016 703(4)[40] 668(11)[12] i
692 sh 700(4)[33] 680(1 5)[51] i [V(?S]E‘F ;A]\’) - V(ASA'F7A')] + [V(ASBFE) - V(ASBF 4B)] + [V(ASBFSB) - "(ASBFSB)] + [V(CIFI)
— W 2) |small
677(<1)[30] 653(4)[28] [V(AsaFgs) + (AsaFea’) + (AspFen)] + [V(CIF}) + V(CIF ) eman
68503) { 670(2)(353] 643(3)[326] [v(AsyFsa) + v(AsaFsar) — W(AspFep)]
667(6)[336] 641(17)[300] " [V(As,Fss) — v(AsaFsa)] + [V(CIF) — V(CIF) et
[(AssFsn) + V(AsaFas) + V(ASaFsa) + W(ASAF7s) + v(AsaFas)] + [(AsaFaa) + V(AsaFaa)
674(10)  675sh 675(100) 651(70)[4] 631(80)[5] + WAsaFsn) + WAsaFra) + V(AsaTea)] + [M(AssFam) + W(ASaFun) + v(AsgFsg) +
¥(AspF7s) +(AspFes)]
[W(AsaF3a) + V(ASpF4a) + W(AssFsa) + (AssFrp) + V(AspFea)] + [W(AsaFsa) + v(AsyFan)
648(2)[87] 629(3)[113] + W AsaFsa) + v(AsaFra) + v(AsaFea)] — [W(AspFap) + v(AsgFp) + v{AsgFsp) +
EoCARATR) 5 WA 5(AsyFn)  5AsaFr) + WAF)] - X ASkTon) - pAsxFon)
+ + + +v — [W(AsaFa) + Faa’
648(2)[136] 628(4)[189] i A:A}As o v(AAs ;%m) s v(iz\ersA')] al'7a al'ga a3 aFaa
576(9 Y + a)] — + — safan) + Foa)] 4
©) 585@3)[<1] 569(3)[1] Ay LAl aFes wllan wtou
578(3)[<1] 562(3)[<1] [v(Asglsp) + v(AspFep)] - [W(AspFap) + v(Asplp)]
56831 552(14)[2] 533(19)[6] [v(AsgFsp) + v(AspFep)] — [WAspF 4p) + v(AspF7p)] - [(AspFsp) + v(AspFas))
563(3) 561 ms 5 595303 525(17)[95] 501(24)[112] [V(AsaFss) +(AsaFsa) — W(AspFap)] — [W(ClF3s) + W(ClFs47) — W(ClF3p)] + 8(CIOF;Fa)uma
507(14)[166] 484(18)[185] [W(AspF3s) — v(AsyF3a)] + [V(ClF347) — (ClF34)]
511(2) 509 ms 510(22) 476(4)[36] 452(2)[43] S(CIOF\Fy) + [v(AsaF3a) + WAsaFsa)] — [W(ClF34) + Y(ClF34) |sman
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Table 8.6. (continued...)

406(2)  407sh

388s

378(1)  378sh

371(4)

411(16)

406(5)
400 sh

396(10)
392(5)

378(16)

370(39)

{
{

406(2)[8]
400(2)[120]

392(<1)[3]
390(<0.1)[10]
388(<0.1)[4]

385(1)[74]
383(<0.1)[76]
381(<1)[87]
378(<0.1)[6]
370(<1)[141]
362(<1)[40]
353(1)[9]
352(1)[<1]
352(1)[6]
349(1)[<1]
344(3)[26]
342(3)[18]
340(2)[47]
338(<1)[2]
337(1)[7]
247(<0.1)[2]
239(<1)[12]
238(<0.1)[5]
233(<1)[3]
230(<1)[2]
229(<0.1)[1]
219(<0.1)[<1]
216(<0.1)[<1]
214(<0.1)[<1]
181(<1)[32]

391(2)[40]
393(4)[90]

386(2)[16]
385(<1)[12]
383(<1)[7]

377(2)[39]
379(<0.1)[76]
37U<)[147]
374(<0.1)[6]
363(<1)[113]
329(1)[33]
349(1)[8]
348(1)[<1]
347(1)[8]
345(1)[<1]
349(1)[<1]
33702)[2]

332(3)[38]
333(<1)[26]
335(3)[23]
244(<0.1)[2]
235(<1)[16]
234(<0.1)[4]
229(<1)[2]
226(<1)[1]
225(<0.1)[1]
216(<D[<1]
212(<0.1)[<1]
211(<0.1)[<1]
175(<1)[32]

3(OCIFy)

[8(F1aAsAFzs) — 8(FspaASaF7a) + pulF3a88aF6a)] + [8(FsaAsaFaa) —
3(FsaAsaFra) T pulf3aAsaFea)]

[8(FsaAsaF7a) — (F3aAsaFas) + palFsaAsaFea)] + [(FeaAsaFra) —
3(F3aAspFea) + pulFsaAsatien)]

[8(FsuAspFrp) — 3(F3pAspF i) + pu(FspAspFep)]
8(IA-SBF4]3F7BF8]3F513)0.0.1:. + 6(1XSAF4AF7AF8AF5A)0.0.|). +
(AsaT1aF7aTeaFsa)0.00.

8(F(CIF,) + 8(AssF ;pF7eF snF'sm)0.0. — 8(ASAF4aF7aF8aF 58)0.0.5. —
3(AsaFaaFraFeaFsaoos.

8(IASBF"JBF7]3F3BFGB)o.o.p.

3(AsaF4aF7aF3aF6a)0.0p. + 8(ASaFaaF7aF34F6a)0.0p.
S(ASAF4aF78F 34 64 )o.0p. — O(ASAFanFraT3aFsa )0 0.
[3(AsaF4aFsaFsa) — 8(ASaF3aFsaF7a)] + [8(AsaFsaTsaFqa) -
8(AsaFsaFsaFea))] + S(OCIF Doma

3(F1CIF;) + [8(AspFpF spFsn) — 3(AspF3pF s8F78) | smatt
[8(F4nAsaFsa) + 8(FsaAsaFrar)]

[8(F 1aAssF3a) + O(FsaAsaF74)]

[6(F1aAsaF54) + 3(FeaAsaF7a)] + [8(FsaAsaFsa) T 8(FsaAsaFrar)]
[8(F sAspFsp) + 8(FerAsplzn)]

[6(FspAspFsn) + S(F3pAseFse)] + S(F1CIF Joman

[3(FepAspFen) + 8(FspAspFsp)]

[8(FaaAspFsa) + 8(FaaAsaFra)] + [8(FspAspFep) + (FspAspFrp)] +
8(OCIF2)man

[8(F3aAsaFsa) + O(FspAsaFea)]
[5(F3aAsaFen) + 8(FsaAsaFen) + plFanAsaFrar)]

[PwF3aAsaFsa) — puFsaAsaFsa)] T [pu(FaaAsaFea) — pw(FsaAsaFsar)]
[Pe(F3aAsaFsa) — puFsaAsaFsa)] + [pwFsaAsaFer) — pelFanAsaFaa)]

+ [Pw(FspAspFss) — pulFapAseFep)]
[pw(FaaAseF7) — pw(FasAseFen) + pulFssAssFen)]

[Pul(F3a284Fsa) — poFanfrsaFra)]

[pwF3aAsaFer) — pulFanAsaFar) — pulFsaAsaFea)]
[Pe(F3pAspFer) — pw(FanAseE7m)]

[Pe(FinAseFm) — pu(FsaAssFes)]

[Pw(FaaAAsaF7a) — Pu(FsaASaFa)]

[PeFaaAsaFra) — pulFsaAsaFea)]

p(CIF1Fy)
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Table 8.6. (continued...)

175(<1)[14] 171(<1)[15] p{CIOF,F3)
154(<1)[2] 144(<1)[3] p{CIOFF,)
135(<1)[6] 134(<1)[6]

106(<1)[34] 102(<1)[31]

104(<1)[19] 100(<1D)[19]

70(<0.1)[<1] 66(<0.1)[1]

64(<0.1)<1] 59(<0.1)[1]

56(<0.1)[<1] 52(<1)[<«1]

44(<0.1)-<1] 40(<D)[<1]

41(<0.D)[<1] 38(<0.1)[<1] coupled deformation modes
34(<0.1)[<0.1] 31(<0.1)[<0.1]

27(<0.1)[<1] 25(<1)[<1]

21(<0.1)[<0.1] 19(<0.1)[<0.1]

19(<0.1)[<0.1] 16(<0.1)[<0.1]

16(<0.1)[<0.1] 12(<0.1)[<0.1]

13(<0.1)[<0.1] 9(<0.1)[<0.1]

8(<0.1)[<0.1] 8(<0.1)[<0.1] |

150(3)
iggg } lattice modes

108(5)

“ Frequencies are given in cm . ” The abbreviations denote shoulder (sh) and broad (br). ¢ The Stutt Huzpolar 2 basis set was
used. Values in parentheses denote Raman intensities (A* u™). Values in square brackets denote infrared intensities (km mol™
Y. 4 From ref 124. ¢ Values in parentheses denote relative Raman intensities./ The Raman spectrum was recorded in an FEP
sample tube at —150 °C using 1064-nm excitation. Several weak bands were are also observed at 1065(2), 1045(4), 1039(1)
and are assigned to combination bands. # Vibrational assignments were based on the modes at the PBE1PBE level. The
abbreviations denote stretch (v), bend (3), rock (py), twist (pr), wag (pw), and out-of-plane bend (0.0.p.). " [W(CIF)) + v(CIFy)]
+ [V(ASAFgA) — V(ASAFsA)] + [V(ASA'FSA') — V(ASA'FSA')]. ! [V(ASAFsA) — V(ASAFSA)] — [V(ASA'FsA') — v(ASA’FgA')] + [V(ASBFsB)
- v(ASBFgB)] + [V(ClF]) - V(CIFZ)]small- J [V(ASAFS A) — v(AsAFgA)] + [V(ASA'FsA') — V(ASA’FgA')] + [V(ClFl) + V(Cle)]smau. k
[V(ClF]) — V(Cle)] + [V(AS AF6 A) - V(ASA'F6A')] — [V(ASBFsB) — V(ASBFSB)]. ! [V(ASBF4B) - V(ASBF7B)] + [V(AS AFGA) +
V(ASA'F6A‘)]sma11 + [V(ClF]) + V(Cle)]small- " [V(ClFl) - V(Cle)] + [V(ASAFﬁA) — V(ASA’FﬁA’)]‘
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Table 8.7. Complete List of Experimental and Calculated Vibrational Frequencies® for [BrOF,][AsFs]-XeF,

vLT

b calcd’ assgnts -
exptl PBE1PBE B3LYP [BrOF,][AsFg]-XeF, (C1)° AsFs
igiggg ]- 1090(40)[57]  1020(44)[53] V(BrO)
752(3) 753(2)[197] 731(1)[192] v(AsFs) — v(AsFs)
T44(T) 749(5)[137] 727(3)[135] v(AsF;) — v(AsFg) vy(Ti)
706(3) 745(8)[120] 724(12)[128] v(AsFs)
gié (36};) ; ]' 670(39)[94] 644(9)[73] v(BrFy) + v(BrF;)
2238; e ]’ 662(31)[76] 640(82)[79] V(AsFs) + v(AsF7) + v(AsFio) + [V(BrFr) + v(Brk2)]anan vi(Alp)
634(27) % 632(20)[163] 603(24)[160] v(BrF1) — v(BrFy)
559(45)
543(100) 589(31)[159] 584(29)[181] v(XeFy)
531(11)
575(14) 573(3)[22] 564(3)[22] [V(AsFs) + v(AsFs)] — [V(AsFy) + v(AsFi)] va(Ey)
:%g% ;,Lr 463036)343] 472(58)[349] v(XeFs) + [V(AsF¢) — v(Br---F¢)sman
437(2)[18] 423(3)[22] v(AsFg) + v(Br---Fe)
419(2)[61] 407(2)135] [v(AsFs) — V(Br---Fs)] + 8(FsAsFg) — 8(FsAsFy) +
pw(F7AsF10)
411(11) 389(1)[52] 378(<1)[33] 8(OBrF,Fz) + 8(FsAsF10) — 8(F7AsFs) + pw(FeAsFy) va(T1)
385(2)[22] 374(2)[13] 8(FsAsF;) — 8(FsAsFio) + pw(FsAsFo)
402(12) 375(2)[25] 365(1)[5] 8(FsAsF;) + 8(FsAsFy0) + [8(OBrF1F)snan
392(14) 370(1)[60] 357(2)[38] 8(OBIF,Fy) + 5(AsF:FsFo)
387(7F 354(1)[102] 340(1)[135] 8(Fs AsFs) — S(FsAsFy) + 5(OBrFy) vs(Tag)
343(<1)[3] 333(<1)[7] 8(FsAsFy) + 5(FsAsFg)
gzg?,; 313(5)[76] 301(4)[96] pa(OBIF;) + py(F1BrFy) + [V(AsFs) — v(Br---F¢)]sman
325(10) 294(<1)[11] 276(<1)[10] 8(F,BrF,)
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Table 8.7. (continued...)

259(<1)[39] 251(<1)[50] Pw(F1AsF10) — pu(FsAsFs) + 5(FsAsFs)
2038y { 244(<1)21] 233(<1)[4] pw(FsAsFs) — pu(FoAsFs) + 8(FsXeFa)ip.
234(<1)[19] 231(<D)[8] pw(FsAsFs) — pw(FsAsFs) — 8(FsXeFy)ip,
VUOD[]  226(<0.1)[13] pw(FsAsFs) — pu(F7AsF10) ve(T)
244(3) 207(<1)[9] 213(<0.1)[2] 8(F3XeFa)oop.
159(<1)[9] 154(<1)[10] p(F1BtF3) + pw(OBtFy) + p(F7AsFs)
152(11) 151(<1)[3] 148(<1)[4] 0{(OBIFy) + pi(FsAsFs)amal
140(9) 139(1)[13] 133(1)[12] pw(OBrF1) + pr(AsFsFsF10) + pi(F3XeFy)
103(2)[3] 106(<1)[<1] pFsXcFy) + p(OBIF; Fy)
79(D[2] 82(3)[4] 0 OBIF1Fy) + pr(F3XeFy)
TU<D<1] TH<D[1]
63(<1)[2] 66(<1)[2]
;‘;’gg{zﬂ iig(l)_){;[lju deformation modes [BrOFy][AsFe] XeF;
27(H[<] 40(<D[]]
14(<D)[<1] 25(<D)[<1]
;gztl(’llg ]’ lattice modes

“ Frequencies are given in cm '. > The Raman spectrum was recorded in an FEP sample tube at —150 °C using 1064-nm
excitation. Values in parentheses denote relative Raman intensities. The abbreviations denote shoulder (sh) and broad (br).
Several weak bands were observed and assigned to the [BrOF,][AsFs] ion pair [1062(3), 723(2), 314(4) cm™] and to the
[BrOF,][AsF¢]-2XeF, adduct [698(2), 674(2), 614(7), 586(2), 565(7), 547(sh), 466(17), 408(sh), 314(4) cm™']; the relative
intensities have been corrected for the overlap. © The aug-cc-pVTZ(-pp) basis set was used. Values in parentheses denote
Raman intensities (A* u™) and values in square brackets denote infrared intensities (km mol™). ¢ Vibrational assignments
were based on the modes at the PBE1PBE level.The abbreviations denote stretch (v), bend (3), rock (pr), twist (py), wag (pw),
in-plane bend (i.p.), and out-of-plane bend (0.0.p.). © The band overlaps with a [BrOF,][AsFe]-2XeF, band; the relative
intensity was corrected for overlap. ” The band overlaps with a [BrOF,][AsF¢] band; the relative intensity was corrected for

overlap. # The band overlaps with a FEP sample tube ling; the relative intensity was corrected for overlap.
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Table 8.8. Complete List of Experimental and Calculated Vibrational Frequencies® for [BrOF,][AsFs]-2XeF,

exptl’ caled’ assgnts
PBEIPBE B3LYP [BrOF,][AsFe]-2XeF, (C))° AsFg
}gi;gi’ } ro7enmy  102207769) V(BrO)
oL sh T44(6)[172] T17(6)[167] v(AsFy1) - W(AsF12)
o 727(3)[163] 703(4)[158] v(AsFs) va(T1w)
(13) T2U(<D232]  696(<1)[223] V(AsFs) — v(AsFio)
675(21) 662(21)[68] 636(6T)[52] W(ASF7) + W(AsFs) + v(AsFio) + v(AsFig) ° vi(Ayp)
634(63) 678(62)[87] 642(36)[97] V(BtFy) + v(BrFy)’
614(43) 646(29)[84] 609(41)[61] v(BtFy) — v(BrFy)
g iﬁgg())) 604(46)[81] 584(41)[94] V(XerFs) + v(XeFe)
gigggg; ]- 60025)[236]  578(22)[256] V(Xe1Fa) - v(XesFe)
st } smas 5562)13] [V(ASEs) + W(ASF10)] - [V(ASF1r) + V(ASFp)] }
va(Eg)
ggi(sl 1;5) } 535(7)[95] 511(23)[210] V(AsF7) + [v(Xe1F3) — v(AsF12)]smat o
jgg(:}? ), br } 503(47)[218]  485(38)[156] v(XerFs) + [v(XesFs) — v(ASF)sman
409(15), br 463(18)[364]  434(20)[325] V(XeFs) — v(Xe1F3)mal
400(<1)[53] 390(<1)[{42] O(FsAsF1,) — 8(F10AsFyy) + pw(F7AsFsg)
400(4) 395(<1)[27] 385(<1)[42] 3(FsAsFy) — 8(F7AsFg) + pw(F11AsF12) va(T1u)
394(<1)[34] 383(<D)[25] 8(ASFFoF1) — 8(AsFsF10F12)
395(15) 386(3)[119] 368(3)[99] 8(OBIF,Fy)
372 sh 366(1)[<1] 357(1)[<0.1] S(F9AsF12) + 8(F10AsF11)
366(3) 361(D)[<1] 352(2)[2] O(F7AsF1q) + 8(FsAsFy;) vs(T2g)
356(<D)I<1] 345(<D)[<1] S(F7AsFy) + 5(FgAsFo)
3238(3); } 338(4)[90] 322(4)[79] 0w(OBrFy) + py(FiBrFy)
315(12) 305(<1)[6] 286(<1)[6] 8(F1BrF2)
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Table 8.8. (continued...)

299(3) 270(<1)[67] 258(<1)[59] 8(FsXeaF6)o.op.
248(<0.1)[8] 242(<1)[8] [Pw(FoAsF10) — pw(F7AsFs)] — 8(F3Xe1Fa)ip.
240(<D)[15] 234(<1)[13] [pw(FsAsFio) — pw(F7AsFs)] + 6(FsXe Fa)ip.
250(1) 238(<[<1] 228(<D)[1] S(FsXeFe)ip.
235(<D)[2] 226(<1)[9] pw(F11AsF12) — pw(F7AsFs) + pw(FoAsFio) ve(T2)
229(<0.1[<1]  222(<0.1)[<1] pw(FoAsFig) — pw(F11AsF1;) + pw(F7AsFg) n
232(3) 216(<1)[18] 198(<1)[10] S8(FaXe1Fa)o.op.
222(1) 181(1)[6] 1752)[7] pi{ OBrF 1 F2) + [pe(FsXeaFs) + p(FaXe1Fa)]sman
166(4) 159(1)[18] 154(2)[19] p(FsXesFe) + p{OBrF1F2)aman
161(3) 155(1)[4] 149(1)[2] p(OBrF,) + py(FsXesF)
147(3) 129(1)[5] 130(2)[6] p:(OBrF;Fy) + pr(FsXe1 Fa)
116(2)[4] 108(<1)[4] Pe(OBrF 1 F2) — p(FsXe:Fa)
104(2)[16] 95(<1)[8] pr(F3Xe1Fs) + pOBrF:Fa)sman
101(<1)[4] 93(D)[4] pr(FsXeaFs) + p(OBrF1F2)sman
81(<1)[2] 73(DI<1]
68(<)[<1] 63(1[<1]
61(<1)[<1] 58(<D)[<1]
54(<1)[<1} 46(<D)[<1]
46(<1)[<1] a(<1)[1] deformation modes [BrOF,][AsFe]-2XeF,
43(<D1] 38(<D)[<1]
39(<D[<1] 33(<0.D)[<1]
29(<D[<1] 24(<D[1]
21(<D[<1] 10(D[<1] .
127(22)
;(1)?9()1 8) lattice modes
61(2)

“ Frequencies are given in cm™'. ® The Raman spectrum was recorded in an FEP sample tube at —150 °C using 1064-nm excitation. Values in
parentheses denote relative Raman intensities. The abbreviations denote a shoulder (sh) and broad (br). © The aug-cc-pVTZ(-pp) basis set was used.
Values in parentheses denote Raman intensities (A* u™). Values in square brackets denote infrared intensities (km mol™). ¢ Vibrational assignments
were based on the modes at the PBEIPBE level. The abbreviations denote stretch (v), bend (8), rock (p;), twist (p;), wag (pw), in-plane bend (i.p.), and
out-of-plane bend (0.0.p.). ° V(BIF;) + v(BrF,) also contributes at B3LYP level.” v(AsFy3) + V(AsF,4) + V(AsFg) + v(AsFo) also contributes at B3LYP

level.
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Figure 8.10. The calculated geometry (PBEI1PBE/Stutt Huzpolar 2) of [BrOF;]
[AsF¢]s>~ (C;) showing the pseudo-octahedral coordination around
bromine(V).
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Figure 8.11. The calculated geometry (PBE1PBE/aug-cc-pVTZ(-PP)) of [BrOF,][AsF¢]
-XeF, (C)) showing the pseudo-octahedral coordination around
bromine(V).
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comparison with [BrOF,][AsFg]-2KrF,.2*? Vibrational frequencies calculated at the
PBEIPBE and B3LYP (values in parentheses) levels of theory well reproduced the
observed frequencies across the series of compounds. In each case, the AsFs anion is
distorted from its ideal octahedral geometry. The AsF¢ anion, under O, symmetry, has
three Raman-active bands, vi(Ai,), v2(Eg), and vs(Tyg), two infrared-active bands, v3(T1u)
and v4(Tyy,), and one inactive band, ve(T2y). In the present examples, the fluorine-bridged
AsF¢ anions are distorted, each with local C; symmetry, which results in a maximum of
15 Raman- and infrared-active bands. The bands that were observed in the Raman
spectrum of AsFs were aésigned by comparison with other coordinated AsFs anions
having local C; or C; symmetrie:s.”’154

8.2.5.1. [BrOF;][AsF¢]. Although [BrOF,][AsF¢] has been previously characterized by

Raman spectroscopy at room ’cemperature,128

the spectrum has been re-examined at low
temperature to properly assess the effects of adduct formation on the BrOF," modes in
[BrOF,][AsFg]-XeF, and [BrOF;][AsFs]-2XeF,. The experimental spectrum is in overall
good agreement with the previously reported spectrum.

The cubic space group in which the crystal structure was solved implies the anion
and cation of [BrOF;][AsFs] are situated on special positions with C3 symmetry, thus
imposing a 3-fold disorder on the cation. Consequently, the Raman spectrum was
assigned based on the calculated C; geometry. Under C; symmetry, all vibrational modes
(27 A) of the [BrOF,][AsFs] ion pair are predicted to be Raman- and infrared-active.

Minor discrepancies are expected to arise between experimental and calculated modes

involving the anion because the calculated model, [BrOF;][AsFe]s*, is for a single cation
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coordinated to three anions (see 8.2.6.1, Computational Results), whereas the crystal
structure shows that each AsF¢ anion is also coordinated to three other BrOF,' cations.
In general, the cation bands are more intense than the anion bands, and little
coupling occurs among their corresponding modes. The only significant exception is the
in-phase Br—F stretching mode, v(BrF;) + v(BrF,), which couples to As—F stretches of
the anion (Table 8.5) and results in several bands appearing at 647, 667, and 723 cm™". In
contrast, the out-of-phase v(BrF;) — v(BrF,) stretching band appearing at 634 cm ™' shows
no coupling with the anion and is significantly less intense than the in-phase band, in
agreement with the calculated intensities. The highest frequency band in the spectrum
occurs at 1064 cm™’ and is assigned to v(BrO), in agreement with the calculated value,
1048 (997) cm ', The Br---F; and As—F; stretches are coupled to one another and are
assigned to the bands at 535, 543, and 549 cm . The OBrFF, bending mode,
8(OBrF1F,), occurs at 366 cm ' and the remaining cation bending modes, 8(OBrF;) and

8(F BrF,), occur at 314 cm ™" and 292 cm ™, respectively.

8.2.5.2. [CIOF;][AsF¢]. The title compound has been previously characterized by
Raman spectroscopy at room temperature.'”* However, a better-resolved, low-
temperature spectrum is reported in the present work. The crystal structure of
[CIOF;][AsFs] has also made possible a more detailed analysis of the Raman spectrum
which has been reassigned based on a factor-group analysis.

All vibrational modes (27 A) of the [CIOF;][AsFs] ion pair (C;) are predicted to

be Raman- and infrared-active. Although only 24 Raman bands were observed, several
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high-frequency stretching bands were split into two or three bands that cannot be
accounted for by site symmetry lowering alone because correlation of the gas-phase ion-
pair symmetry (Cj) to the crystal site symmetry (C;) results in no additional band
splittings. The additional bands therefore arise from vibrational coupling within the
crystallographic unit cell. Correlation of the site symmetry to the centrosymmetric unit
cell symmetry (C», with Z = 4) results in equal apportioning of the 4(3N — 6) vibrational
modes among A;, A,, By, and B, components (Table 8.9). The 27 vibrational bands split
into Aj, Ay, B;, and B; components, resulting in 108 coupled vibrational modes for
[CIOF;][AsFe] in its unit cell. The A;, B, and B; components are Raman- and infrared-
active, and the A, components are Raman-active. The appearance of only 24 Raman-
active bands, instead of the predicted 108, implies that vibrational coupling within the
unit cell is, for the most part, weak and cannot be resolved except for the highest

frequency cation stretching modes.

Table 8.9.  Factor-Group Analysis for [CIOF;][AsFe]

gas-phase [CIOF;][AsF¢] crystal site unit cell
(Cy) () (C2)
A1 Vi-V27, 3R, 2T (—T) R, IR

Az vi-v27,2R(-R), 2T (-T) R
4(vi-v27,3R,3T) A — A
B; vi-v27,2R(-R),2T (-T) R, IR

ZANN

B, Vi-vas, 2R (-R), 3T) R, IR

? The crystallographic space group is Pna2/, with Z = 4 structural units per unit cell.
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When compared with the analogous bands in [BrOF,][AsFe], the CIOF," bands
are generally less intense than the AsFs bands, in accordance with the lower
polarizability of the Cl atom. Although the mode descriptions for [CIOF,][AsF¢] are very
similar to those of the bromine analogue, there are small differences, including a general
tendency for greater vibrational coupling between the cation and the anion modes in
[CIOF,][AsFs]. The highest frequency bands at 1321, 1329, and 1333 cm™ represent
three of the four bands predicted for the factor-group split v(ClO) mode which occur at
higher frequencies than v(BrO), in accordance with the greater electronegativity of
chlorine and greater covalencies of the C1-O and CI-F bonds as well as lower mass of
chlorine. The coupling trends between the As—F and Br—F stretching modes of
[BrOF,][AsFs] are reversed in [CIOF,][AsFs]. The bands at 752 and 757 cm ' are
assigned to the in-phase v(CIF;) + v(CIF,) mode and show no coupling to the anion
modes, whereas the out-of-phase v(CIF;) — v(CIF;) mode displays extensive coupling to
As—F stretching modes with contributions observed at 685, 692, 695, 710, and 720 cm’!
with the major v(CIF;) — v(ClF;) contribution assigned to the band at 720 cm . The
bands at 559 and 568 cm ' arise from fluorine bridge stretches and are assigned to the
different v(AsF3) — v(Cl---F3) combinations of the three anions. The deformation modes
of the cation are generally underestimated by the calculations and show significant
coupling to the anion deformation modes. The mode having 8(OCIFF,) as its main
contribution is coupled to the AsFs deformation modes and is assigned to the band at
510 cm™, which appears at much higher frequency than the analogous band in
[BrOF,][AsFe]. However, the latter mode, 8(OBrF;F,), is not coupled to any of the AsFg~
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deformation modes. The 8(OCIF;) and &(F,CIF,) bending modes also appear at higher
frequency than in [BrOF,][AsFs] and contribute to the bands at 411 and 296, 392 cm ™',

respectively.

8.2.5.3. [BrOF;][AsF¢]-XeF; and [BrOF;][AsF¢]:2XeF,. The current work has shown
that the previously reported Raman spectrum'” of [BrOF,][AsFe]-XeF, contained
residual BrFs solvent (Table 8.1). A sample of pure [BrOF,][AsF¢]-XeF, was
synthesized, and the spectrum was re-assigned. The Raman spectrum of the related
[BrOF;][AsFe]-2XeF, adduct has also been assigned.

Several modes in the [BrOF;][AsFs]-2XeF, spectrum are split into two
components. The splittings cannot be accounted for by site symmetry lowering because
correlation of the gas-phase adduct symmetry (C;) to the crystal site symmetry (Ci)
results in no additional band splittings. The splittings must therefore result from
vibrational coupling within the crystallographic unit cell (C,, with Z = 4). Based on a
factor-group analysis (Table 8.10), each Raman- and infrared-active band is predicted to
be split into an A; and a B; component in the Raman spectrum and into an A, and a B,
component in the infrared spectrum.

The most intense bands in the spectra of [BrOF;][AsF¢]-XeF; and
[BrOF;][AsFg]-2XeF, are associated with the XeF, ligand modes although they are not as
intense as the KrF, ligand bands in [BrOF,][AsF]-2KrF,.2** The interaction between the
XeF, molecule and the BrOF," cation observed in the crystal structure renders the Xe—F

bonds inequivalent for each XeF, molecule, giving rise to two bond types, Xe—Fy and
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Table 8.10. Factor-Group Analysis for [BrOF;][AsFe]-2XeF;

gas-phase
[BrOF;][AsFg]-2XeF, crystal site unit cell”
(e () (Ca)

e

Vi-V45, 2R (—R), 3T
} R

o
)

V1-V4s, R ('“2R), 3T

4(vi-vss, 3R, 3T) A

=

AN

vi-Vas, 3R, 2T (=T)
IR

By  vi-vss, 3R, T (-2T)

? The crystallographic space group is P2,/c with Z = 4 structural units per unit cell.

Xe—F:. The higher frequency bands of [BrOF,][AsFs]-XeF; at 531, 543, and 559 cm™" are
assigned to the factor-group split terminal Xe—F, stretch. Like the KrF, analogue, the
occurrence of two Xe—F; bonds in the [BrOF;][AsFs]-2XeF, adduct gives rise to factor-
group split in-phase (548 and 552 cm™') and out-of-phase (540 and 543 cm ') bands,
which are in good agreement with their respective calculated values, 604 (584) and 600
(578) cm™". The split band at 426, 447 cm ™" in the 1:1 adduct primarily corresponds to the
bridging fluorine stretch v(XeFy), with a small contribution from v(AsFe) — v(Br---F¢). A
factor-group split band at 460, 467 cm ™’ and a band at 409 cm™" are observed for the 2:1
adduct and are assigned to v(XeF,). However, unlike the v(XeF;) modes, the v(XeFy)

modes are only weakly coupled with each other. This contrasts with the KrF, adduct,*
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where the Kr—F, stretches are more strongly coupled than the Kr—F; stretches. The
present assignments for the XeF, modes are in agreement with those reported for XeF,

homoleptically coordinated to metal cations,*>*?

where the higher frequency bands range
from 544 to 584 cm ' and are assigned to Xe—F; stretching modes and the lower
frequency bands range from 411 to 479 cm ' and are assigned to Xe—F, stretching

modes. The doubly degenerate IT, bend of free XeF,, 8(FXeF), which is infrared-active
but Raman inactive, splits into two components upon coordination, 3(FiXeFp)o0p. and
d(FiXeFy)ip, where the bends are with respect to the plane containing the two XeF»
molecules and the bromine atom and are both Raman- and infrared-active. Both
components are shifted to higher frequency relative to I1, in the infrared spectrum of
XeF; (213 cm_l).zo3 In the 1:1 adduct, the 8(FXeFy)o0p. mode is observed at 244 cm !
and the 8(FXeFy);p. mode at 293 cm . Similarly, in [BrOF,][AsFs]-2XeF,, the two out-
of-plane bending modes are observed at 232 and 299 cm™), and an in-plane bend is
observed as a weak band at 250 cm . The second in-plane bend is predicted by
calculations to be even weaker than the aforementioned modes and was not observed.

The observed and calculated frequencies for the anion and cation of
[BrOF;][AsFs]-2XeF, are similar to those observed and calculated for the KrF,
analogue.”> All three adducts, [BrOF,][AsF]-2KrF,,”? [BrOF;][AsFs]-2XeF,, and
[BrOF,][AsF¢]-XeF,, demonstrate that, upon adduct formation, the stretching frequencies
of BrOF," shift to lower values. When a single XeF, molecule coordinates to BrOF,",
v(BrO) is lowered with respect to v(BrO) of [BrOF,][AsFs] (1064 cm™") and splits into
two bands at 1043 and 1050 cm '. The addition of a second Xe.Fz molecule does not
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result in significant frequency lowering, with the factor-group split Br—O stretching band
occurring at 1045 and 1051 cm ™. The opposite trend is observed for the Br—F stretching
frequencies upon XeF, coordination. Coordination of XeF, in [BrOF,][AsF¢]-XeF, has
little effect on v(BrF;) — v(BrF>) and v(BrF;) + v(BrF,), which are essentially unshifted
at 634 and 646/651 cm ', respectively, relative to the Br—F stretching frequencies of
[BrOF,][AsFs] at 634 and 647 cm'. Coordination of a second XeF, molecule, however,
results in low-frequency shifts of the out-of-phase and in-phase Br—F stretches to 614 and
634 cm’’, respectively. The two modes are shifted to somewhat lower frequency when
compared with the observed (625; 644 cm™') and calculated [652(612); 683(644) cm™']
frequencies of [BrOF,][AsFs]-2KrF,.% The trends in the cation stretching frequencies on
going from KrF, to XeF, can be accounted for by considering the bromine coordination
sphere. In both structures, the AsF¢ anion is coordinated trans to the oxygen atom; hence
their v(BrO) stretching frequencies are similar. Because the NgF, ligands are .coordinated
trans to fluorine, the Br—F stretching modes are expected to experience a greater effect
upon substitution. Because krypton is more electronegative, KrF, is a somewhat weaker

fluoride ion donor than XeF, (eq 8.8 and 8.9) because krypton is more electronegative,

XeF; g XeF' (g + F g (8.8)

AHCn =921.5,922.3 kJ mol™ AG’ o = 885.0, 888.9 kJ mol MP2, B3LYP
aug-cc-pVTZ(-PP)

KrF; @) KrF g+ F g 8.9)

AHC = 951.8, 953.6 kJ mol™ AGn=917.4919,4 kJ mol”’ MP2, B3LYP

aug-cc-pVTZ(-PP)
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which is manifested by the shorter Br---F, contacts in the crystal structure of
[BrOF,][AsF¢]-2XeF, (see 8.2.4.1, X-ray Crystallography) relative to those of
[BrOF,][AsFs]-2K1F,.2*? More electron density is expected to transfer to bromine in the
XeF, adduct, shifting the Br—F stretching modes to lower frequency (vide supra). The
cation deformation modes in [BrOF;][AsF¢]-XeF, and [BrOF,][AsFs]-2XeF, show little
change upon XeF, coordination relative to those of [BrOF;][AsFs]. The &(F;BrF5)
bending mode occurs at 325 cm  for the 1:1 adduct and at 315 cm™ for the 2:1 adduct.
Similarly, the &(OBrF;F;) bending mode is observed at 395 cm ' in
[BrOF;][AsF¢]-2XeF, and is coupled to AsF¢ bending modes in [BrOF,][AsFs]-XeFa,
which appear at 392, 411 cm . When compared with the KrF, adduct, the cation
deformation frequencies of [BrOF,][AsF¢]-2XeF, are essentially the same as those of

[BrOF;][AsFs]-2KrF; and are in good agreement with the calculated values.

8.2.6. Computational Results. The energy-minimized geometries of the ion pairs
[BrOFz][AsF6]32~ and [CIOF;][AsFs]s>", and the adduct [BrOF,][AsFs]-2XeF,, were
optimized at the PBEIPBE and B3LYP levels starting from their crystallographic
coordinates and C; symmetry. The 1:1 adduct, [BrOF;][AsFs]-XeF,, although lacking a
crystal structure, was optimized starting from the crystallographic coordinates of
[BrOF,][AsFg]-2XeF,, with one molecule of XeF, removed. All four structures resulted
in stationary points with all frequencies real. The PBE1PBE and B3LYP (B3LYP values
are given in parentheses) results are summarized in Tables 8.3—8.8, 8.11, 8.12, and AS.1-

A5.4 and Figures 8.2, 8.4, 8.10, 8.11.
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Table 8.11. NBO Valencies, Bond Orders, and Charges (NPA) for [CIOF,][AsF 65> and [BrOFz][AsF5]32_
X=Cl, Br [CIOF, l[AsFol,~ [BrOF,|[AsFg,> AsFg
PBEIPBE B3LYP PBEIPBE B3LYP PBEIPBE B3LYP
Charges [ Valencies]

X 2145  [2257] 2001  [2.184] 2410 [2.164] 2364  [2115)

O -0.581 [1125]  -0.559 [1.102] -0.740  [0979] —0.719  [0.962]

Fy -0359 [0.447]  —0353 [0.418] -0.448  [0.413] -0.440  [0.397]

F, -0360 [0.446]  —0353 [0.419] -0.448  [0.413] -0.440  [0397]

As, 2925 [2834] 2929 [2814] 2925  [2.832] 2929 [2812] 2925 [2.868] 2.930 [3.163]
Faa -0.648 [0385]  —0.643 [0.376] -0.642  [0.414] -0641 [0405]  -0.654 [0.416] ~0.655 [0.411]
Fua -0.638 [0437]  —0.638 [0.432] -0.636  [0.437] -0635 [0432]  —0.654 [0.416] -0.655 [0.411]
Fsa -0.639 [0.436]  —0.638 [0.430] -0.635  [0.438] -0.635 [0431]  —0.654 [0.416] -0.655 [0.411]
Fea -0.649 [0.435]  —0.649 [0.430] -0.647  [0.437] -0648 [0431]  —0.654 [0.416] ~0.655 [0.411]
Foa -0.650 [0428]  —0.650 [0.421] ~0.640  [0.435] -0.642 [0429]  —0.654 [0.416] -0.655 [0.411]
Faa -0.637 [0.434]  —0636 [0.428] -0.633  [0437] -0.633  [0431]  —0.654 [0.416] -0.655 [0.411]
Asy 2924 [2837] 2929 [2.816] 2925  [2.832] 2929  [2.812]

Faa -0.646 [0385]  —0.642 [0.376] -0.642 [0.:414] -0.641  [0.405]

Fax 0638 [0437]  —0.638 {0.432] -0.636  [0.437] -0.635  [0.432]

Fap -0640 [0.433]  —0.640 [0.428] -0.635  [0.438] -0.635 [0.431]

Fon -0648 [0.435]  -0.649 [0.430] -0.647  [0.437] -0.648  [0.432]

Foa -0649 [0426]  —0.649 [0.420] -0.641  [0.435] -0.641  [0.429]

Fea- —0636 [0436]  —0.636 {0.430] -0.633  [0.437] -0.632  [0.431]

Asp 2928 [2834] 2933  [2814] 2929 [2.834] 2933 [2.819]

Fap -0.666 [0389]  -0.666 [0.381] ~0.665  [0.405] -0.666  [0.398]

Fip -0.645 [0431]  —0646 [0.425] -0.644  [0.429] ~0.644  [0.424]

Fsp -0644 [0428]  -0.645 [0.422] ~0.641  [0.430] -0.641  [0.424]

Fen -0654 [0427]  —0655 [0.421] -0.652  [0.428] -0.654  [0.422]

Frs -0.652 [0421]  -0652 [0.414] ~0.646  [0.421] -0.647  [0.416]

Fap ~0.644 [0430]  —0.644 [0.423] -0.641  [0.430] -0.641  [0.424]
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Table 8.11.

X-0
X-F
X-F,
X---Faa
XeeFan
X---F3p
Asp-F3s
Asy-Faa
Asy-Fsy
Asp-Fop
Asp-Fry
Asp-Fea
Asy-Fiy
Asp-Fay
Aspy-Fsp
Asy-Fear
Asy-Foy
Asp-Fey
Asg-Fap
Asp-Fup
Asp-Fsp
AssFep
AspFrp
Asp-Fep

(continued...)

1.188
0.483
0.482
0.053
0.053
0.023
0.395
0.492
0.491
0.488
0.478
0.492
0.396
0.492
0.489
0.488
0.47%
0.494
0.422
0.487
0.486
0.482
0.476
0.488

1.164
0.455
0.455
0.054
0.055
0.024
0.389
0.489
0.489
0.485
0.475
0.490
0.390
0.490
0.487
0.485
0.476
0.491
0.418
0.484
0.483
0.478
0.474
0.484

1.012
0.452
0.452
0.102
0.102
0.056
0.373
0.493
0.494
0.490
0.488
0.496
0.373
0.493
0.494
0.490
0.488
0.486
0.410
0.488
0.489
0.483
0.484

0.489

0.997
0.436
0.436
0.101
0.101
0.056
0.368
0.491
0.491
0.487
0.484
0.493
0.368
0.491
0.491
0.487
0.484
0.493
0.406
0.485
0.486
0.430
0.480
0.486

0.478
0.478
0.478
0.478
0.478
0.478

0.475
0.475
0.475
0.475
0.475
0.475
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Table 8.12. NBO Valencies, Bond Orders, and Charges (NPA) for for [BrOF,][AsFs]-2XeF,, [BrOF,][AsFs]-2KrF,
[BrOF,|[AsF¢]-2XeF, [BrOF,][AsF4]- 2K1F,* XeF,
PBEIPBE B3LYP PBEIPBE B3LYP PBEIPBE B3LYP
Charges [Valencies]

Br(1) 2415 [2.257] 2385  [1.886] 2411 [2270] 2381 [1.893]

o(1) -0.720 [0.950] 0699 [0.845] -0715  [0.953] -0.695  [0.843]

F(1) -0.448 [0.451]  —0448 [0.350] -0446  [0.457] -0445  [0.357]

F(2) -0451 [0.445]  —0453 [0.345] -0445  [0.455] -0446  [0.355]

Ng(1) 1275 [0.606] 1267  [0.582] 1.081  [0.645] 1.065  [0.619] 1219 [0.586] 1208  [0.562]
F(3) -0.649 [0350]  —0644 [0.320] -0579  [0.351] ~0.570 [0326]  —0610 [0.309]  —0604 [0.296]
F(4) -0.548 [0373]  —0540 [0.361] -0432  [0.394] -0420 [0378]  -0610 [0309] 0604 [0.296]
Ng(2) 1273 [0.617] 1263  [0.600] 1.084  [0.667] 1.065  [0.635] 1219 [0.586] 1208  [0.562]
F(5) -0.641 [0355]  —0635 [0.329] -0576  [0.372] ~0.566 [0341]  -0610 [0.309]  —0.604 [0.296]
F(6) -0.542 [0374]  -0536 [0.363] -0422  [0.404] -0414 [0380]  -0610 [0.309]  —0.604 [0.296]
As(1) 2639 [3225] 2640 [3.154] 2638  [3.222] 2640  [3.152]

F(7) -0.635 [0.438]  -0.639 [0.415] -0634  [0.464] -0636  [0.443]

F(8) -0.575 [0.498]  —0573 [0.488] -0573  [0.502] -0.571  [0.490]

F(9) -0.614 [0.466]  —0.609 [0.458] -0612  [0.466] -0.606  [0.460]

F(10) -0.590 [0.486]  —0591 [0.472] -0.589  [0.490] -0.593  [0.473]

F(11) -0.566 [0.504]  —0566 [0.492] -0.566  [0.506] ~0.565  [0.492]

F(12) -0.623 [0456] 0621 [0.443] -0626  [0.467] -0623  [0.447]
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Table 8.12.

Br(1)-0(1)
Br(1)-F(1)
Br(1)-F(2)
Br(1)—F(3)
Br(1)--F(5)
Br(1)---F(7)
Xe(1)-F(3)
Xe(1)-F(4)
Xe(2)-F(5)
Xe(2)-F(6)
As(1)-F(T)
As(1)-F(8)
As(1)-F(9)
As(1)-F(10)
As(1)-F(11)
As(1)-F(12)

(continued...)

1.019
0.492
0.490
0.099
0.105
0.035
0.238
0.359
0.236
0.360
0.476
0.573
0.530
0.554
0.579
0.516

0.911
0.388
0.386
0.080
0.083
0.031
0.226
0.348
0.231
0.350
0.458
0.562
0.523
0.541
0.567
0.507

1.023
0.493
0.497
0.092
0.103
0.042
0.244
0.380
0.250
0.389
0474
0.574
0.530
0.555
0.580
0.508

Bond Orders

0.905
0.389
0.391
0.075
0.081
0.041
0.234
0.365
0.241
0.368
0.455
0.564
0.526
0.539
0.567
0.502

0.293
0.293
0.293
0.293

0.281
0.281
0.281
0.281
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8.2.6.1. Geometries. (i) [BrOF:][AsFs]s* and [CIOF:][AsF¢ls>. The crystal
structures of [BrOF,][AsFs] and [CIOF;][AsF¢] show that both cations coordinate to a
fluorine atom from each of three different AsFs anions (section, 8.2.4). Models were
calculated reflecting the observed structures, i.e., one cation interacting with a single
fluorine atom from each of three different AsFs anions. Although a simplification, these
models provide close approximations of the cation environments in their respective
crystal structures and a means to study the effects of ion-pairing. There are, however,
some disparities between the experimental and calculated Raman frequencies and
intensities and their detailed mode descriptions. These primarily occur for the anion
modes because they are only singly coordinated in the models, whereas they are
coordinated to three cations in their crystal lattices.

For [BrOF][AsFs]s>, the calculated Br—O bond length is 1.568 (1.580) A and the
Br-F bond lengths are 1.755 (1.779) A. The weighted average bond length, 1.693 A, is
slightly greater than the experimental bond length in the disordered BrOF," cation
(1.647(1) A (see 8.2.4.2, X-ray Crystallography). The fluorine atoms are bent away from
the oxygen atom in [BI'OFz][ASFﬁ]}}Z_, with O-Br-F; and O-Br-F; angles of 101.1
(101.0) ° and 101.1 (100.9) °, respectively, and an F—Br-F, angle of 89.2 (89.3)° giving
an average angle of 97.1 (97.1)°. The average angle is slightly less than the F/O-Br—O/F
angle in the disordered crystal structure of [BrOF,][AsFs] (99.89(6)°). The three contact
distances are 2.306 (2.328), 2.306 (2.327), and 2.481 (2.503) A with the contact trans to

the oxygen atom being the longest, in agreement with the experimental results. All
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contacts are significantly less than the sum of the bromine and fluorine van der Waals
radii (3.32).

The VSEPR*! model of molecular geometry predicts that substitution of bromine
by chlorine should result in a more localized valence electron lone pair domain on
chlorine, resulting in smaller O—CIl-F and F-CI-F angles. Instead, small increases in the
O-Cl1-F;, O—CI-F, and F-CI-F angles to 104.7 (104.5)°, 104.7 (104.5)°, and 90.6 (90.3)°
are observed relative to those of the bromine analogue which are likely a consequence of
the shorter C1-O bond length [1.409 (1.421) A] and CI-F bond lengths [1.627 (1.660) and
1.627 (1.659) A]. These differences can be accounted for by the ligand close packing
model.’* As expected, the three Cl---F;, contacts, 2.304 (2.317), 2.305 (2.317), and 2.484
(2.490) A, in [CIOF,][AsFg] are also shorter than in the bromine analogue, and are
significantly less than the sum of the chlorine and fluorine van der Waals radii (3.22).”
As is the case for the calculated geometry of the bromine analogue and in the crystal
structure of [CIOF,][AsFs], the longest X---F contact is trans to the oxygen atom.

In both [BrOF,][AsF¢] and [CIOF;][AsF¢], the AsFs anion is distorted from its
ideal octahedral geometry with the As—F, bond lengths ranging from 1.785 (1.795) to
1.822 (1.834) A in the BrOF," salt and from 1.772 (1.782) to 1.798 (1.811) A in the
CIOF," salt. Consequently, the As—F; bond lengths are shorter, ranging from 1.728
(1.736) to 1.741 (1.750) A in the [BrOF,][AsFs] and from 1.730 (1.738) to 1.744 (1.752)

A in [CIOF,][AsFs].
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(ii) [BrOF;][AsFg¢]-XeF,. Although an experimental structure is unavailable for
[BrOF;][AsF¢]-XeF,, the Br(V) atom is expected to complete a pseudo-octahedral
coordination sphere by making contacts with two different AsFs anions in the crystal
lattice. A simplified ion-pair model involving a single anion was calculated starting from
the crystallographic coordinates of [BrOF;][AsFs]-:2XeF, with one XeF, molecule
removed. The energy-minimized geometry optimized to C; symmetry. The bromine
center displays pseudo-octahedral geometry when the contacts to the bridging fluorine
atom of XeF; and the two fluorine atoms of the AsF¢ anion are taken into account. When
compared with [BrOF,][AsFs], the cation is relatively unaffected by the introduction of
one molecule of XeF; into the coordination sphere of Br(V), resulting in a Br—O bond
length of 1.554 (1.567) A and Br—F bond lengths of 1.730 (1.753) and 1.752 (1.777) A.
There is also little change in the O-Br—F; (102.8 (102.5)°), O-Br-F, (100.5 (100.5)%),
and F;—Br-F; (89.0 (89.4)°) angles upon coordination. The three contact distances to the
cation are, however, significantly affected by XeF, coordination. The longest contact to
Fs of the AsF¢ anion remains trans to the oxygen atom in [BrOF;,][AsF¢]-XeF,, but is
lengthened (2.708 (2.729) A) relative to [BrOF,][AsFe]s* (2.481 (2.503) A). The Br---F
contact with XeF,, which is trans to a fluorine atom, is 2.369 (2.397) A and is slightly
longer than in the 2:1 adduct (2.303 (2.323); 2.296 (2.325) A). The shortest contact to
bromine (2.162 (2.178) A) is with F¢ of the AsFs anion, which is trans to the other
fluorine atom of BrOF," and shorter than in [BrOF,][AsFs]5> (2.306 (2.327)A).

The coordinated XeF, ligand is distorted relative to free XeF, (1.986 (2.010) A)

with the Xe-F, bond elongated (2.068 (2.083) A) and the Xe-F; bond length shortened
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(1.948 (1.976) A) by equal amounts. As observed for the AsFs anion in [BrOF;][AsFe],

the As—F, bonds of the anion are elongated relative to the As—F; bonds.

(iii) [BrOF;][AsF¢]-2XeF,. The geometry of [BrOF;][AsF¢]-2XeF, optimized to 'Cl
symmetry, providing a good approximation of the structural unit in the X-ray crystal
structure. The calculations predict very little effect on the cation when XeF is substituted
for KrF,.>*? The Br-O bond length remains unchanged (1.556 (1.569) A) and the Br—F
bond lengths are only slightly lengthened (1.733 (1.758) and 1.734 (1.760) A) relative to
[BrOF,][AsFs]-2KrF».>** This behavior is also observed experimentally where both the
Br—O (1.549(5) A) and Br-F (1 .736(4), 1.733(4) A) bond lengths are equal to within +3c
for the XeF, and KrF, adducts.”** Similarly, the O-Br-F; (101.8 (101.8)°), O-Br-F,
(100.0 (100.2)°), and F-Br-F (89.0 (89.4)°) angles in the calculated [BrOF;][AsFe]-2XeF,
structure are essentially unaffected by XeF, coordination, which is also observed in the
crystal structures. In additioﬁ, the longest contact to F7 of AsFs (2.579 (2.561) A), which
is trans to the oxygen atom, is predicted to be unchanged. However, the two other contact
distances to F3 [2.303 (2.323) A] and to Fs [2.296 (2.325) A] of the XeF, ligands are
predicted to be shorter than in the KrF, adduct.** Shortening of these contacts upon
coordination of XeF, is also observed in the crystal structures and is attributed to the
greater fluoride ion donor strength of XeF, (see 8.2.5.3. Raman Spectroscopy).

The XeF, ligands are also well modeled by the calculations. The calculated Xe—F;
bond lengths (1.948 (1.971), 1.945 (1.968) A) are shorter than the Xe—F, bond lengths

(2.074 (2.101) A, 2.081 (2.106) A), in agreement with experimental values (1.960(4),
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1.956(5), and 2.052(4), 2.053(4) A, respectively). The calculated F—Xe—F angles are
slightly bent (174.8 (174.4) and 175.9 (176.3)°), as observed in the crystal structure
(178.4(2), 179.8(2)").

The bond lengths and bond angles are also well reproduced for the AsF¢ anion
and are almost identical to those predicted for the AsFs~ anion in [BrOF,][AsFs]-2KrF,*
where the AsF¢ environment is very similar. The ideal octahedral anion symmetry is
distorted by fluorine bridging to the cation. The calculated As—F; bridge bond length is
1.789 (1.812) A, which is elongated relative to the remaining As—F bonds (1.706 (1.720)

—1.758 (1.771) A), as observed in the crystal structure.

8.2.6.2. Natural Bond Orbital (NBO) Analyses. The NBO!¢*1¢¢ analyses were carried
out for the PBEIPBE- and B3LYP-optimized gas-phase geometries of [CIOF;] [AsFs]s>,
[BrOF,][AsFs]s*~, [BrOF,][AsF¢]-2XeF,, AsFs, and XeF, with the results given in
Tables 8.10, 8.11, and A5.4. The PBEIPBE and B3LYP results are similar across the
series of compounds with the exception of the AsF¢ anion, where the PBEIPBE
valencies and bond orders are lower than the B3LYP values; only the B3LYP results are
referred to in the ensuing discussion.

(i) [CIOF;][AsFg]s* and [BrOF,][AsFg]s*". The positive charge is localized on the
central halogen atoms of the CIOF," and BrOF," cations of [ClOF,][AsFs];*” and
[BrOF,][AsFe]s> and is approximately half the halogen charge in the fully ionic model.
The bromine charge (2.36) is higher than that of chlorine (2.09), which is in accordance

with the lower electronegativity of bromine. The higher bromine charge is also
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accompanied by an increase in negative charge of the ligands that is primarily dispersed
onto the oxygen atom, with the charge increased by —0.16, and onto the fluorine atoms,
with the charges increased by —0.09 for each fluorine atom. The aforementioned charge
differences are reflected in the greater X—O and X—F valencies and bond orders and are
consistent with the greater covalent characters of the Cl-O and CI-F bonds. Of the
possible valence bond descriptions for XOF," (structures I-IV), the charges, valencies,
and bond orders are best described for CIOF," by structure IV, with an almost equal
contribution from structure I, and a minor contribution from structure III. In contrast, the

NBO parameters of BrOF," are best represented by a much greater contribution from

structures I and IIL
o o) O "0
~ % - %
re | F RO | F 'R || F e £
\ / \ / o e S~ ~ P ‘
X X5 X5 X
I 11 I IV

The net positive charges for the CIOF," (0.83) and BrOF," (0.76) cations are
indicative of similar charge transfers of ca. 0.17 and 0.24e, respectively, from the anions
to the cation in their ion pairs. Anion-cation charge transfers in [CIOF;][AsFs]s*” and in
[BrOF,][AsFe]s>~ are also consistent with the Cl---F (0.054, 0.55, 0.024) and Br---F
(0.101, 0.101, 0.056) bridge bond orders and polarization of the negative charge on the

anion towards the halogen atom.

(i) [BrOF;][AsF¢]-2XeF;. The XeF; ligands are polarized towards bromine with ca.

0.08e transferred from each XeF, molecule. The Br---F bond orders of the bridging
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fluorines are 0.08, indicating that the Br---F interaction is weakly covalent. The
polarization trend, magnitude of charge transfer, and the bond orders are very similar to
those observed for [BerFz][AsFﬁ]'2KrF2.232 In fact, coordination of either XeF; or KrF,
has no significant effect on the net charge of the cation (0.78 e, [BrOF,][AsF¢]-2XeF>;
0.80 e, [BrOF,][AsFs]-2KrF,>2).

Instead of the cation experiencing the effects of the negative charge transfer from
the XeF, and KrF, ligands, the charge is delocalized over the AsF¢ anion, giving it a net
charge of —0.96 for the XeF, adduct and —0.95 for the KrF, adduct, close to the net
charge of the free AsFs anion. In both adducts, the anion is weakly coordinated, as
demonstrated by the low Br—F, bond orders of the XeF, and KrF, adducts (0.03 and 0.04,
respectively). Overall, there is little effect on the anion when xenon is replaced by
krypton. Thus, the dominant valence bond structures for [BrOF,][AsF¢]-2XeF, are very
similar to those of [BrOF,][AsFs]-2KrF,** with the major contribution from Structure V

and a smaller contribution from Structure VL
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8.2.6.3. QTAIM and ELF Analyses. The bonding was investigated by complementary
use of the Quantum Theory of Atoms in Molecules (QTAIM)*! and the topological

299



Ph.D. Thesis — David S. Brock

analysis™* of the Becke and Edgecombe Electron Localization Function (ELF).** For the
ensuing discussion, the following abbreviations denote atomic populations, N(A);

electron localization function, 7(r); core basins, C(A); valence basins, V(A, B, ...);
monosynaptic basins, V(A); disynaptic basins, V(A, B); and closed isosurfaces, 7(r) = f,
where f'is defined as the isosurface contour. The QTAIM and ELF analyses of the XeF,
and [BrOF,][AsFs]s> fragments are provided in Appendix 5.

Bonding in [BrOF;][AsF¢]-XeF,. The QTAIM populations provide a charge transfer
picture in which ca. 0.11 e is transferred from each XeF, and 0.05 e from AsFs to
BrOF,". These transfers are almost equal to those calculated previously for the krypton
analogue.”?

In the molecular graph of the complex, the bromine center is linked to the two
bridging fluorine atoms, F3 and Fs, of the XeF, groups and to F;, which belongs to the
AsFs unit. The values of the Laplacian of the electrm; density at the bond critical points
are positive and decrease with the Br—F internuclear distances, i.e., 0.158 (BrF3), 0.147
(BrFs), 0.077 (BrF7) and 0.015 (BrFs). The delocalization indexes between bromine and
the weakly bonded fluorine atoms show almost the same trends: 8(Br,F3) = 0.26, 8(Br,Fs)
= 0.24, 3(Br,F7) = 0.12, 8(Br,Fy) = 0.02. The n(r) = 0.75 localization domains of the
complex are shown in Figure 8.12 whereas the hierarchy of the ELF basins is given in
Scheme 8.1. Although the coordination of bromine has increased to six, the V(Br)
(“valence electron lone pair on Br”) basin remains in the complex while its 7(r) = 0.75

+232

localization domain follows a trend in which it contracts across the series BrOF, >
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Scheme 8.1. Reduction of localization diagram for [BrOF,][AsF¢]-2XeF, showing the

ordering of localization nodes and the boundary isosurface value, 7(r), at
which the reducible domains split. The labeling scheme corresponds to
that used in Figures 8.1 and 8.2.

301


http:V(FJI=7.12

Ph.D. Thesis — David S. Brock

Figure 8.12. ELF localization domains for [BrOF,][AsF¢]-2XeF,. The isosurface value
is 7(r) = 0.75. Color code: magenta = core, brick-red = monosynaptic
basin.
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[BrOF,][AsFsls>~ (Figure A5.2) > [BrOF,][AsF¢-2XeF, (Figure 8.12) =

[BrOF,][AsF4]-2KrF,** to accommodate their respective environments.

Although the bonding between the different components is very similar in the
[BrOF;][AsFs]-2XeF, and [BrOF;][AsFs]-2KrF, complexes, there is a significant
difference in the perturbation of the XeF, units relative to the KrF, units upon
complexation. In [BrOF;][AsFs]-2XeF,, the populations of the fluorine valence basins are
almost equal and the covariance matrix elements of these populations with N [V(Xe)]
have a rather small difference. In the complex, the Xe—F bonds involved in the fluorine
bridges are more ionic than the Xe—F terminal bonds, in agreement with the respective
lengthening and shortening of the corresponding internuclear distances relative to those
of the uncomplexed species. In contrast, in the KrF, complex there is a large contribution
of the noble-gas atomic basin to the valence basin of the nonbridging fluorine atom,
which correlates with the large increase of the absolute value of the covariance matrix
element. The different behaviors of the two noble-gas atoms is likely due to the greater

ionic character of the bonding in XeF,.

8.3. Conclusion

The current study has demonstrated the propensity of the XOF," (X = Cl, Br)
cations to attain pseudo-octahedral coordination spheres. The crystal structures of
[BrOF;][AsFs] and [CIOF,][AsFs] have three fluorine-bridge contacts between the
halogen atom of the cation and three nearest-neighbour AsFs anions. In contrast, the

BrOF," cation of [BrOF,][AsFs]-2XeF, forms only one fluorine bridge contact to the
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AsFs anion and single fluorine bridges with each XeF, ligand. These structural features
are reproduced in the calculated structures. Moreover, in the presence of HF at 78 °C,
[BrOF,][AsFs]-XeF, recombines to form [BrOF,][AsFs] and [BrOF,][AsFs]-2XeF,, thus
attaining a coordination number of six at Br(V).

The X-ray crystal structure, vibrational spectrum, as well as the calculated
structures and frequencies for [BrOF;][AsFs]-2XeF, are similar to those of the krypton
analogue; however, notable differences occur. The contact distances between bromine
and XeF, are shorter when compared with those of the KrF, analogue, consistent with
greater ionic character of the Xe—F bonds in XeF;. The v(Xe—F;) modes of the XeF;
strongly couple to one another, and the bridging modes only weakly couple to one
another, whereas the opposite behavior is observed for [Brsz][AsFé]-2KrF2. The XeF,
adduct undergoes internal fluoride ion abstraction at room temperature in HF solution
forming-BrOF; and [Xe;F3][AsFs]. This contrasts with the KrF, adduct, which is stable in
HF solution for at least 1 h at 20 °C. The latter behavior is again consistent with the
greater ionic character of the Ng—F bonds in XeF, when compared with those of KrF.

The ELF and QTAIM results indicate that the localization domain associated with
the valence electron lone pair of bromine decreases across the series BrOF," >
[BrOF,1[AsFe]s>~ > [BrOF,][AsF¢]-2XeF, ~ [BrOF,][AsFs]-2KrF,. The calculations also
show that the covalencies of the Kr—F; bonds are significantly greater than those of the

Xe—F; bond. In both adducts the Ng—F; bonds are more covalent than their Ng—F, bonds.
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CHAPTER 9
Xe;OF; ", a Precursor to a Noble-Gas Nitrate and the First Neutral
Oxide Fluoride of Xe(II); Syntheses and Structural

Characterizations of FXeONO, and O(XeF),

9.1. Introduction

The greatest variety of polyatomic ligand groups bonded to xenon occurs for
xenon in the +2 oxidation state, and those bonded through oxygen are the most prevalent.
Neutral mono- and disubstituted oxygen-bonded derivatives having the formulations
FXeL and/or Xel, have been reported where L = OC(O)CF;,>"” OP(O)F,,>"
0SO,CF3,”" OSO,F,”**” 0Cl05,*” OSeFs,”*® OTeFs,''®'"” and OIOF,**" With the
exception of OP(O)F,*’® and OIOF,,*®! their syntheses have been accomplished by
reaction of the parent acid, HL, with XeF; according to eq 9.1 (n = 1, 2), leading to HF
formation, a significant thermodynamic driving force in these reactions. Alternative
syntheses of the OSeF s282 and OTeFs>%*® derivatives also exist which do not involve HF
displacement.

XeF, + ntHL —> Fp,XelL, + nHF 0.1

Two prior studies have reported the formation of xenon(Il) nitrates by HF
displacement. The earlier study investigated the reactions of XeF, with anhydrous HNO;
containing 20% NO, by weight at 20 °C.*® Red-brown solids were obtained that rapidly
decomposed at 23 °C, forming an intense, transient blue color. It is likely that the blue

color arose from N,03.2% The formulations, FXeONO, and Xe(ONO,),, were suggested,
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but no structural characterizations were provided. When these reactions were carried out
at —20 °C, the red-brown solids were not obtained. In a subsequent study, FXeONO, was
reported to have been generated by the reaction of XeF, with HNO; in CH,Cl, at —30 °C,
which was, in turn, reacted in situ with various alkenes to give 1,2-disubstituted fluoro-
nitrato alkanes (1 = F, 2 = ONO,).*' No structural evidence was provided for the
proposed intermediate, FXeONO,, by way of in situ solution charaterization, nor was
isolation attempted. |

The absence of a well-characterized xenon(Il) nitrate is surprising because the
nitrate anion meets the general criteria that are normally associated with a ligand that is
suitable for stabilization of Xe in its +2 oxidation state: (1) the least electronegative atom
of the ligand (nitrogen) is in its highest oxidation state, (2) NOs™ is the conjugate base of
a strong monoprotic acid, and correspondingly, (3) the electronegativity of the ~ONO;
ligand group is high. Empirical correlations based on the 'H chemical shift difference
between the o- and B-'H resonances of CH;CH,X derivatives have been previously used
to assign group electronegativities”® based on the halogen electronegativities of
Huggins.?®® This approach has been employed here using Pauling electronegativities®’ to

5,2 which is close to those of fluorine

give a group electronegativity for ONO; of 3.9
(3.98)°” and OTeFs (3.87).%°

Recent work has shown that XeF, and [H30][AsF¢] react in anhydrous HF to
form the only known oxide fluoride cation of Xe(Il), [FXeOXeFXeF][AsFs].”! This
chemistry was extended to the syntheses of FXeONO; and O(XeF), by the reaction of

FXeOXeFXeF" with O,NF and ONF, respectively.”>*® However, several aspects of the
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latter study were left unfinished and/or required reinterpretations which are described in
the present Chapter. Portions of the study that were previously completed, and therefore

not included in this Chapter, may be found in references 72 and 286.

9.2. Results and Discussion

9.2.1. Synthesis and Decomposition of FXeONQ,. Deep red-orange to magenta
[FXeOXeFXeF][AsFs]"' was allowed to react as a suspension with liquid NOSF at —50
°C. A suspension of white solid formed over a 5 h period. Removal of excess NO,F under
vacuum at —110 °C yielded a white, powder comprised of a mixture of FXeONO,, XeF,,
and [NO,][AsFs]. The reaction also proceeded to completion at —78 °C but required
reaction times of 2—3 weeks. The latter method proved useful in establishing a proposed
reaction pathway (Scheme 9.1). The solid changed in color from deep magenta to yellow-
orange after 24 to 48 h, and finally to white. The yellow-orange color and resulting
Raman spectrum of the intermediate reaction mixture showed the presence of a transient
xenon oxide fluoride that is O(XeF),. The reaction pathway was also supported by an
'80-enrichment and Raman spectroscopic study which showed that only
FXe'®*ON('°0'0) was formed when [FXe'®OXeFXeF][AsFg] was used as the starting
material. Failure to observe FXe'® ONO, indicated that no oxygen isotope scrambling had
occurred among the bridging '°O and terminal 'O atoms (see 9.2.7.1, Raman
Spectroscopy). Subsequent attempts to synthesize the FXeON(O)F' and FXeFNO,"'
intermediates by the reactions of [XeF][AsF¢] and NO,F as a neat mixture or in HF

solvent, and by the reaction of XeF; and [NO;][AsF¢] in HF solvent proved unsuccessful
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Scheme 9.1. Proposed pathway for the reaction of FXe'*0XeFXeF" with NO,F

with only varying amounts of [XeF][AsF¢], NOF, XeF,, and [NO,][AsF¢] present.
Therefore, a more likely reaction pathway (Scheme 9.2) has been proposed that is
analogous to the decomposition pathway observed for O(XeF), (see Scheme 9.4). A

weak Raman band was observed at 1362 cm '

in the '®O-enriched spectrum of the
FXe'"*ON('0'®0)/[NO,][AsFs] product mixture. The band is attributed to the mixed

'BON'0" cation which results from a minor exchange pathway (Scheme 9.3; 9.2.7.1

Raman Spectroscopy).
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The polar-covalent compounds, FXeONO, and XeF,, were separated from
[NO,][AsF¢] and the decomposition products, N,O4 and N»Os, by rapidly extracting

FXeONOy/XeF; into SO,CIF at —30 °C, followed by decanting the supernatant from solid

FNO, N - o
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Scheme 9.2. New proposed pathway for the reaction of FXe'*0XeFXeF" with NO,F
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Scheme 9.3. Proposed pathway for the formation of the '*ON'°O" cation
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[NO][AsFs], N2Og4, and N2Os. A mixture of FXeONO, and XeF, was then precipitated
from the supernatant at —~78 °C (see Experimental Section). Prolonged extraction and
mixing resulted in dissolution of significant amounts of [NO,][AsF¢] and its co-extraction
with XeF, and FXeONO; (see 2.9.1. Experimental Section).

The '’F NMR spectrum of a SO,CIF solution containing extracted FXeONO, and
XeF, was monitored at 0 °C and showed that FXeONO, was 50% decomposed after 6.5 h
when the decomposition was quenched at —40 °C. The only fluorine-containing
decomposition product observed was XeF, (—177.6 ppm, 'J(°F-'*Xe) = 5611Hz). Low-
temperature Raman spectra of FXeONO; in admixture with XeF, and [NO;][AsFg]
(Figure 9.1) revealed that some N,Os either remained unreacted following Scheme 9.2, or
FXeONO; had partially decomposed to N,Os and XeF, (presumably masked by excess
already present) at —50 °C after 5 h. In contrast, FXeONO, had partially decomposed to
N,04 and XeF,'N;O;4 at =78 °C after 7 days. The former decomposition pathway, leading
to N,Os, likely proceeds through the unstable intermediate, O,NOONO, (eq 9.2), which
is known to rapidly decompose at —78 °C according to eq 9.3,”"**® and by analogy with
the decomposition of FXeOSO,F to XeF,, FO,SOOSO,F, and Xe.?™ The latter

2FXeONO, —> XeF, + [O,NOONO;] + Xe (9.2)

[O.NOONO;] —> N,05 + %0, 9.3)
decomposition pathway, leading to N,O4 and XeF;'N,O4, may occur through the unstable
N-nitrito or O-nitrito intermediates, FXeNO; (eq 9.4) and FXeONO (eq 9.5) which would
likely decompose according to egs 9.6—9.8 and eqs 9.9 and 9.10, respectively.

FXeONO, —> [FXeNO;] + % O, (9.4)
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FXeONO, —> [FXeONO] + % 0, (9.5)
2[FXeNO;] —> XeF, + Xe + N,O4 (9.6)
XeF, +N,0s —> XeF,NyO4 (9.7)
[FXeNO;] —> Xe + NOSF (9.8)
2[FXeONO] —> XeF, + Xe + NO4 (9.9)
[FXeONO] —> Xe + NO,F (9.10)

The gas-phase thermochemical calculations at the MP2 level (Table 9.1) support
the proposed decomposition pathways. The decomposition pathway for FXeONO, that
leads to XeF», N,Os (via N2Og), and Xe (eq 9.2 and 9.3) was found to be spontaneous
under standard conditions (AG® = -75.7 kJ mol_l) and at —78 °C (AGhgs.15s =—71.0 kJ mol™
1) for the decomposition of 1 mol of FXeONO; to XeF,, N2Og, and Xe. A further —22.5
kJ mol™ (AGr9s15 = —-17.9 kJ mol“l) is released when 0.5 mol of N;O4 decomposes to
N,0s and O,, giving a net AG°® = -98.1 kJ mol™ (AG9s15 = —88.9 kJ mol_l) for the
decomposition of 1 mol of FXeONO,. The remaining proposed pathways, which involve
the non-spontaneous generation of FXeNO, (eq 9.4, AG®° = 26.5 kJ mol™, AGyos1s = 35.7
kJ.mol_l) or FXeONO (eq 9.5, AG° = 37.9 kJ mol!, AGies1s = 46.5 kJ mol™) as
intermediates, are more than compensated for by the spontaneous decompositions to
XeF,, Xe, and N,O4 (FXeNO; [one-half eq 9.6], AG® =-139.2 kJ mol_l, AGiosis = —
136.3 kJ mol™'; FXeONO [one-half eq 9.9], AG® = —150.6 kJ mol ™, AGy9s15 = —147.1 kJ
mol™) or to NO,F and Xe (FXeNO, [eq 9.8], AG®, —217.6 kJ mol™'; AGyos.15, —207.4 kJ

mol™'; FXeONO [eq 9.10], AG®, 229.0 kJ mol™'; AG1es.15, —218.2 kJ mol™).
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Table 9.1.

2FXeONO, —> XcF, + N,0; + Xe

N;Os —> N,Os + %0,

2FXeONO, —> XeF, + N,Os + Xe + %0,
FXeONO, —> FXeNO, + %0,
FXeONO, —> FXeONO + %0,
2FXeNO, —> XeF, + Xe + N0,
FXeNO, —> NOJF + Xe

2FXeONO ——> XeF, + Xe + N,O,
EXeONO —> NO)F + Xe

Xe(ONO,), —> Xe + N0,

Xe(ONO,), —> Xe + N;Os + %0,

XeF, + HNO; —> FXeONO, + HF
FXeONO, + HNO, —> Xe(ONO,), + HF
FXeONO, + AsF; ——> XeONO," + AsFys
XeONO," —> Xe + %0, + NO,*

XeF, + AsF; —> XeF" + AsFy

FXeONO, + AsF; —> XeF' + AsF,ONO,”

Gas-phase AH®, AG®, AH,gs 15, and AG9s 15 for the Synthesis and Decomposition Reactions of FXeONO,,
Xe(ONO,),, XeONO, ", and N,Og (MP2/aug-cc-pVTZ and aug-cc-pVTZ(-PP))

AH° AHigs15 AG® AGigsis €q (9)
~1237 ~124.5 ~1514 ~141.9 2
-18.4 -18.4 -45.0 -35.9 3
~142.1 ~142.8 ~196.4 ~177.8 2+3
533 52.6 26.5 35.7 4
63.2 62.4 379 46.5 5
~261.5 ~261.0 ~278.5 —272.6 6
-188.4 ~187.6 2176 -207.4 8
~281.2 -280.5 ~301.2 -294.2 9
~198.3 ~197.4 -229.0 ~218.2 10
~122.2 ~122.5 ~151.4 ~141.4 13
-140.6 ~140.9 ~196.4 -177.2 4+13
~17.9 213 -17.6 202 11
~19.3 233 175 208 12
359.0 358.7 365.0 362.9 19
~142.7 -143.0 ~189.5 -173.4 21
4932 493.4 499.9 4977
522.0 521.8 527.4 525.5 25
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9.2.2. Reactions of XeF; with HNO;. Attempts were made to prepare FXeONO; and
Xe(ONO,); by reaction of XeF, with HNO;. Xenon difluoride was allowed to react with
2 equiv of 100% HNO; in SO,CIF solution. NMR spectroscopy at —30 °C in SO,CIF
solution revealed XeF, (1684 ppm, 'J(’F-'"*Xe) = 5630 Hz) and Xe gas (—5374 ppm)
in the '®Xe spectrum, and only XeF, (~183.4 ppm, 'J(’F-'*Xe) = 5633 Hz) and HF
(-180.2 ppm, Avy, = 550 Hz) in the "°F spectrum. Although the gas-phase syntheses
(Table 9.1) for FXeONO, (eq 9.11, AG® = —17.6 kI mol”!, AGgs1s=  —20.2 kJ mol™)
and Xe(ONO,); (eq 9.12, AG® = -17.5 kJ mol™", AGyos1s = —20.8 k] mol™) are near
equilibrium, their rapid decompositions (FXeONO,, eqs 9.2 and 9.3 or eqs 9.4-9.10;

Xe(ONOy),, eq 9.13 followed by eq 9.3) may preclude their observation by NMR

XeF, + HNO; —> FXeONO, + HF (9.11)
FXeONO, + HNO; —> Xe(ONO,); + HF (9.12)
Xe(ONO,); —> O,NOONO, + Xe (9.13)

spectroscopy. Although FXeONO, and/or Xe(ONO;); could account for the
decomposition products observed by NMR spectroscopy, in either case, the degree of
reaction must have been small because neither decomposition product, N2O4 or N,Os,
was observed in the Raman spectrum. Rather, XeF,-HNO; crystallized between —40 to
—60 °C from SO,CIF solution and was characterized in the solid state by Raman
spectroscopy and by single-crystal X-ray diffraction.”***® These findings indicate that if
Xe(ONQ,), forms, it is inherently unstable toward decomposition. The gas-phase

thermochemical calculations (Table 9.1) show a large negative Gibbs free energy for the
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spontaneous decomposition of Xe(ONO,), to Xe and the unstable intermediate, N2Og (eq

9.13, AG° =—151.4 kI mol™", AGygs.15 =—141.4 kJ mol™).

9.2.3. Reactions of XeF; and [XeF][AsF¢] with N,Os. Attempts to react XeF, or
[XeF][AsFs] with N,Os in SO,CIF to give FXeONO; and/or Xe(ONO,), were monitored
by Raman spectroscopy. A 1.5:1 mixture of XeF, and N,Os that was warmed stepwise
from —40 to 10 °C showed essentially no reaction, with only a small amount of N,Os
decomposition to N,O4 and subsequent formation of XeFyNyOy. 2286 However, at —78
°C, equimolar amounts of [XeF][AsFs] and N,Os formed a transient orange, clumpy
mixture which was consistent with [Xe;OF3;][AsF¢] formation (eq 9.14). Gradual
warming of the reaction mixture above —30 °C to dissolve N,Os resulted in a white
product. Low-temperature Raman spectroscopy showed a mixture of XeF,, [NO,][AsFs],
and unreacted N,Os and the absence of FXeONO;. The [Xe3;OF;][AsFg] salt, which is
known to be unstable above —30 °C"* likely decomposed (eq 9.15) to form XeF,, O, Xe,
and [XeF][AsFs]. The latter would then re-enter the cycle (eqs 9.14 and 9.15) until
completely consumed.

3[XeF][AsFs] + NOs ——> [FXeOXeFXeF][AsFs] + 2[NO][AsFs] (9.14)

[FXeOXeFXeF][AsFs] —> XeF, + %0, + Xe + [XeF][AsFg] (9.15)

9.2.4. Reaction of XeF, with N;O,. Dissolution of XeF, in liquid N,O4 at 0-30 °C
resulted in NO,F formation (eq 9.16; 5('°F), 397.8 ppm at 30 °C). A small, steady-state

concentration of FXeONO, was also observed which apparently arose as a result of the
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self-ionization of N>O4 (eq 9.17) and the reaction of XeF, with NOs™ (eq 9.18). The self-

ionization of N,O4 has been inferred by electrical conductivity

N2O; + XeF, —> 2NOJF + Xe (9.16)
N,O4 «==- NO"+NO;" 9.17)
XeF; + NO' +NO; —> FXeONO, + NOF (9.18)

—1

measurements (2.36 x 1072 Q7' cm™ at 17 °C)*®° and by measurement of the self-

ionization constant of N,Oy in sulfolane at 30 °C (K0, = 7.1 x 107 mol L™").**° The
small steady-state concentration of the NO; anion (eq 9.17) and the instability of
FXeONO; (egs 9.2-9.10) at room temperature (vide supra), account for the low product
concentrations.

Dissolution of XeF, in liquid N>O4 at 35 °C also resulted in the formation of
XeF3'N,04, which was observed by Raman spectroscopy of the frozen mixture at —160
°C (see 9.2.7.1, Raman Spectroscopy). The molecular addition compound, XeF2'N,Oa,
crystallized from a solution of XeF, in N,O4 at —3 °C and was characterized by single-

crystal X-ray diffraction.”%¢

9.2.5. Reaction of FXeONO; with AsFs. In an attempt to form a salt of the XeONO,"
cation, a mixture of FXeONO, and XeF, was allowed to react with excess liquid AsFs at
—78 °C. The reaction was monitored by low-temperature Raman spectroscopy over a
period of 24 h and showed that AsFs reacted with XeF, to yield [XeF][AsFs], but
FXeONO, did not react. Warming the reaction mixture to —50 °C for 12 h with periodic

quenching and monitoring of the spectrum by Raman spectroscopy at —160 °C showed
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[XeF][AsFs] and [NO;][AsF¢] were the only products. The findings are consistent with

the formation of an unstable XeONO," salt (eq 9.19) that rapidly decomposed according

to eq 9.20.
FXeONO; ) + AsFsg ——> [XeONO;][AsF¢s) (9.19)
[XeONO,][AsFsls) —> [NO:][AsFels) + Xeg + %202 (9.20)

Thermochemical calculations for the gas-phase reactions (Table 9.1) show there is
a considerable barrier to fluoride ion abstraction from FXeONO, by AsFs to form
XeONO," and AsFs (eq 9.19 in the gas phase, AH® = 359.0 kJ mol™, AG® = 365.0 kJ
mol‘l; AHi9s15s = 358.7 kJ mol_l, AGiesis = 3629 kJ mol"l), but this barrier is
considerably less than that for the gas-phase abstraction of fluoride ion from XeF, by
AsFs (AH® = 493.2 kJ mol™!, AG°® = 499.9 kJ mol™’; AHyss15 = 493.4 kJ mol, AGigs 15 =
497.7 kJ mol™). Volume-based thermochemical (VBT) calculations have been used to
arrive at the thermodynamic properties of these systems in the solid state (see Solid-State
Thermochemistry in Appendix 6), and show that the fluoride ion abstraction is essentially
mitigated by the lattice enthalpy of [XeONO;][AsFs]. Once formed, the gas-phase
XeONO," cation has a large negative Gibbs free energy that accompanies its spontaneous
decomposition to Xe, O, and NO," (eq 9.21, AH® = —142.7 kJ mol', AG® = -189.5 kJ
mol™'; AHyos.1s = —143.0 kI mol ™', AGyes1s=—-173.4 kI mol™).

XeONO; ) —> Xeg + %02 + NOy'( (9.21)

The thermochemical parameters were also determined for eq 9.20 by application
of VBT (see Solid State Thermochemistry in Appendix 6). The appropriate

thermochemical cycle (eq 9.22) using the gas-phase standard enthalpy, AH°(9.21)) (Table
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9.1), and Gibbs free energy, AG°(9.21), according to eqs 9.23 and 9.24 show that the
solid-state decomposition of [XeONO,][AsFs] (eq 9.20) is significantly more exothermic
than the gas-phase decomposition of the XeONO," cation (eq 9.21).
AH°(9.20) = AH°(9.21) — AH°1(INO,][AsF¢]) + AH°L([XeONO,][AsFs])

=—188 kJ mol™’ (9.22)
AS°(9.20) = S°(INO,][AsFe]) + S°(Xeg) + ¥25°(Oaq)) — S°([XeONO,][AsFs]s)

=207 Jmol™ K (9.23)
AG°(9.20) = AH(9.20) — TAS®(9.20) = —250 kJ mol (9.24)

The gas-phase reaction (eq 9.25) has also been considered and is shown to be

considerably more endothermic (AH® = 522.0 kJ mol ™!, AG® = 527.4 kJ mol *; AHigs.15 =
521.8 kJ mol™!, AGigs.15 = 525.5 kJ mol ") than the gas-phase counterpart of eq 9.19, and
therefore it has not been considered as a likely alternative reaction pathway.

FXeONO, + AsFs —> XeF" + AsFsONO," (9.25)

9.2.6. Synthesis and Reactivity of O(XeF);. The crystal structures of both Xe;OF;"
salts have been obtained in which the cation is comprised of a FXeOXe---FXeF zig-zag
chain. The long contact (2.510(8) A, As; 2.508(7) A, Sb)’"' between xenon and the
bridging fluorine atom suggests that XeF, may be readily displaced from Xe;OF;" by a

suitable oxidatively resistant base according to eq 9.26, where M = K or NO.

+ 9.26
0 //J\ ] ©26)

~
e e + OMIFI — o Nye  + XeF,

\F - 7 F

AsFg + [MI[AsF]

Xe
F/
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Reac;cion of the magenta-colored solid [Xe3;OF;][AsFs] with liquid NOF at —78 °C
afforded a pale blue-colored solid/liquid mixture, which yielded a pale yellow solid upon
removal of excess NOF under dynamic vacuum at —78 °C (eq 9.27). The blue color

[Xe3OF3][AsFs] + NOF ——> O(XeF), + XeF, + [NO][AsFs] (9.27)
presumably resulted from traces of N,03,2* that arose as a result of an excess of NOF,
according to Scheme 9.4. The dry product mixture was found to be stable indefinitely at
temperatures at or below —30 °C.

In addition, because an excess of NOF was used to react with [Xe3OF3][AsFg],
products from the reaction of [Xe;OF3][AsFs] with the NO>F impurity (ca. 3%) in the
NOF sample could be observed in solution by 70, °F, and '®Xe NMR spectroscopy
(FXeONO,), and in the solid state by low-temperature Raman spectroscopy (XeF2-N,O4).

Syntheses that employed '*O-enriched (98.6%) [Xes'*OFs][AsFs] confirmed the
results derived from the natural abundance reaction, but further demonstrated that peaks
assignable to the N'®0" cation were observed by Raman spectroscopy (see 9.2.7.2,
Raman Spectroscopy). The N'®0* cation likely results from a minor exchange pathway in
the solid state (Scheme 9.5) or in ONF solution (Scheme 9.6). Oxygen isotope scrambling

was also observed in CH3CN solution by NMR spectroscopy.

9.2.7. Raman Spectroscopy. The low-temperature, solid-state Raman spectra of
FXeONO, and O(XeF), are depicted in Figures 9.2 and 9.3, respectively. The
experimental and calculated frequencies and their assignments are listed in Tables 9.2—
9.4 and Tables A6.1 and A6.2. The spectra were calculated using the aug-cc-pVTZ(-PP)
basis set at the B3LYP, PBE1PBE, and MP2 levels of theory and the experimental trends
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Scheme 9.6. Proposed pathway for the formation of the "*ON" cation in ONF solvent.
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Table 9.2. Experimental Raman Frequencies and Intensities for FXe'°0'*N'°0,, FXe'O"N(*0'%0), and FXe'O’N'®0,

. -1
frequencies, cm

FXel6014N1602 FXel6OI4N(160180) FXel6015N1602
exptl®® exptl™* AVII84 exptl® AV assgnt (C;Y
1578.8(12) 1567.4b(6) y —11.4 1543.2(1) 356 ,
15717016) | 1561.8ox7h) | 99 153662y | 351 vi(A), (NO - NO)
1278 Tor(2)
1285.5(5) 1263.2br(2) ,
1262.1017) } 1244 61 -16.6 1246.7(8) ~15.4 vo(A"), W(NO + NO)
1242.5bx(4)
882.9(3) 873.4br(2) 95 v3(A), Y(Oxe~N) + 5(NO,)
769.4(2) 766.1(1) 33 Vio(A"), pw(NO3)
725.2(11)
718.4(18)
725.5(49) nrian | 9@ 732®) 23 v4(A), (Oxe~N—0) + p(NO3)
7016011
684.3(4) |
676.6(6) 690.3(100)% , B
685.4(15) a10) L -109GY  cgysien | 15 v§(A), Y(Oxe—N) — 5(NOy)
663.13) |
503.8(54) 503.5(54) 03 503.6(14) 02
478.1(100) } 277001000} 11 478.4(73) } 0.3 Ve(A), v(Xe-F)
318.9(23) 315.0(17) 39 317.9(4) 1.0 ,
312.7(37) b 307206) |y 310904 | 18 VA, v(Xe=0) + p{NO3)
220.6(15) 218.6(15) 2.0 220.3(10) 03 Vi1(A"), p(F—Xc—O)
146.9(14) 145.4(11) 15 146.4(8) 0.5 V(A"), 3(F=Xe—-0) + p(NO3)
102.2(11 101.1(8 11
93.6(1(6)) } 91.7(%73 19 Vo(A), H(F-Xe=0) = p{(NOs)
64.3(11) 62.8(5) 15 vix(A"), p; about Xe=0 bond

“ Relative Raman intensities are given in parentheses. Abbreviations denote shoulder (sh), and broad (br). b Two modes
were also observed at 1448.3(<1) and 1410.3(2) cm ™’ and were tentatively assigned as combination modes.  Three modes

were also observed at 1436.1(<1), 1410.7(1) and 1362.4(1) cm™" and were tentatively assigned as combination modes. d

AV = y(B0) — v(*%0). ¢ AV'*!® = y(**N) — v(**N). / Abbreviations denote stretch (v), bend (3), twist (py), wag (pw),
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Table 9.3. Calculated” Vibrational Frequencies, Raman and Infrared Intensities for FXe'®0"N'0,, FXe'®0*N'®0,,
FXe'*0"“N™0,%0s, FXe'S0"“N!60,'®0s, FXe!*0*N'80, %05, FXe'*0'“N'60,'805 and FXe'*0'SN160, ?

FXe"ON"*0, FXe*ON"0, Al FXeMON®0,80; AVEAY FXe®ONU0f0s  A'¢ FXeBON"0,%0s A FXe®ONY020s AP FXeO™NO, AWISh - assgnt
1657.5(63)[329]  1657.3(63)[329] —02  1640.4(58)[314]  -17.1  1647.4(65)[330]  -10.1  1640.1(58)[314] -174 1647.01(65)[330] 104 1619.561)[317] -380  wi(A)
1300.5(13)[373]  1300.6(14)[379] 0.3  1279.704)[388]  —21.2  1273.810)[381]  -—27.1  1279.5(14)[394] 214 12735(1D[386] 274 1286.1(14)[331] -148  vyA)
880.0(3)[330]  874.1(3)[302] 59  869.3(3)[319] -10.7  868.3(3)[319] -117  862.6(3)[290] -174 861.7(3)[290] -183 867.1(3)[333] 129 wi(A)
7823(0.[10]  780.3(<0.[10]  -2.0  7783(<O.D[10] 4.0 778.3(<0.1)[10] 40 776.3(<0.1){10] 6.0 7763(<0.1){10] 6.0 T6L.9<D10] 204  vi{A™)
7193(16)[16]  695.5(12)[13] 238 713.0015)[15] -63 712.2019)[22] 71 688.9(11)[11] 304 687.9(14)[18] -314 718.0(16)[18] 13 va(A’)
666921)[68]  642.0(20)[70] 249 659.7(23)[66] -12 659.8(19)[56] 11 635.2(21)[69] 317 635.6(18)[59] -313 666.921)[69]  —00 vs(AY
5102(4)[255]  510.7(54)[259] 05 510.8(55)[254] 06 510.9(54)[256] 0.7 510.6(55){256] 04 510.7(54)[258] 05 5109(50)[2571 07 ve(A)
3168028)[31] 311.6(28)[30] 52 310.4(26)[30] 64 315.4(28)[31] -14 305.2(26)[29] -116 309.9(28)[31] -6.9 3162027M[30] 06 v{A)
203.1(<1)[9] 198.7(<1)[9] 44 2033(<D)[S] 02 203.5(<1)[9] 04 198.5(<1)[9] 4.6 198.7(<1)[9] 44 203.5(<1)[9] 04 vi(A%)
198.0(8)[6) 197.7(®)[6] -03  1983(8)[6] 03 195.2(7)[6] -28 197.3(3)6] 0.7 194.3(7)[6] 3.7 198.08)[6] 0.0 vi(A”)
116.1(3)4] 116.0(3)[4] 01  1156(3)[4] -05 114.73)[4] -14 1153(3)[4] 0.8 114.403)l4] -17 116.1(3)[4] 0.0 ve(A)
739(<1)[2] 733(<D)1] 06  721(<0.0[] -18 7351021 -04 TLA<DIL] -2.5 72.8(<D)1] 11 74.0(<1)[2] 01 V(A"

“ B3LYP/aug-cc-pVTZ(-PP). Values in parentheses denote Raman intensities (A* u™). Values in square brackets denote

infrared intensities (km mol ™). ® A denotes '°0 anti and S denotes '®0 syn with respect to the O—Xe—F group. ¢ Av
v(FXe'®ON®0,'%05) — w(FXe'ON'0,). ¢ AV'YE =

v(FXe'®ON'°0,) -  v(FXe'*ON"0,). =
V(EXe'®ON'0,%05) — V(FXe'®ON™0,). 7 AVI9™¥18 = y(FXe®ON'™0,%05) — v(FXe'®ON'0,). 8 Ay!¢/1818s
V(FXe'®ON'%0,205) — v(FXe'*ON'0,). * Av¥!® = v(FXeO'’NO,) — v(FXe'®*ON'®0,).

16/18
d AV a

16/18 _
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Table 9.4. Experimental and Calculated” Frequencies for O(XeF),

frequencies, cm™

exptl’ calcd®®

lGOc,a' 17Oc,d 1800 160 170 180 a.SSigntS (sz)e
gf‘?[:ggg) 5323 sh giézgé) } seasaoysis]  s4s70)B17] 5344®)315] vi(Ba), Vas(XeO)2
e me .y - | siiacoyes)  siiacsies]  510.1¢60)64] Vi(A), vi(XeO), — v XeF),
ﬁ;zg&m 427.4(100) ﬁg:gﬁg;’) } wrasnis) A21573)7] 412.1(67)[8] va(A), ve(XeO)s - ve(XeF)s
2(1)2:282)) Zgg:;gg } 460614021  470.002)[301]  470.0022)[380]  ve(Ba), vas(XeF):
235.6(1)  2289(5)  227.4(2) 28025  214HO.D[25]  21L5(<0.1)[24]  v(By), S(FXeO) 0.0.p.
193.1(10)  193.0(72)  193.1(18)  17L47)5] 172.6(T)[5] 172.6(8)[5] vs(Ay), S(FXeO + S(FXeO)
173.7(2) 173.736)  173.703) 151.3(2)[0] 152.0(2)[0] 151.9(2)[0] vs(As), p(FXcO)
1593(6)  159.3(64)  1593(11)  1473(<1)[1] 148.0(<1){1] 147.9¢<D)[1] va(B2), S(FXeO — 5(FXe0)
62.4(2) 622(18)  62.4(4) 60.1(9)[3] 60.2(9)[3] 60.1(8)[3] va(Ay), 5(XeOXe)

? B3LYP/aug-cc-pVTZ(-PP). bValues in parentheses denote Raman intensities (A* u™). Values in square brackets denote
infrared intensities (km mol™). ® A denotes '%0 anti and S denotes 'O syn with respect to the O—Xe—F group. © The
abbreviations (sh) and n.o. denotes a shoulder and not observed, respectively. 4 The abbreviations denote stretch (v), bend
(8), twist (py), and out-of-plane (0.0.p.). Bond elongations and angle openings are denoted by plus (+) signs and bond

contractions and angle closings are denoted by minus (—) signs.
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were reproduced at all levels. Calculated values referred to in the ensuing discussion are
those obtained at the B3LYP method.

The spectral assignments for FXe'*0'"N'60,, FXe16014N(160180), and
FXe'®0"°N'®0, were made by comparison with the calculated frequencies and Raman
intensities for all possible '¥*#0-isotopomers (Table 9.3).
9.2.7.1. FXeONO,. The FXeONO; molecule (Cs; symmetry) possesses 12 fundamental
vibrational modes that span the irreducible representations 9A’ + 3A”, which are Raman
and infrared active. The four FXeONO, molecules in the crystallographic unit cell have

C; site symmetry. A factor-group analysis for FXe'°ON'®0, (Table 9.5) predicts that each

Table 9.5.  Factor-Group Analysis for FXeONO,

free FXeONO, crystal site unit cell
() ) €

Ag Vi Vi 3T, 2R (-R) }
R

Bg v, = v, 3T, R (-2R)
4(V1 \«".,) 8T 4R A’ \ /

4(v,,- v,), 4T, SR A"
Au Vi = Vi, 2Ts 3R ('T) }

B, v,~v.,T 3R (-2T)

gas-phase Raman- and infrared-active mode of FXeONO, is split, as a result of
vibrational mode coupling within the centrosymmetric unit cell (C,;, unit cell symmetry),
into a maximum of two Raman-active (A; and B,) and two infrared-active (A, and B,)
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components. Accordingly, two components were resolved for every stretching mode of
the natural abundance molecule except for v(Oxe—N) + 3(NO,).

Vibrational frequencies calculated at all levels of theory (Tables 9.3 and A6.1)
reproduced experimental frequency and 'O isotopic shift trends for FXe'°O*N'0,,
FXe'°O"N(*°0'%0), and FXe'°0°N'0, given in Table 9.2. The calculations clearly
show that the experimental '*O-enriched spectrum is not that of FXe'®*ON'®0, because, in
this case, near-zero isotopic shifts are predicted for vi(A’), v(NO — NO) and v,(A"), v(NO
+ NO) at 1576 and 1274 cm™, respectively. The FXe'*ON(*°04'%0s) and
FXelSON(wOslSOA) conformers (A denotes '®O anti and S denotes '®O syn with respect
to the O—Xe—F group) are also eliminated because, in contrast with the observed average
o) isotopic shifts of —9.9 and —10.9 cm™’, respectively, a significantly larger isotopic
shift (-31 cm™) is predicted for both v4(A’) and vs(A"). The experimental '*O-enriched
spectrum has therefore been assigned to an equimolar mixture of FXe'®*ON(*0,"05) and
FXe'*ON(*%0s'%0,) conformers and establishes that scrambling of '*0 among the bridge
site and terminal sites does not occur.

The Raman spectra of FXelGON(mO AISOS) and FXelGON(mOslSOA) exhibit levels
of complexity that are not reproduced by the calculated spectra. The calculations show
that the only modes where the syn- and anti-conformers might be differentiated are v,
and v,, with calculated splittings of 7 and 6 cm™, respectively. However, these splittings
are not resolved in the experimental spectra but are manifested on the factor-group split
vi and v, bands as significant line broadenings (Figure 9.2). The attribution of these

broadenings to equal populations of the FXe!®*ON(*°0A'®0s) and FXe!®*ON(*%05'%0,)
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conformers is supported by the spectrum of FXe'®*ON'°0, (Figure 9.2), which displays
narrow factor-group split bands for v, and v,. Moreover, '®0O isotopic enrichment does
not result in similar line broadenings on bands other than the symmetric and asymmetric
NO; stretching bands.

In the case of FXe'SON('°0'®0), additional line splittings are observed for vi, v,
v4—Vv7, and vo, which are attributed to lowering of the “vibrational unit cell symmetry” of
FXe'®*ON'0, from Cy, symmetry to lower noncentrosymmetric unit cell symmetries.
Symmetry lowering in the unit cell results from the combinations and permutations of
FXe'*ON(%0,"%0s) and FXe'®ON(*°0Os'®0,) isomers that occur among the four
vibrationally coupled molecules of the crystallographic unit cell, giving rise to 16 unit
cells having the following symmetries (relative weights are given in parentheses): Cy, (2),
Ci (2), Cs (2), C; (2), and C; (8). With the exception of the Cy; and C; symmetric cells, the
remaining 12 unit cell symmetries are not centrosymmetric with respect to the syn-/anti-
conformations of °0 and 0 in their NO, groups. As a consequence, the counterparts of
the formally Raman-inactive and infrared-active A, and B, components in the factor-
group analysis of FXe'®ON'®0, are both infrared and Raman active under C; (A"), C,
(B), and C; (A) unit cell symmetries (Table 9.6), potentially doubling the number of
factor-group split lines that can be observed when compared with the spectrum of
FXe'°ON'®0,. Although the additional factor-group components that correspond to A,
and B, under C,;, symmetry are not resolved for vy, vs, v7, and vy, they are resolved for v,
vs, and vs, which exhibit the predicted four-line splittings consistent with

noncentrosymmetric unit cell symmetries. The vibrational modes of the remaining two
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Table 9.6. Factor-Group Analyses for FXe'®*ON'®0, and FXe'®*ON'¢0"0

free FXeONOQ, Crystal site unit ceil
C C, C.
A, v~ vy, 3T, 2R (-R)
Ra
B, v,-v,3T,R(-2R)
4(\% . v‘,), 8T, 4R A /
—
vy - vy,), 4T, 8R A" \
A\s Vi = Vin 2Tx 3R ('T)
IR
B, v, -v, T 3R{2T)

“Z=4;, P2

Factor-group analyses for the symmetry-reduced unit cells resulting fram “O-substitution on the -NO, group of FXeONO,
to give unit cells (Z = 4) comprised of mixtures of FXe"ON“0,"0, and FXe"ON"0,*0,, where A denotes anti and S
denotes syn about the N-O bridge bond and with respect to the O-Xe-F group.

C C, ¢,
Avi-v) 8TAR A —0 / A, 2(v,-v,), BR(-3R) Ra
VAT ER A T AL 2-vp).9T(3T) R
C. C C

4(v,-v,), 8T, 4R A’ \\ / A" 2{v, - v,,), SR {-R), 4T (-2T) }
Ra, IR
Avo-v) ATEBR A” — A 2(v, - v,;), 4R (-2R), 5T (-T)

c ¢ ¢
4(v,-v,), 8T, 4R A’ A A%V SRER)LSTED)
> Rs, IR
4(vyp- v,2), 4T, 8R A" T B 2(v,- o) 4R (2R), 4T (2T)
¢ ¢ ¢
4(v,-v).8T, 4R A’
> A A 4% -ve)9R(3R),9T(3T)  Ra R

(v - vi), 4T, 8R A"
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centrosymmetric unit cells having C; symmetry belong to A, and A, representations
(Table 9.6). Factor-group analyses of the C; symmetric cells predict that each vibrational
band of free FXeONO; will be split into two Raman-active Ag and two infrared-active A,
components. As in the case of FXe'°ON'®0,, the two remaining centrosymmetric unit
cells possessing Cy, symmetry will give rise to two Raman-active (A, and B,) and two
infrared-active (A, and B,) components (Table 9.6).

These observations establish that '%0 is exclusively terminally bonded to nitrogen
and is not scrambled among the terminal and bridge oxygen sites of FXeONO, when the
latter molecule is synthesized by the low-temperature reaction of FXe'®*OXe---FXeF"
with NO,F, in accordance with the reaction mechanism proposed in Scheme 9.2. A weak
band at 1362 cm™ (Table 9.2 and Figure 9.2) also appears in the '*0-enriched spectrum
of FXe'SON(**0'®0) and the products that result from Scheme 9.2. The band is assigned
to the in-phase '®ON'O stretch of the mixed cation in [*ON'®O][AsFs] which arises
according to Scheme 9.3. The band is shifted 34 cm™ to low frequency of v¢(NO,) in
[N'%0,][AsFs] and is in good agreement with the calculated 'O isotopic shift of —42 cm™’
for "'ON'®0" (Table A6.3). Both the out-of-phase '*ON'°0 stretch and 8(**0ON'°0) are
predicted to be weak, with 5('*ON'°0) displaying a small isotopic shift (-6 cm™), but
neither was observed.

The highest frequency modes of natural abundance FXeONO, occur at 1571.7,
1578.8 cm™' and 1262.1, 1285.5 cm™ and are assigned to the factor-group split v(NO —
NO) and v(NO + NO) stretches, respectively. These bands exhibit the greatest sensitivity

to "0 and N substitution, displaying substantial isotopic shifts upon 'O or N
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enrichment (180, -9.9,-11.4 and —16.6 cm ", respectively; >N: —35.1, —35.6 and —15.4
cm™!, respectively), which are in good agreement with the calculated isotopic shifts (**0,
~13.6, and —24.2 cm'; '°N: —38.0 and —14.8 cm ™, respectively). The bands assigned to
v(Oxe—N) + 8(NO,) (882.9 cm™), 8(0xe—N-0) + p(NO,) (725.5 cm™), and v(Oxe—N) —
8(NO,) (685.4 cm™) also exhibit significant sensitivities upon '*O substitution (—9.5,
~9.9 and —10.9 cm™, respectively), in good agreement with the calculated shifts (—11.2,
—6.7 and —7.1 cm™, respectively). The band assigned to pw(NO3) (769.4 cm ) shifts only
~3.3 cm™ to lower frequency, in good agreement with the calculated value of —4.4 cm™.
The v(Xe—F) stretching band is also factor-group split (478.1, 503.8 cm™) and is readily
assigned because it is the most intense feature in the spectrum and because the bands are
insensitive to both >N and '®0 substitution.

The bands assigned to v(Xe—O) + pw(NOs) (312.7, 318.9 cm™) exhibit a
significant '°0/"0 isotopic shift (5.5, 3.9 cm™), with a much smaller MN/PN isotopic
shift (-1.8, 1.0 cm ™), in agreement with the calculated shifts (**0, 3.9 cm™; °N, —0.6
cm™"). The modes occurring below 221 cm™ were readily assigned with the aid of the
calculated vibrational frequencies and showed no or very small isotopic dependencies, as

expected for low-frequency bending and rocking modes.

9.2.7.2. O(XeF),. The O(XeF), molecule (C>,) possesses nine fundamental vibrational
modes belonging to the irreducible representations 4 A; + A; + 3 By + By, all of which
are Raman active and all but the A, mode are infrared active. The stretching modes are

each split two bands, presumably as a result of vibrational coupling within the unit cell
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(Figure 9.3 and Table 9.4). The highest frequency modes at 547.4 and 558.5 cm™" are
assigned to the v,(XeO); stretch, which display a substantial low-frequency shift (—28.3,
—26.6 cm™') upon substitution of 0, in good agreement with the calculated '*'*0
isotope shift (-29.4 cm™"). The v4{(XeO), mode is coupled to v{(XeF), with the out-of-
phase component, vs(XeO), — vs(XeF),, predicted at higher frequency with a negligible
calculated '¥'*0 isotopic shift (-14 cm™), and the in-phase component, vy«(XeO), +
vs(XeF),, predicted to be the most intense mode in the spectrum, at lower frequency, and
with a substantial calculated '¥'®0 isotopic shift (—19.3 cm™). In the experimental
spectrum, the shoulder at 498 cm! and a band that overlaps with vy(XeF,) of XeF; at
496.8 cm™ are assigned to the out-of-phase mode which displays a small '*'®0 isotopic
shift of ~4 cm™ while the bands at 433.1 and 437.7 cm™ are assigned to the totally
symmetric in-phase with ''80 isotope shifts of ~15.2 and —14.8 cm™, respectively, in
agreement with the calculations. The v,(XeF), mode is not significantly coupled and
appears at 406.6 and 416.7 cm ™, displaying small '**®0 isotopic shifts of —3.4 and —7.2
cm’’, respectively, in agreement with the calculated shift (0.4 cm™), as expected for a
mode in which the oxygen atom is not expected to have a large displacement. However,
the frequency of v,(XeF), is substantially overestimated in the calculations. The
remaining modes have been assigned as bending and twisting modes, and only the bend
at 235.6 cm™ displays a significant isotopic shift of 8.2 cm™, compared to the expected
shift of 6.6 cm ™.

The '*0-enrichment experiments have also provided valuable information about
the reaction pathway of [Xe;OF3][AsFs] with NOF, as enriched N'*0" was observed in
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the Raman spectra. The v(NO) stretch for N'*0* occurs at 2196.8 cm™ and displays an

isotopic shifts of 56.7 cm™' relative to N'0O" (calculated shifts, 63.8 cm™).

9.3. Conclusions

The synthesis and structural characterization of FXeONO; confirms the ability of
the nitrate ligand to stabilize the +2 oxidation state of xenon. The present synthesis of
FXeONO, from [FXeOXeFXeF][AsFs] and NO,F is the only synthetic route presently
known that yields isolable amounts of FXeONQO, and provides an interesting synthetic
application of the Xe;OF; cation, the only known oxide fluoride cation of xenon(II).
Raman and NMR spectroscopic studies, as well as an X-ray crystallographic study, show
that FXeONO; is strongly covalently bound to xenon, which is corroborated by gas-phase
quantum-chemical calculations. The mechanism leading to the formation of FXeONO,
has also been explored using '*O-labeled [FXe'®0OXeFXeF][AsFs]. The exclusive
occurrence of FXe'SON(*°0"%0) as the labeled product is consistent with the formation of
80(XeF), as a reaction intermediate. The absence of '¥'80 isotopic scrambling among
the oxygen sites of FXeONO, was confirmed by factor-group analyses of the 16
isotopomeric crystallographic unit cells that result from syn-/anti-isomerization,
FXe'SON('%04"%05)/FXe'®*ON(*°05'®0,), among the four FXeONO, molecules of the
unit cell. A second pathway for oxygen exchange between FXe'°ON(*°0'®0) and N'°0,"
led to the formation of a minor amount of '*ON'*0".

The calculated AH and AG values at 298.15 and 195.15 K show that the gas-phase

decompositions of FXeONO, and Xe(ONO,), are spontaneous for all reaction channels
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considered and are consistent with the experimental decomposition products. Although
the gas-phase thermochemical parameters for the reaction of FXeONO, and AsFs to form
XeONO," and AsFs is very endothermic and nonspontaneous, the low-temperature
experimental reaction of FXeONO; with liquid AsFs is spontaneous, forming
[NO;][AsF¢], Xe, and O,. The sought-after [XeONO,][AsF¢] salt was not observed as an
intermediate by low-temperature Raman spectroscopy. The findings are consistent with
volume-based thermodynamic calculations which indicate that, while the reaction of
FXeONO; and AsFs to form [XeONO,][AsFs] is spontaneous under standard conditions,
the salt is unstable with respect to the observed decomposition products.

The missing neutral oxide fluoride of xenon(Il), O(XeF),, has also been
synthesized, showing marked stability at temperatures at or below —30 °C. The '"O- and
80-enrichment studies have also provided useful mechanistic data, allowing for an
explanation for the redistribution of enriched oxygen among NO". The compound has
been characterized in the solid state by Raman spectroscopy, and shows the expected
isotopic shifts upon '®O-substitution. The Raman characterization and mechanistic data

from O(XeF), has also assisted in establishing the formation mechanism of FXeONO,.
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CHAPTER 10

Conclusions and Directions for Future Work

10.1. Conclusions

The missing Xe(IV) oxide, XeO,, has been synthesized at 0 °C by hydrolysis of
XeF4 in water and 2.00 M H»SOsnq and characterized by low-temperature Raman
spectroscopy. The Raman spectra of XeO, amend prior vibrational assignments of xenon
doped SiO;, and are in accordance with prior speculation that xenon depletion from the
Earth’s atmosphere could occur by xenon insertion at high temperatures and high
pressures into SiO; in the Earth’s crust.

A reliable synthetic route to bulk amounts of the precursor oxide fluoride, XeOF>,
and a thorough characterization of the compound was lacking in the literature but has
now been obtained with XeOF,, F,OXeN=CCH;, and XeOF,#HF having been
characterized in the solid state by Raman spectroscopy. Xenon oxide difluoride has now
been characterized in CH;CN solution by °F, 70, and **Xe NMR spectroscopy. The
low-temperature X-ray crystal structure of F;OXeN=CCHj represents a rare example of a
Xe(IV)-N bond.

The development of a reliable synthetic protocol for XeOF; has extended Xe(IV)
oxide fluoride chemistry by the study of the Lewis donor and acceptor properties of
XeOF,. Reaction of XeOF, with fluoride ion sources such as CsF or the so-called “naked
fluoride ion source,” [N(CH3)4][F], have yielded the corresponding anion, XeOF3 . The

calculated anion geometry is based on a square planar AX3YE, VSEPR arrangement with
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the longest Xe—F bond trans to the oxygen atom. The electron-pair donor abilities of
XeOF, towards Lewis acids such as [XeF][AsF¢] and in superacidic media such as
HF/AsFs and HF/SbFs were also examined and resulted in [H(OXeF,),][AsFs],
[FXe"(OXeVF,),][AsFs] (n = 1, 2), ([XeFsHF][SboF11])2[HsF4][SbFs], [XeFs-HF]
[SboF11], and [XeF3][SbFe] salts. The [H(OXeF,),][AsFs] and [FXe"(OXe™F,),][AsFe]
have been synthesized and structurally characterized in the solid state by low-temperature
Raman spectroscopy and quantum-chemical calculations while [XeF;-HF][SbyFy],
([XeF3 HF][SbyF11])2-[HsF4][SbFe], and [XeF;][SbFe¢] were characterized by single-
crystal X-ray diffraction. Vibrational frequency assignments for all of the aforementioned
compounds were aided by '*O enrichment, and where appropriate by “H enrichment.

In related noble-gas adduct chemistry, the syntheses of XeF, and KrF; adducts
with the BrOF," cation have been completed and have been characterized by single-
crystal X-ray diffraction and Raman spectroscopy with the latter providing the first KrF,
adduct to a non-metal main-group center. In addition, ELF and QTAIM studies of these
systems have shed light on the stereochemical activity of the valence electron lone pair of
Br(V) and how it is affected by coordination (steric crowding). This study has
convincingly demonstrated that the Kr—F bond is significantly more covalent than the
Xe—F bond and that XeF, is a better fluoride ion donor than KrF,.

A more indepth study of the formation and characterization of the only example
of a xenon nitrate, FXeONO, has been carried out. The syntheses of FXeON'0, and
FXeON(**00) has shed light on the mechanism leading to the formation of FXeONO,.

Raman spectroscopy indicated the absence of '¥'*0 isotopic scrambling among the
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oxygen sites of FXeONO, which was confirmed by factor-group analyses of the 16
isotopomeric crystallographic unit cells that result from syn-/anti-isomerization,
FXe'®ON(1°0,4'%05)/FXe'* ON(*%05'%0,), among the four FXeONO, molecules of the
unit cell. The intermediate oxide fluoride, O(XeF),, was observed in the synthesis of
FXeONO, and a reinterpretation of its solid-state '°0- and '*O-enriched Raman spectra

was carried out.

10.2. Future Work
10.2.1. OTeF;5 Derivatives of Xe(IV)

The teflate group (-OTeFs) is known to have a chemistry similar to that of the
fluorine ligand in main-group chemistry.®®' The OTeFs derivative of XeOF,,
O=Xe(OTeFs),, as well as the mixed species, O=XeF(OTeFs), have been previously
prepared according to eq 10.1 and 10.2 while attempting to form the OTeFs derivative of
Xe(OTeFs)s + TMA'F — 37~ O=XeF(OTeFs) + FsTeOTeFs + TMA"OTeFs (10.1)

2 O=XeF(OTeFs) = 0=Xe(OTeFs), + O=XeF, (10.2)
XeFs . ** Multi-NMR studies were carried out on these systems in CH3;CN solvent,
however, the species have never been isolated in the solid state and fully structurally
characterized. It would be interesting to obtain crystalline O=Xe(OTeFs); and
O=XeF(OTeFs) from these CH3CN solutions and to compare their X-ray structures with
those of F;0XeNCCH;'* and 0,Xe(OTeFs),.*

The OTeFs analogue of [XeF][SbF¢], has been prepared according to eq 10.3.®' The

Xe(OTeFs);" cation is the Xe(IV) analogue of XeF;" but has only been characterized in
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SO:CIF

2Xe(OTeFs), + Sb(OTeFs); —ro—

[XeOTeFs][Sb(OTeFs)s] + Xe (10.3)
SbFs solutions of Xe(OTeFs)4 in complex mixtures of the F,{Xe(OTer)3_x+ cations.®! The
Xe(OTeFs);" cation is expected to be a stronger oxidant than XeOTeFs' but less strongly
oxidizing than XeFs;'. The potential syntheses could be carried out in SO,CIF solvent

according to eqs 10.4—10.7. Owing to the thermal instability of Sb(OTeFs)s, the

3XeF, + 2B(OTeFs); — 3Xe(OTeFs), + 2BF; (10.4)
3XeF; + 4B(OTeFs); — 3Xe(OTeFs); + 4BF; (10.5)
Xe(OTeFs);, + Sb(OTeFs); — Sb(OTeFs)s + Xe (10.6)
Xe(OTeFs)s + Sb(OTeFs)s — Xe(OTeFs); Sb(OTeFs)s (10.7)

aforementioned reactions must be carried out at low temperature (—78 °C). An alternative
synthetic approach involves the low-temperature reaction of FXe(OTeFs); with Sb(OTeFs)s
in SO,CIF according to eq 10.8. The latter salt is expected to form a fluorine-bridged ion
FXe(OTeFs); + Sb(OTeFs)s — Xe(OTeFs); FSb(OTeFs)s (10.8)
pair, (OTeFs);Xe -—-F-Sb(OTeFs)s, which is expected to be labile in solution but should be

easier to crystallize and be more stable than Xe(OTeFs); Sb(OTeFs)s .

10.2.2. XeF;, XeF,, and KrF, Adducts to Transition Metal Centers

As outlined in Section 7.1, a series of KrF, Lewis acid—base adducts with group 6
d° transition metal centers, namely MOF4KrF, M = Cr,'” Mo,'”” W' have been
synthesized, with XeF, adducts of Mo and W as well.'”” The structural characterizations
of the adducts were limited to solution '°’F NMR and solid-state Raman spectroscopy. In

all cases, the Raman and '’F NMR spectra indicate that the adducts result from weak
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coordination of NgF, (Ng = Xe, Kr) through a fluorine bridge to the metal atom. In the
absence of X-ray crystal structures, an assessment of the degree of coordination, based on
the relative bond lengths of terminal and bridge Ng—F bonds could not be made. The
successful growth of [BrOF;][AsF¢]-2NgF, crystals from HF solvent suggests the
possibility of isolating crystals of XOF4nNgF; (X = Cr, Mo, W; n=1, 2) (eq 10.9). It is

XOF; + nNgF, HE . XOF4nNgF, (10.9)

also possible that this chemistry may be extended to the syntheses of XeF4 adducts with
XOF; (eq 10.10), which would represent the only known XeF, adducts other than

[Mg(XeF,)(XeF4)][AsFs]o.*

XOF; + XeF, HE XOF4XeF, (10.10)

A large class of compounds in which KrF, is coordinated to metal cation centers
may be prepared (eq 10.11) using synthetic routes that are analogous to those that have
82,83

been used to synthesize the XeF, adducts.

[M™][PnFs ], + mKrF, — %> [M(KrFy),"][PnFs ]o + (m—p)KrF, (10.11)

10.2.3. Syntheses of Oxofluoro-Anions and Neutral Oxofluorides of Xe(VIII)

It was shown in Section 5.2.3 that O,NF undergoes metathesis with XeOF; to form
N,Os and [NO;][XeFs]. It has been shown that solutions of XeO,4 can be prepared in the
oxidatively resistant solvents SO,CIF'®® and anhydrous HF and that these solutions only
slowly decompose at —30 °C. The use of O,NF as a potential oxide acceptor may provide

opportunities to study the reactions of XeO4 with O,NF (eqs 10.12 and 10.13), and could
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lead to simplified procedures for the preparation of the known, but ill-characterized
Xe(VII) oxofluorides, XeOsF, and XeO,F,.

XeO4 + 20,NF

XeOsF, + N;Os (10.12)

XeO4 + 40,NF XeOyFs + 2N,05 (10.13)
A possible approach to preparing a Xe(VIII) oxofluoro-anion involves the

fluorination of perxenate salts (e.g. Na;XeOg)'**'®! according to eq. 10.14. The XeOsF3~

XeOg" + 30,NF XeOsF;~ + 3NOs~ (10.14)

anion is expected to have a meridional geometry based on VSEPR*' theory, but may also

adopt a facial geometry.
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APPENDIX 1

Table Al.1. Experimental and Calculated (C3,) Vibrational Frequencies for CH;C=N

expt™ calc assgnts
SVWN®* MP2%* (Csy) symmetry

2999.0(54) 3062(65)[<1] 3193.6(55)[<1] vs(E), Vas(CHs)
2937.9(97) 2981(186)[<1] 3100.1(159)[2] vi(Ay), v{(CHs)
2911.7(1)
2885.7(2) 2vs
2849.8(1)
2736.3(6) 2vs
2295.1(2) V3 + Vg
2248.4(100) 2332(71)[14] 2218.0(38)[~0] va(A}), v(C=N)
1457.3(11)
1454.3(7) 1391(8)[14] 1495.8(7)[10] ve(E), CH; def. as
1425.2(3)
1420.8(4)
1375.6(15) 1335(9)[10] 1417.8(4)[2] vi(A,), CH; def. s
1370.8(3)
1042.3(1) 999(<<1)[5] 1065.8(<<1)[2] v+(E), p(CH;)
921.5(20) 959(4)[<1] 934.7(5)[1] va(A1), V(C-C)
399.9(3)
395.0(12) 377(2)[<<1] 361.0(2)[<1] vg(E), 3(CCN)
392.0(9)
386.8(5)
116.4(18)
107.6(13) lattice modes
102.3(15)
95.5(32)

® Frequencies are given in cm™. ® Present work. ° The Raman spectrum of CH;CN was
recorded in a 5-mm glass tube at —150 °C using 1064-nm excitation.
parentheses denote Raman intensities. d SDB-cc-pVTZ. Values in parentheses denote
Raman intensities (A* amu™"). Values in square brackets denote infrared intensities (km
mol ). ¢ Calculated bond lengths (A): N—C, 1.155; C—C, 1.433.  Calculated bond lengths

(A): N-C, 1.169; C—C, 1.457.
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Table Al1.2. Experimental Vibrational Frequencies® for CH3CN-mHF

expt™® assgnts
3016.9(40) Vas(CH3)
2950.2(80) vs(CH3)
2724.8(3) overtone (2 x 1367.5)
2313.2(48) combination mode (1367.5 + 935.9)
2286.0(100) v(C=N)
1449.6(14)
1414.3(31) CH; def. as
1367.5(68) CHj def. s
935.9(40) v(C-0)
392.4(57) 8(CCN)
131.3(22)
113.2(17) lattice modes
70.8(14)
59.9(17)

® Frequencies are given in cm’. ® Present work. The sample was prepared from a 2:1
molar ratio of HF and CH3CN. ° The Raman spectrum of CH;CN-mHF was recorded in a
% -in FEP tube at —150 °C using 1064-nm excitation. Values in parentheses denote
Raman intensities. ¢ Because the structure of CH3;CN mHF is unknown, the vibrational
mode descriptions are based on those of CH3CN and do not take into account possible

coupling with associated HF. The modes corresponding to associated HF were not
observed.
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Table A1.3. Calculated Vibrational Frequencies® and Geometries for Xe'®'®OF,-HF (O---H Coordinated)

65¢

Yooig 'S prae( — SISoUL "q'Yd

calc® assgnts
SVWN ° Mp2 ¢ (C,) symmetry
Xe!’OF,HF Xe®OF, HF Xe'*OF,-HF Xe'*OF, HF
3268.8(92)[644] 3260.8(92)[650] 3826.4(51)[468] 3831.0(51)[468] vi  v(HF)+ minor w(O---H-F)
962.6(5)[367] 968.5(5)[366] 738.1(6)[318] 733.7(6)[326] v, &0--H-F)
762.6(16)[26] 724.4(14)[25] 897.1(8)[49] 852.7(9)[39] v v(XeO)
747.3(<1)[101] 750.0(<1)[100] 623.8(1)[270] 620.8(1)[289] vs HF o.0p. wag
584.3(<1)[179] 585.9(<1)[180] 584.3(<D[67] 584.0(<1)[49] Vs ve(XeF,) + minor HF 0.0.p. wag
518.6(25)[8] 518.6(25)[8] 521.3(36)[10] 521.3(36)[10] vs  viXeFy)
347.6(2)[46] 336.6(1)[41] 286.94)[1] 276.1(A)[<1] v;  8(FyXeO)
248.8(4)[1] 239.5(4)[1] 245.8(1)[62] 239.4(1)[59] Vs Proa(XeOF,) ip. +minor HF 0.0.p. wag
204.2(<<1)[21] 204.8(<<1)[21] 214.0(<1)[6] 213.5(<1)[4] vo  8(XeF,) 0.0.p.
162.9(<1)[20] 162.7(<1)[20] 182.8(<1)[29] 182.7(<1)[29] vio  S(XeR) ip.
119.7(<1D)[9] 118.9(<1)[9] 85.6(<D[11] 84.4(<D[11] Vii  Peoc(X€OF,) 0.0.p. + W(HF—-Xe)
43.9(2)[<1] 44.3([1] A1.1(<D[<1] 40.6(1)[<1] vy XeF; torsion about XeO bond
1.796 A
1.824 A 1.783 A __ H
7 N 3176 A
Fo °
1981A 1706 1068A 17100 IF

* Frequencies are given in cm ™. ° Values in parentheses denote Raman intensities (A* amu™). Values in square brackets
denote infrared intensities (km mol ™). SVWN/SDB-cc-pVTZ. ¢ MP2/SDB-cc-pVIZ.
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Table Al.4. Calculated Vibrational Frequencies® for Xe'"®0OF,-DF (O---D Coordinated)

SVWN ° MP2 ¢

Xe'°OF, DF Xe®OF, DF Xe'*OF,-DF Xe®OF, DF
2368.4(48)[338] 2368.3(48)[338] 2776.0(27)[243] 2780.2(27)[243]
763.2(15)[36] 724.6(14)[37] 897.6(9)[62] 851.7(9)[56]
694.2(3)[160] 693.6(3)[159] 540.0(11)[88] 537.0(14)[78]
591.9(<<1)[243] 591.6(<<1)[242] 598.1(<1)[264] 598.0(<1)[263]
537.1(<<1)[5] 536.0(<<1)[6] 443 3(<1)[33] 438.3(<1)[34]
518.4(25)[9] 518.3(25)[10] 516.7(27)[56] 515.2(25)[70]
342.1(2)[51] 330.5(2)[45] 240.6(1)[67] 235.0(D)[62]
246.7(4)[<1] 237.8(4)[<<1] 283.8(4)[<1] 273.5(4)[<1]
204.7(~0)[20] 204.7(~0)[20] 213.5(<1)[4] 212.1(<1)[2]
163.0(<1)[21] 162.7(<1)[20] 182.8(<1)[31] 182.5(<1)[31]
119.4(<<1)[8] 118.6(<1)[8] 85.5(<1)[10] 84.1(<D[11]
44 3(2)[<<1] 44.2(2)[<1] 41.0(D)[<1] 40.41D)[<1]

assgnts

(Cy) symmetry

v(DF) + minor v(O---D-F)
v(XeO)

8(O---D-F)

vys(XeF,) + minor DF o.0.p. wag
DF o.0.p. wag

Vs(XeFZ)

§(FpXeO)

Procak(XeOF;) + minor DF o.0.p. wag
8(XeF3) o.0.p.

Proa(XeOF3) 0.0.p. + v(DF---Xe}
XeF, torsion about XeO bond

® Frequencies are given in cm™. ° Values in parentheses denote Raman intensities (A* amu™). Values in square brackets
denote infrared intensities (km mol ™). SVWN/SDB-cc-pVTZ. ¢ MP2/SDB-cc-pVTZ.
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Table A1.5. Calculated Vibrational Frequencies® and Geometries for FZW B0Xe-HF (F---H Coordinated)

calc®

assgnis
SVWN ° MP2° (C) symmetry
Xe'°OF, HF Xe°OF, HF Xe °OF, HF Xe *OF, HF
3121.8(68)[414] 3124.7(68)[413] 3894.1(27)[246] 3894.1(27)[246] v(HF)
1007.8(9)[404] 1006.6(9)[404] 664.6(5)[258] 664.8(5)[257] 3(F---H-F)
802.1(30)[36] 762.6(27)[35] 954.7(11)[57] 907.5(10)[51] v(XeO)
781.8(1)[101] 780.5(1)[101] 575.5(1)[133] 575.5(8)[132] HF 0.0.p. wag
549.2(6)[178] 550.1(6)[180] 550.5(8)[330] 551.5(8)[334] vau(XeFy)
477.7(18)[12] 477 .6(18)[11] 477.9(32)[52] 478.0(32)[52] v{(XeF;)
306.0(6)[76] 305.6(6)[77] 279.2(2)[93] 278.0(1)[90] S(HF -—XeF) + minor proa(HF---XeO)
228.9(3)[10] 220 4(2)[10] 240.8(5)[7] 233.0(4)[10] Proc(XeOF ;) + minor S(HF-—XeO)
189.7(<<1)[14] 189.6(<<1)[14] 209.7(<<1)[14] 210.0(<<1)[14 3(XeF,) 0.0.p.
185.6(<<1)[13] 1853(<<1)[12] 145.9(<1)[6] 145.6(<<1)[6] minor 8(XeF,) i.p. + v(HF—-Xe)
102.5(<1)[2] 102.0(<1)[2] 81.4(<1)[8] 81.2(<1)[8] 8(XeF>) i.p. - minor v(HF—-Xe)
87.1(<1)[3] 84.9(<1)[3] 58.8(1)[5] 57.1(D[4] 3(HF-—XeF) 0.0.p. - 3(FXeO) 0.0.p.
0] O

* Frequencies are given in cm™

1.809 A

1

1.768 A

. ° Values in parentheses denote Raman intensities (A* amu™). Values in square brackets

denote infrared intensities (km mol™).° SVWN/SDB-cc-pVTZ. ¢ MP2/SDB-cc-pVTZ.
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Table A1.6. Calculated Vibrational Frequencies® for F,'¥130Xe-DF (F---D Coordinated)

calc® assgnts
SVWN © MP2 ¢ (Cy) symmetry
Xe'°OF,-DF Xe'*OF, DF Xe'°OF, DF Xe'*OF, DF
2268.7(36)[217] 2268.7(36)[217] 2824.0(14)[129] 2824.0(14)[129] v(DF)
803.2(31)[31] 762.7(28)[25] 955.6(11)[64] 907.2(10)[58] v(XeO)
724.6(3)[3] 724.5(3)[194] 464.0(4)[254] 463.9(4)[255] 8(F---D-F)
564.4(<1)[57] 564.4(<1)[57] 417.1(<D)[76] 417.1(<D)[76] DF o.0.p. wag
549.0(6)[188] 548.9(6)[188] 573.0(3)[159] 572.9(3)[158] vas(XeF,)
476.2(19)[10] 476.1(19)[10] 482.7(35)[6] 482.7(35)[6] ve(XeF,)
302.8(6)[78] 302.5(6)[78] 272.9(2)[101] 271.6(2)[98] 8(DF~-XeF) + minor prgDF---XeO)
228.9(3)[11] 220.5(2)[10] 240.1(5)[7] 240.0(4)[10] Proc(X€OF;) + minor 8(DF---XeO)
189.4(<<1)[11] 188.5(<<1)[13] 208.9(<<1)[13] 208.5(<<1)[12] 8(XeF,) 0.0.p.
183.7(<<1)[2] 183.1(<<1)[11] 144.1(<<1)[5] 143.4(<<1)[5] minor 8(XeF,) i.p. + v(DF-—Xe)
102.3(<1)[2] 101.9(<1)[2] 81.2(<1)[8] 81.0(<1)[8] 8(XeF,) i.p. - minor v(DF---Xe¢)
87.0(<1)[3] 84.8(<D)[3] 58.8(D[5] 57.0(1)[4] 8(DF---X¢F) 0.0.p. - 8(FX¢0) 0.0.p.

® Frequencies are given in cm ™. ° Values in parentheses denote Raman intensities (A* amu'). Values in square brackets
denote infrared intensities (km mol™).° SVWN/SDB-cc-pVTZ. ¢ MP2/SDB-cc-pVTZ.
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Table A1.7. Calculated Vibrational Frequencies® and Geometries for F,'%'*0Xe-2HF

£9¢

calc” assgnts
SVWN© MP2° (CL) symmetry
Xe' OF, 2HF Xe "OF;-2HF Xe"OF,2HF XeFOF;2HF
3348.9(123)[564] 3348.9(123)[564] 3988.6(42)[297] 3988.6(42)[297] v(HF)
3331.2(19)[51] 3331.(19)[51] 3983.4(7)[92] 3983.4(7[92] vu(HF)
914.3(19)[524] 914.3(19)[524] 570.4(12)[351] 570.3(12)[352] 8(F3---H-F5) + 5(F4---H-F7)
870.9(<<1)[228] 871.1(<<1)[227] 595.5(1)[26] 596.5(1){25] 8(F3-—-H-F5) — 5(F4-—-H-F7)
801.9(41)[41] 762.3(38)[33] 960.0(12)[56] 912.6(11)[50] v(XeO)
705.0(<<1)[208] 705.0(<<1)[208] 498.1(<1)[243] 498.1(<1)[243] H-F5--Xe—--F7-H o.0.p. wag
697.2(2)[~0] 697.2(2)[~0] 491.6(2)[38] 491.6(2)[38] H-F5---Xe---F7-H o.0.p. twist
500.3(<<1)[196] 501.0(<<1)[198] 469.2(1)[548] 469.5(1)[549] va(XeF,)
459.3(23)[1] 459.3(23)[1] 467.6(38)[22] 467.6(38)[22] vi(XeFy)
326.5(10)[63] 326.5(10)[63] 231.1(2)[89] 231.1(2)[89] 8(H-F5---XeF3) + S(H-F7---XeF4)
325.103)[74] 323.603)[77] 286.0(5)[13] 276.8(5)[16] Prou(XeOF;)
223.7(<<1)[25] 215.2(<<1)[21] 153.9(<1)[35] 152.8(<1)[34] Prou(XeOFz)
175.0(<<1)[8] 174.6(<<D)[7] 207.6(<<1)[39] 207.3(<<1)[36] 8(XeFy) 0.0.p.
165.0(<<1)[19] 165.1(<<1)[19] 127.8(<1)[6] 127.9(<1)[6] v(HF---Xe) + minor 5(XeFy) i.p.
138.7(<<1)[9] 138.8(<<1)[9] 83.2(1)[4] 82.1(1)[14] Va(HF---X¢)
126.8(<<1)[<<1] 126.9(<<)[<<1] 63.5(1)[4] 63.5(<1)[4] 8(XeFay) i.p.
86.2(1)[3] 83.7(D[3] -26.8(1)[16] -26.1(<1)[15] S(HF---XeF) 0.0.p. - 3(HF---Xe0) 0.0.p.
20.6(<<1)[0] 20.6(<<1)[0] 28.2(<1)[<<1] 28.2(<1)[<<1] XeF; & XeFyy torsions about XeO bond

? Frequencies are given in cm~

1

1.870 A

. ° Values in parentheses denote Raman intensities (A* amu™). Values in square brackets
denote infrared intensities (km mol™).® SVWN/SDB-cc-pVTZ. ¢ MP2/SDB-cc-pVTZ.
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Table A1.8. Calculated Vibrational Frequencies® for FZW 80Xe-2DF

calc® assgnts
SVWN °© (Cy) symmetry
Xe'°OF,-2DF Xe *OF,-2DF

2431.2(65)[294] 2431.2(65)[294] vs(DF)
2418.1(9)[28] 2418.1(9)[28] vas(DF)
803.0(38)[35] 762.4(34)[32] v(XeO)
656.0(9)[263] 655.8(9)[264] O(F3---D-F5) + 8(F4---D-F7)
635.3(<<)[57] 635.3(<<D)[57] O(F3---D-F5) — 6(F4---D-F7)
510.5(<<1)[116] 510.5(<<D)[116] D-F5---Xe---F7-D o.0.p. wag
502.6(<1)[<<1] 502.6(1)[<<1] D-F5---Xe---F7-D o.0.p. twist
497.7(<1)[214] 497.6(<1)[214] vas(XeF,)
457.4(24)[3] 457.4(24)[3] vi(XeF)
323.7(10)[69] 323.6(10)[68] d(D-F5---XeF3) + 8(D-F7---XeF4)
319.5(3)[75] 317.5(3)[79] Prock(XeOF5)
221.5(<1)[29] 213.0(<1)[24] Prock(XeOF2p)
173.6(<1)[7] 172.5(<1)[6] 8(XeF,) o.0.p.
164.2(<1)[18] 164.0(<1)[18] vs(DF---X¢) + minor &(XeF,) i.p.
138.3(<<1)[8] 138.3(<<1)[8] Vas(DF---Xe)
125.1(<1)[<<1] 125.0(<D)[<<1] 3(XeF2p) i.p.
86.3(1)[3] 83.7(1)[3] 3(DF---XeF) o.0.p. - 3(DF---XeO) 0.0.p.
20.5(<1)[<<1] 20.5(<D)[<<1] XeF, & XeF,p torsions about XeO bond

* Frequencies are given in cm™

1

. ° Values in parentheses denote Raman intensities (A*

amu™'). Values in square brackets denote infrared intensities (km mol™). © SVWN/SDB-

cc-pVTZ.
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Table A1.9. Calculated Vibrational Frequencies® for (F,'®'®0Xe), Dimer

calc® assgnts
SVWN ¢ (C1) symmetry
(Xe'°OFy), (Xe"*OFy), ‘
790.9(82)[59] 752.0(73)[55] v(Xe506)
756.8(48)[72] 719.4(48)[66] v(XelO2)
586.0(2)[198] 587.5(1)[199] v(XelF3 — XelF4)

540.9(8)[177] 542.0(8)[179] w(XeS5F7 — Xe5F8)

516.4(32)[23] 516.3(31)[23] v(XelF3 + XelF4)

457.3(21)[31] 457.3(22)[30] v(XeSF8 + Xe5F7)

260.3(3)[6] 250.2(3)[6] Prock(Xe10F5)

238.2(14)[21] 228.9(14)[15] Prock(Xe50F,) - v(Xel02 + Xe502)
230.0(<1)[25] 224.3(1)[34] Prock(XeSOF;) + v(Xel02 + Xe502)
202.8(<1)[15] 202.4(<1)[14] d(Xe5F3) o.0.p.

200.5(3)[24] 198.0(4)[19] d(XeS5F,) i.p. + 8(XelF,) o.0.p.
191.4(1[3] 189.6(1)[3] 8(XelF;) o.0.p. + minor §(XeSF>) i.p.
169.3(<1)[17] 169.3(<1)[18] 8(XelFy) i.p.

94.6(<1)[<1] 94.1(<)[<1]

89.2(1)[2] 86.4(1)[1]

63.4(<1)[1] 63.2(<D)[2] coupled deformations

35.8(D)[<1] 35.6(2)[<1]

22.42)[<<I1] 22.2(3)[<<1]

1

® Frequencies are given in cm™. ° Values in parentheses denote Raman intensities (A*
amu ). Values in square brackets denote infrared intensities (km mol™). © SVWN/SDB-
cc-pVTZ.
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Table A1.10. Calculated Vibrational Frequencies® and Geometries for (Xe'¥"®OF,)s

assgnts
SVWN ¢ (C)) symmetry
(Xe'*OF,); (Xe*OF);
787.3(103)[66] 748.6(94)[62] v(Xe9012)
753.9(9)[28] 716.5(8)[26] v(XelO4 — Xe504) + v(Xe908 — Xe508)
734.4(345)[259] 698.4(307)[238] v(XelO4 — Xe504) — v(Xe908 — XeS08)
592.1(1)[190] 593.7(1)[191] v(XelF2 — XelF3)
553.3(10)[178] 554.5(10)[179] v(Xe5F6 — Xe5F7)
537.3(9)[188] 538.4(9)[190] v(Xe9F10 — Xe9F11)

521.9(22)[30] 521.9(22)[31] v(XelF2 + XelF3)
471.2(82)[39] 471.2(84)[37] v(Xe5F6 + Xe5F7)
458.0(12)[15] 457.9(12)[14] v(Xe9F10 + Xe9F11)
272.5(13)[27] 261.2(11)[25] v(Xe908 + Xe508) + proc(XelOF,)
253.3(17)[12] 243.0(13)[11] Prock{Xe10F,)
248.6(17)[15] 239.3(16)[9] v(Xel04 + Xe504) + poaw(XeSOF;)
239.5(<1){33] 231.1(<1)[39] v(XelO4 + Xe504) + v(Xe908 + Xe508)
228.2(3)[8] 221.7(4)[12] Prock(Xe90F,)
209.6(6)[23] 209.1(6)[21] 8(Xe9F,) 0.0.p.
202.7(1)[6] 202.3(D[5] 8(Xe5F,) i.p. + 8(XelF,) o.0.p. + 8(Xe9F,) 0.0.p.
197.8(5)(16] 195.8(6)[13] 8(XelF,) 0.0.p. + 8(Xe9F,) o.0.p.
193.6(5)[24] 191.7(4)[22] 8(Xe9F,) i.p. + 8(Xe5F,) 0.0.p.
186.2(2)[16] 184.9(3)[14] 8(Xe5F,) o.0.p.
168.9(1)[20] 168.8(1)[20]
111.0(<1)[<1] 110.0(<D[<1]
95.2(<1)[<1] 93.4(<D)[<1]
85.0(1){1] 84.0(H[1]
67.2(1)[<1] 66.9(1)[<1]
60.5(<1)[2] 60.3(1)[2] > Coupled deformation modes
48.4(2)[<1] 48.12)[<1]
37.6(3)[<1] 37.33)[<1]
25.6(1)[<<1] 25.6(1)[<<1]
19.5(2)[<<1] 19.5Q2)[<<1]
10.4(D[<1] 10.4()[<1]
2595 A 2.040A

® Frequencies are given in cm™. ° Values in parentheses denote Raman intensities (A*
amu ). Values in square brackets denote infrared intensities (km mol™). ¢ SVWN/SDB-
cc-pVTZ.
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Table Al.11. Comparison of Calculated Vibrational Frequencies and Geometries for XeOF, Using Different Levels of Theory and Basis Sets

Frequencies (cm™) ]

exptl B3LYP SVWN MP2 CCSD(T)

321G ccpVIZ SDDAIl  DZVP ccpVIZ ccpVQZ SDDAIl  DZVP ocpVIZ ccpVQZ SDDAIl  cepVIZ

750.0(60) 727(3) 734(13) 713(12) 65311 795(22)  809(23) 788(23) 753(22) 939(60)  947(60)  928(64) 747
no. 658(34) 556(240) 558(261) 559(210)  ST2(213) 578(223) 573(234) S572(188)  582(252) 587(267) 582(9) 581
468.0(100)  S63(3) 494(6)  496(T)  480(6) S05(7)  514(8)  S06(9)  489(8) 509(7)  525(8)  S507(9) 517
297.8(11) 271(6)  258(3) 253(3) 230(4) 244(3) 249(3) 240(3) 224(5) 283(3) 285(3) 279(4) 267
ggfé(li 235(18) 209(23) 209(23) 211(24) 20021)  204(19)  19%(21) 193(22) 218(25) 219022y  216(25) 217

.6, s|
175.5(1) 218(15) 175(17) 17718)  173(20) 155(14) 161(13) 153(14) 155(16) 176(19)  180(18)  173(20) 188
153.3(6)
Geometrical Parameters
Xe-O A 1.885 1.817 1.828 1.881 1.809 1.795 1.818 1.851 1.770 1.763 1.782 1811
Xe-F A 1978 1.999 1.999 2050 1.996 1975 1,998 2.039 1.980 1963 1.990 1.974
F-Xe-F° 171.9 169.4 169.9 130.0 167.1 167.4 167.2 167.4 168.2 168.7 167.8 170.7
O-Xe-F° 94.0 953 95.1 94.7 96.4 96.3 96.4 96.3 95.9 95.7 96.1 946

w  Table Al.12. Calculated Vibrational Frequencies® and Geometries for XeF, (D)

A
frequencies

exptl’ SVWN® MP2°¢ assgnts”
586 590(225)  603(245)  W(Ew), va(XeF-XeFy)
543 547(<<1)  545(0) W(A1g), vi(XeFy)
502 514(<<1)  513(0) V(Big), Vas(XeFy-XeFa)
291 272(31) 295(39) v(Az), 8(XeFs) 0.0.p., umbrella mode
235 196(0) 217(0) v(Bag), 8(XeFye+ XeFy)
(221) 150(0) 166(0) v(Ba), 8(XeFa) 0.0.p. — 8(XeFar) 0.0.p.
123 140(0) 160(3) W(Ey), 5(XeFa) i.p.
Bond Lengths (A)
Xe-F 1.971 1.960

* Frequencies are given in cm ™. ° From Mol. Phys. 1965, 9, 449-454. ° Values in parentheses denote infrared intensities (km mol™). ¢ (SDB-)cc-pVTZ.
¢ The abbreviations denote trans (t), cis (c), symmetric (s), asymmetric (as), stretch (v), bend (3), in-plane bend (i.p.), and out-of-plane bend (0.0.p.).
The in-plane and out-of-plane mode descriptions are relative to the XeF, plane.
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Table A2.1. Calculated Vibrational Frequencies “ and Infrared and Raman Intensities * for the Xe'®'*OF;~ Anion®

Xe®OF;

MP2 SVWNS BP86 PBEIPBE B3LYP B3PW91 MPWI1PW91 assgrt ¢
880.0(37)[328) 716.2(47)[158] 670.6(47)[144] 746.3(60)[152] 706.1(62)[146] 730.2(58)[151] 742.9(60)[150] v(XeO)
477.7(1)]297) 479.0(<1)[270] 434.0(<1)[250] 492.5(<0.1)[323] 465.7(<1)[302] 478.9(<D[307] 491.5(<0.1)[321] vas(XeFy,)
457.7(29)[205] 443.5029)[105] 401.9(34)[103] 454.1(38)[65] 425 4(A0)[80] 439.1(38)[75] 452.4(38)[65) v(XeFz, ) + v(XeF, )
3523(37)[14] 388.2(21)[33] 343.5(28)[22] 377.5(13)[113] 358.1(18)[84] 370.1(16)[92] 375.9(13)[111] voXeFy, ) — v(XeFy )
277.3(<1)[53] 248 0(<1){41] 234.2(<1)40] 260.4(<1)[49] 247.7(<1)[48] 255.0(<1)[46] 260.0(<1)[49] 8(XeOF;) 0.0.p.
230.8(5)[<1} 214.6(5)4] 211.2(6){1] 2459@)[1] 235.0(5)[1] 240.0(4[1] 246.4[1] Proa(OXeF,,) 1.p.
158.9(1){2] 161.1(<0.1)[4] 158.5(<0.1)[3] 1788(<1)[2] 173.2(<1)[2] 176.1(<D2] 179.5(<1)[2] 3(XeF,,) i.p.
127 4(<1)[<1] 122.0(<1)[<<1] 111.7(<1)[<0.1] 133.1<1)[<1] 124 3(<1){<0.1) 128.1(<1)[<0.1] 1324 1)[<1] [B(OXeFy) — 8(XeFay)] 0.0.p.
163.6(<1)[3] 130.6(<1)[2] 132.9(<1)[2] 122.0(1)[1) 126.2(1)[1] 126.5(D[1] 123.2(1[1] [Proa{ OXeFy,) + 3(F,XeF )] ip.

Xe®OF;~

MP2 SVWNS ‘ BP86 PBEIPBE B3LYP B3PW9I1 MPWI1PWOL assgnt ©
8364(33)[302] 681.7(40)[152] 6383(41)[139] 709.9(53)[146] 671.8(54)[140] 694.7(51)[144] 706.7(52)[144] v(XeO)
479.0(1)[297] 480.2<1)[271] 435.2(<1)[250] 494.2<<1)[324] 466.9(<1)[303] 480.2(<1)[308] 492.8(<0.1)[321] Vos(XeFg,)
458.2(29)[204] 443.2(30)[101] 401.6(35)[100] 454.2(38)[64] 4254(41)[78} 439.139)[7] 452.5(38)[64] vo(XeFy, ) + v(XeF, )
3524(37)14] 388.1(21)[32] 343.8028)[21] 3773(13)[111] 357.9(18)[82] 369.9(16)[90] 375.7(13)[109) v{(XeFy, ) — v(XeFy )
273.2<1)[51] 244.7(<1)[39] 231.1(<1)[38] 257.5(<1)[47] 244 8(<1)[47] 252.0(<1)[46] 257.0(<1)[47] &XeOF;) 0.0.p.
224.0(5)[<1] 2073511 204.0(5)[1] 23724)[1] 226.8()[1] 231.7@[1] 237.8@)[1] Proa{OXeF,) 1.p.
158.8(12] 161.1(<0.1)[3] 158.5(=<1)[3] 178.9(<1)[2] 173.2(<1)[2] 176.2(<DI2] 179.5(<D2] 3(XeF,,) 1.p.
126.3(<1)[<1] 120.7(<1)[<0.1] 110.5(<1)[<0.1] 131.3(<1)[<1] 122.7(<1)[<0.1] 126.4(<1)[<0.1] 130.6(<D)[<1] [3(OXeFy) — 8(XeF25)] 0.0.p.
161 8(<1)[2] 129.8(<)[2] 132.1(<)[2] 121511 1255(1)[1] 125.8(D[1] 122.6(1)[1] [Proat{ OXeFyy) + S(FpXeF )] i.p.

“ Frequencies are given in cm™'. ? Values in parentheses denote calculated Raman intensities (A*u™). Values in
square brackets denote calculated infrared intensities (km mol™). © The aug-cc-pVDZ(-PP) basis set was used. 4 The
abbreviations denote symmetric (s), asymmetric (as), stretch (v), bend (8), rock (prock), in-plane bend (i.p.), and
out-of-plane bend (0.0.p.). The in-plane and out-of-plane mode descriptions are relative to the XeOF,,F;, plane (see
Figure 5.3 and footnote % of Table 5.1).

¢ XIANHAddV
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Table A2.2. Experimental and Calculated Vibrational Frequencies® and Infrared and Raman Intensities for Xe'¥'*OF,

expil ¢ caled assgnt
Xe'°OF,
MP2 SVWN5 BPE6 PBEIPBE B3LYP B3PWO1 MPW1PWOI
749.9(83) 953.2(12)[66] 798.1(19)[24] 746.020)[21] 784.5(18)[18] 740.5(19Y[15] 772.4(18)[18] 776.6(18)[16] v(XeO)
[525.22)] 582.4(<1)[279] 572.0(<D)[231] 534.2(1)[217] 583.5(<)[275] 557.3(<1)[260] 571.2(<1)[264] 582.2(<1)[274] Vas(XeFy)
467.8(100) 517.3(45)[9] 505.6(32)[9] 465.8(36)[10] 528.6(39)[7] 498.3(38)[8] 513.0(36)[8] 527.135){7] v{(XeFy)
298.1(13) 279.04)[3] 241.6(4)[3] 230.2(4)[3] 269.9(4)[4] 252.0(4)[3] 261.7(4)(3] 269.14)[3] Proce(XeOFy) i.p.
iz‘figg 293O.DE3]  2029<0.D[19]  1953(<0.0[20]  215.6(<0.j21] 207.3(<0.)[22] 211.5(<0.1)21] 28A0.D21] 8(XeF;) 0.0.p.
};iggg 14.4(<1)[19] 155.6(<1)[13] 145.2(<1)[13] 186.4(<D(17] 172.7<1)(17] 178.6(<1)]16] 190.5<1)[17] 8(XeFy) ip.
Xe'*OF,

712.8(84) 905.9(11)[61] 758.7(17)[23] 709.1(18){20] 745.6(16)(17] 703.7017)(15] 734.0(16)[17] 776.7(18)16] v(%e0)
(525.002)] 583.9(<1)[280] ST3.S5(<DR32] 535.6(1)[218] 585.0(<1)[276] 558.8Q21){261) 572.6(<1)[265] 582.2(<D)[274] ves(XeFy)
467.8(100) 517.3@5)[9] 505.6(32)[9] 465.8(36)[10] 528.6(35)(8] 498.3(38)(8] 513.1(36)(8] 52716571 ve(XeF;)
289.0(19) 268.3(3)[3] 232.4(4)[3] 221.54)[2) 259.6(4)[3] 242.4(4)[3] 251.7(4)[3] 269.1(4)[3] Prock(XeOF2) 1.p.
iifﬁﬁfi 297(<0.D[23]  2032<0.1[19]  1955(<0.0[19]  216.1(<0.1)[21] 207.7(<0.[22] 211.9(<0.1)[21] 228.3(<0.1)[21] B8(XeFy) 0.0.p.
};’jggg 174.5(<1)[19] 155.6(<1)[13] 145.3<1)[13] 186.6(<1)[17] 172.8<1)[17] 118 7<1)[16] 190.5(<1[17] B(XeFy) ip.

? Values in parentheses denote relative Raman intensities and are from ref 125. The value in square brackets is the
corresponding mode observed in F;0XeNCCHs. © The aug-cc-pVTZ(-PP) basis set was used. Values in parentheses denote
Raman intensities (A* u™). Values in square brackets denote infrared intensities (km mol™). ¢ The abbreviations denote
symmetric (s), asymmetric (as), stretch (v), bend (8), rock (prock), in-plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-

plane and out-of-plane mode descriptions are relative to the XeOF, plane (Figure 5.1).
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Table A2.3. Calculated Geometrical Parameters for the XeOF;~ Anion ¢

0LE

MP2 SVWN5 BP86 PBEIPBE B3LYP B3PW91 MPWI1PWOI1
bond lengths (A)
Xe-F, 2.0% 2.086 2.139 2.061 2.094 2.078 2.063
Xe-O 1.854 1.8%0 1.918 1.866 1.889 1.876 1.867
Xe-Fy 2.131 2.148 2198 2.183 2.205 2.188 2.185
bond angles (deg)
Q-Xe-F, 96.0 94.2 939 93.1 93.2 93.3 9.1
F.-Xe-Fy 84.0 858 8a.1 869 86.8 86.7 86.9
F-Xe-F. 168.0 171.7 1723 173.8 173.5 173.5 1739

“ The aug-cc-pVDZ(-PP) basis set was used.
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APPENDIX 3

The standard enthalpies for the solid-state decomposition of [XeOF][AsF¢] (eq
A3.1), [HOXeF;][AsFs] (eq A3.2), [HOXe(F),OXeF;][AsFs] (eq A3.3),
[FXeOXeF;][AsFs] (eq A3.4), and [FXeOXe(F),OXeF,][AsFs] (eq A3.5), as well as the
hydrolyses of [HOXe(F),OXeF,][AsFs] (eq A3.6), [FXeOXeF;][AsFs] (eq A3.7), and
[FXeOXe(F),OXeF,][AsFs] (eq A3.8), were evaluated from the corresponding gas-phase

[XeOF][AsFs]s) [XeF][AsFs)s) + 7202 g (A3.1)
[HOXeF 2] [ASF6] ®) [XCF] [ASF 6](s) + %20, ® + HF(l) (A3 .2)
[HOXe(F),0XeF2][AsFs]) [XesF3][AsFe]s) + O2¢ + HFq) (A3.3)
[FXeOXeF2][AsFs](s) [Xe F3][AsFe]) + 202 (A34)

[F XeOXe(F)ZOXer] [AS F6] (s)
3[HOXe(F),OXeF;][AsF 6](5) + 3H20(1)
2[XG3OF3][ASF6](S) + 30, ) + 6HF(1) + [H3O][ASF6](S) (A36)

3[FXeOXeF;][AsF¢ls) + 3H,Oq
2[XesOF3][AsF¢ls) + %202 + 3HFq + [H30][AsFe]s) (A3.7)
[FXeOXe(F),0XeF2][AsFes]s) + HaOq)
[Xe3OFs3][AsFs]) + O2¢) + 2HF() (A3.8)

decompositions,  lattice enthalpies  of  [XeOF][AsFg], [HOXeF,][AsFé],
[HOXe(F),OXeF,][AsFs], [FXeOXeF;][AsFs], [FXeOXe(F),0XeF,][AsFg],
[XeF][AsFg], [XexF3][AsFs], [Xe;OFs][AsFs], and [H3O][AsFg] (Table A3.1), AH°(sub
XeF,) = 55.71 kJ mol ', AH°(sub H,0) = 56.0 kJ mol™",**® AH°(vap H,0) = 44.01 kJ
mol ', ** and AH°(vap HF) = 28.68 kJ mol '."”* The lattice enthalpies were estimated by
use of the volume-based method of Bartlett et al.?*®?% as generalized by Jenkins et
al 2% in eq A3.9, where R is the gas constant (8.314 J mol™" K™), J is the ionicity of the

[Xe2F3][AsFe](s) + Oz + XeFas) (A3.5)

AH®: = 21(#‘_— + ,BJ + pRT (A3.9)
salt and the constants, a, §, and p, depend on the nature of the salt. For the salts under
investigation, which are singly charged and the following values were used: 7 =1, a =
117.3 nm kJ mol™, g = 51.9 kJ mol™, and p = 2. In this formalism, AH’; is the lattice
enthalpy and is defined as the energy required to break the crystal lattice, and therefore
has a positive value. This approach is generally accurate to ~4% for salts with AH°_ less
than 5000 kJ mol™,*"! and is particularly useful because the formula unit volume (V) of
an unknown salt can be estimated with reasonable accuracy using several methods.”!
The values of Viu([H3O][AsFg]) = 0.1287 nm’, V([Xe;OF3][AsFg]) = 0.2634 nm’,
Va([XeF][AsFe]) = 0.1490 nm®, and Vu([XesF3][AsFg]) = 0.2327 nm’ were determined
directly from the X-ray crystal structures of [H3O][AsFe],”” [XeF][AsFg],® and
[XezF3][AsF6],45 respectively. The value for Vi([XeOF][AsF¢]) = 0.1558 nm’ was
determined from eq A3.10. Where Vi(XeOF,) = 0.0708,'° V_(F) = 0.025(10),”"' and
V(AsFs )™ = 0.110(7) nm’. The value for Vna[HOXeF,][AsFg]) = 0.1745 nm® was
determined from eq A3.11, where Vy(HF) = 0.0187.>° The values for
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Va([HOXe(F),0XeF,][AsFq]) = 0.2453 nm’, Vy([FXeOXeF2][AsFs]) = 0.2198 nm’, and

Va([FXeOXe(F),0XeF2][AsFs]) = 0.2906 nm®, were determined from eq A3.12-14,

respectively. Application of eq A3.9 yields AH°,, for the salts which are listed in Table
Val[XeOF][AsFg]) = Vin(XeOF,) — V(F) + V_(AsFg ) = 0.1558 nm’ (A3.10)
Vi([HOXeF;][AsF¢]) = Vin(XeOF 2)3+ Va(HF) = V_(F ) + V_(AsF¢ )

=0.1745 nm (A3.11)
Vu([HOXe(F),0XeF,][AsFg]) = 2Vin(XeOF,) + Vi(HF) — V_(F) + V_(AsFs )
=0.2453 nm’ (A3.12)

Va([FXeOXeF,][AsFg]) = V(XeOF,) + Vin([XeF][AsFg]) = 0.2198 nm® (A3.13)
Vi([FXeOXe(F),0XeF,][AsFg]) = 2Vmn(XeOF>) + V([ XeF][AsF¢])
= 0.2906 nm’ (A3.14)
A3.1.The enthalpies, AH»9s15 and AH\gs 15, for eqs A3.1—8 are listed in Table 6.1 and
have been calculated by eqs A3.15-30.
AH,515(A3.1) = AH°L([XeOF][AsFq]) — AH°L([XeF][AsFs]) +
AHg)298.15/(A3.1) (A3.15)
=544.7 — 551.3 + (—288.0) =—294.6 kJ mol
AH95.15(A3.1) = AH°L([XeOF][AsFs]) — AH’L([XeF][AsFs]) +
AH gy195.15)(A3.1) (A3.16)
=543.0 — 549.6 + (-288.2) = —294.8 kJ mol
AH298.15(A3.2) = AHOL([HOXer][ASFs]) - AHOL([XCF][ASFﬁ]) +
AHg)098.150(A3.2) (A3.17)
=528.6 — 551.3 + (—125.5) = —148.3 kI mol "’
AH195_15(A3.2) = AHOL([HOXer][ASFG]) - AHOL([XCF][ASFG]) + .
AH, (g)(298.15)(A3.2) ~ AH° (Vap HF) (A3.18)
= 526.9 — 549.6 + (—209.3) — 28.68 = —260.7 kJ mol
AH298.1 5(A33) = AH’ L([HOXC(F)zOX@Fz][ASFd) - AH° L([XezF 3][ASF 6]) +
AH(g)298.15(A3.3) (A3.19)
=483.5 — 490.2 + (-543.2) = —549.9 kJ mol*
AH 195,15(A3.3) = AH° L([HOXC(F)zOXCFz] [ASFs]) - AH° L([XezF 3][ASF6]) +
AHg)195.15(A3.3) — AH°(vap HF) (A3.20)
=481.8 — 488.5 + (—385.7) — 28.68 = —421.1 kJ mol*
AH298.15(A3.4) = AHO L([FXGOXer] [ASF6]) - AHO L([X62F3][ASF6]) +
AH(g)208.15(A3.4) (A3.21)
=497.5 — 490.2 + (-209.9) =—202.6 kJ mol ™’
AH195.15(A3.4) = AHOL([FXCOXCFz] [ASF6]) - AHOL([X62F3][ASF6]) +
AHg)y195.15(A3.4) (A3.22)
=495.8 — 488.5 + (—213.0) = —205.7 kJ mol
AHy93 3 5(A3.5) = AH° L([FXeOXe(F)ZOXer] [ASFs]) - AH® L([X62F3][ASF6]) +
AH, (g)(298.15)(A3.5) - AHO (Sllb Xer) (A3.23)
=462.9 — 490.2 + (=572.5) + 55.71 = —544.1 kJ mol

AH; 195,15(A3.5) =AH" L([FXCOX@(F)zOXCFz][ASFs]) — AH° L([X62F3][ASF6]) +
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AH(g)(195‘15)(A3.5) - AH°(sub Xer) (A324)
=461.2 — 488.5 + (—413.7) + 55.71 =—385.1 kJ mol’
AHy95.15(A3.6) = 3AH°L([HOXe(F),0XeF,][AsFq]) — 2AH°([Xe30F3][AsFq]) +
AH(g)(298,15)(A3.6) + 3AH° (vap HzO) —
AH’1([H30][AsFs)) (A3.25)
=3(483.5) — 2(474.7) + (—1908.6) + 3(44.01) — 573.4
=—1845.5 kJ mol ™’
AH, 195,15(A3.6) =3AH° L([HOXC(F)zOX@Fz][ASF@]) - 2AH® L([XG3OF3][ASF6]) +
AH(g)(zgg_ls)(A3.6) + 3AH° (sub H,0) -
AH°([H30][AsFs]) — 6AH’(vap HF) (A3.26)
— 3(481.8) — 2(473.0) + (~1250.4) + 3(56.0) — 571.7 — 6(28.68)
=—1326.8 kJ mol
AH298.15(A3.7) = 3AH° L([FXCOXer] [ASFs]) - 2AH° L([XC3OF3][ASF6]) +
AH)208.15(A3.7) + 3AH’(vap H;0) —
AH°([H;0][AsFs)) (A3.27)
= 3(497.5) — 2(474.7) + (—713.0) + 3(44.01) — 573.4
=—611.3 kJ mol™’
AH\9s 1 5(A3.7) =3AH° L([FXCOXer][ASFG]) ~ 2AH° L([XC3OF3][ASF6]) +
AH(g)(195,15)(A3.7) + 3AH°(sub H20) -
AH°L([H30][AsFe]) — 3AH°(vap HF) (A3.28)
= 3(495.8) — 2(473.0) + (~722.1) + 3(56.0) — 571.7 — 3(28.68)
=—670.4 kJ mol
AH293,1 5(A38) = AHO L([FXeOXe(F)ZOXer][AsFG]) - AHO L([XC3OF3][ASF 5]) +
AH (£)(298.1 5)(A3.8) + AH° (vap H,0) (A3.29)
=462.9 — 474.7 + (—662.4) + 44.01 = —630.4 kJ mol !
AH, 195,15(A3.8) = AH° L([FXGOXC(F)zOXer][ASFG]) - AH° L([X330F3][ASF5]) +
AH(g)(195,15)(A3.8) + AHO(Sllb HzO) - ZAHO(VElp HF)(A3.30)
=461.2 - 473.0 + (—425.5) + 56.0 — 2(28.68) = —438.6 kJ mol !

A method for estimating the absolute standard entropy of a salt from its unit
volume has been re%mrted by Jenkins and Glasser (eq A3.31) where k = 1360 J mol” K™
(nm™ formula unit ™) and ¢ = 15 J mol™* K™ 2'? The standard entropies of the salts under

S =kVn tc (A3.31)
consideration are listed in Table A3.1. When coupled with the experimental standard
entropies of Oa (206 J mol™ K™),'* XeFy (115.09 J mol™! K™),2"® HF ) (173.779 J
mol ™ K™)," HF g (75.40 J mol™ K™)," H,0¢, (69.91 J mol™ K™),' and H,0, (47.91
J mol™ K™),*7 this method allows AS® and AG® to be calculated from eqs A3.32 and
A3.33, respectively, with the values listed in Table 6.1.

AS® = $°(products) — S°([XeONO,][AsFs]s) (A3.32)

AG®° = AH° — TAS® (A3.33)
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Table A3.1. Estimated Volumes, Lattice Enthalpies, and Entropies for [XeOF][AsFs], [HOXeF>][AsFg],

[HOXe(F),0XeF,][AsFs], [FXeOXeF2][AsFe], [FXeOXe(F),0XeF,][AsFs], [XeF][AsFs], [Xe2F3][AsFs],

[XesOF;][AsFe], and [H;O][AsF]

Salt Vi (nm®) AH? (kJ mol™ ! S (Tmol ' K™
298.15 K 195.15K
[XeOF][AsF] 0.1558 544.7 543.0 226.9
[HOXeF][AsFq) 0.1745 528.6 526.9 252.3
[HOXe(F),OXeF,][AsFg] 0.2453 483.5 481.8 348.6
[FXeOXeF,][AsFs] 0.2198 497.5 495.8 313.9
[FXeOXe(F),0XeF,][AsFy] 0.2906 462.9 461.2 410.2
[XeF][AsFe] 0.149 551.3 549.6 217.6
[XeaF3][AsF] 0.2327 490.2 488.5 331.5
[Xe3OF3][AsFe] 0.2634 4747 473.0 373.2
[H30][ AsFq] 0.1287 573.4 571.7 190.0
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Table A3.2. Calculated Bond Lengths (A) and Bond Angles (deg) for the XeFs' (Ca)
Cation and XeF;"-HF Adduct and a Complete List of Experimental and
Calculated Geometrical Parameters for ([XeFs HF][SbyF11])2-[HsF4][SbFe],
[XeF;-HF][SbyF 1], and the [ XeF;3][SbF¢] Ion Pair

XeFs"
calcd?
B3LYP PBE1PBE MP2

Xe(1)-F(1) 1.906 1.884 1.883

Xe(1)-F(2) 1.867 1.845 1.838

Xe(1)-F(3) 1.906 1.884 1.883

F(1)-Xe(1)-F(2) 84.2 83.7 83.3

F(1)-Xe(1)-F(3) 168.4 167.3 166.6

F(2)-Xe(1)-F(3) 84.2 83.7 83.3

XeF{“HF
exptl caled?
O s [XeFyHFJ[SbiF] B3LYP PBEIPBE MP2

Xe(1)-F(1) 1.88002) 18650 1916 1.89 1892
Xe(1)-F(2) 1.83802) 1.865(1) 1.870 1.847 1,839
Xe(1)-FG) 1.89002) 2.186(2) 1916 1.894 1.892
Xe(1)—F(10) 24620) 2.186(2) 2556 25537 25550
F(10)-H 0937 0933 0934
F(1)-Xe(1)F(2) 81.4(1) 81.40(8) 84.7 84.1 83.7
F(1)Xe(1)F(3) 1623(1) 161.12(6) 169.3 1683 167.4
F(1)Xe(1)-—F(10) 78.8(1) 79.72(6) 95.3 95.8 9.3
F(2)-Xe(1)}F(3) 81.0(1) 79.72(6) 84.7 84.1 837
F(2)Xe(1)—F(10) 160.2(1) 161.12(6) 176.7 176.8 177.1
F(3)-Xe(1)F(10) 118.77(9) 119.15(9) 95.4 95.9 93
Xe(1)-F(10)}H 141.9 141.9 1528
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Table A3.2. Continued...

[XeF;][SbFe]
exptl calcd”?

B[XcF][SbF]]  B3LYP  PBEIPBE  MP2
Xe(1)-F(1) 1.894(2) 1.950 1.926 1.929
Xe(1)-F(2) 1.839(2) 1.921 1.894 1.895
Xe(1)-F(3) 1.901(2) 1.949 1.926 1.929
Xe(1)-—F(4) 2.485(1) 2.136 2.131 2.127
Sb(1)-F(4) 1.917(1) 2.200 2.156 2.122
Sb(1)-E(5) 1.872(2) 1.906 1.890 1.888
Sb(1)-F(6) 1.855(2) 1.883 1.868 1.864
Sb(1)-F(7) 1.896(2) 1.883 1.868 1.864
Sb(1)-F(8) 1.861(1) 1.899 1.890 1.888
Sb(1)-F(9) 1.872(2) 1.875 1.861 1.857
F(1)-Xe(1)-F(2) 79.72(8) 86.8 86.0 86.3
F(1)-Xe(1)-F(3) 159.45(8) 173.3 171.7 172.4
F(1)-Xe(1)—F(4) 73.06(6) 93.1 94.0 93.6
F(2)-Xe(1)-F(3) 79.74(7) 86.2 86.0 86.4
F(2)-Xe(1)—-F(4) 152.74(7) 178.1 177.9 177.7
F(3)-Xe(1)—F(4) 127.47(6) 93.3 94.0 93.6
F(4)-Sb(1)-F(5) 87.73(7) 79.7 80.1 80.0
F(4)-Sb(1)-F(6) 89.81(7) 84.5 85.0 85.3
F(4)-Sb(1)-F(7) 89.91(6) 84.6 85.0 85.3
F(4)-Sb(1)-F(8) 87.39(7) 80.7 80.1 80.0
F(4)-Sb(1)-F(9) 178.20(7) 176.3 175.9 175.4
F(5)-Sb(1)-F(6) 92.12(8) 89.3 89.7 89.8
F(5)-Sb(1)-E(7) 177.28(7) 164.3 165.0 165.1
F(5)-Sb(1)-F(8) 91.06(7) 86.4 86.1 85.8
F(5)-Sb(1)-F(9) 90.98(7) 97.3 96.9 96.7
F(6)-Sb(1)-F(7) 87.95(7) 90.4 90.7 90.9
F(6)-Sb(1)-F(8) 175.67(8) 165.1 165.0 165.1
F(6)-Sb(1)-F(9) 90.97(7) 97.7 97.9 97.9
F(7)-Sb(1)-F(8) 88.74(7) 89.8 89.7 89.8
F(7)-Sb(1)-F(9) 91.74(7) 98.4 97.9 97.9
F(8)-Sb(1)-F(9) 91.93(7) 97.0 96.9 96.7
Xe(1)---F(4)-Sb(1) 138.95(7) 122.2 119.3 116.8

? The aug-cc-pVTZ(-PP) basis set was used.
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Table A3.3. Calculated Vibrational Frequencies *and Infrared and Raman Intensities * for the HOXeF," Cation®

PBE1PBE
00 %0 Wy o0 050 WEpy LTI Ko, assgnt’
3636 8(52)[300] 3624.6(52)[299)] 122 2649 1(25)[156] 2632.2(25)[155] 169 ~987.7 9924 (O
1222.9(3)[69] 1219.2(3)[69] -3.7 892.2(<1)[35] 886.0(<1)[35] -6.2 -330.7 -3332 8(Xe;OH)
674.2(<0.1)[207] 675.9(<0.1)[209] 1.7 675.2(<0.1)[199] 675.1(<0.1)[199] -0.1 1.0 0.8 v(XeFy) — v(XeFy)
637.5(23)[2] 611.935)[<1] -25.6 631.0025)[1] 594.5(13)(3] -36.5 -6.5 -3.8 v(Xe 0)
603.6(29)[2] 5983(15)[4] -5.3 603.027)[2] 609.8(38)[<0.1] 6.8 -0.6 -2.1 v(Xe(Fy) + v(Xe Fy)
298.03)[<1] 287.903)[<1] -10.1 296.3(3)[4] 285.6(3)[3] -10.7 -1.7 -23 8(01Xe F ) + 8(0Xe Fa)
215.0(<0.1)[14] 2154(<0.1)[14] 04 215.5(<0.1)[14] 215.4(<0.1)[14] -0.1 0.5 0.0 3(F 1 Xe:Focg.
208.6(<1)[18] 208.8(<1)[18] 02 208.9(,1)[19] 208.6(,1)[18] -0.3 03 0.2 8(FiXeFa)igp.
203.6(<1)[84] 202.8(<1)[84] -0.8 1474(<1)[41] 147.0(<1)[42] 04 ~56.2 558 pelXe;01H)
B3LYP
THEO TR0 iy HO O Wy LOZOY LGz T assgnt?
3585.2(55)[291] 3573.2(56)[290] -120 2611.6(26)[151] 2594.9(27)[150] -16.7 9736 9783 v(O.H)
1208.4(3)[69] 1204.6(3)[69] -38 882.0(<1)[35] 875.8(<1)[34] 62 -3264 -3288 8(Xe10H)
646.2(<0.1)[194] 647.8(<0.1)[196] 1.6 647.2(<0.1)[187] 647.2(<0.1)[187] 0.0 1.0 0.6 v(XeF1) - v(XeiFy)
590.8(28)[1] 576.2(41)[<1] -320 585.1(32)[<1] 553.3014)[2] -31.8 -5.7 -5.5 v(Xe,0y)
572.8028)12] 558.8(13)[3] 3.4 571.5(23)[2] 575.9(40)[<1] 44 -1.3 -0.3 v(Xe,Fy) + v(XefFy)
278.5()[<0.1] 269.4(4)[<0.1] 91 275.7([3] 265.9(3)[2] 9.8 -2.8 -3.5 (0, XesF ) + 8(0;Xe,Fy)
207.9(<0.1)[14] 208.4(<0.1)[14] 0.5 208.4(<0.1)[14] 208 4(<0.1)[14] 0.0 0.5 0.0 B(F 1Xe1FJo.os
193.7(<1)[18] 193.9(<1)[18] 0.2 193.9(<1)[18] 193.7(<1)[18] 0.2 0.2 0.2 3(FiXeFoip.
185.7(<1)[84] 184.7(<1)[83] -1.0 135.2(<1)[41] 134.7(<1)[42] 0.5 -50.5 -50.0 p={Xe,0H)
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Table A3.3. Continued...

THT0 H %0 &y 0 1\42:511280 oAy [OZIT (BZIET assgn®
3585(49)[2%0] 3573.8(49)[289] -12.0 2614.0(23)[153] 2597.324)[151] -16.7 -971.8 -981.5 v(OH)
1210.8(3)[74] 1207.2(3)[73] -36 884.0(<1)[43] 877.1{<1)[41] —6.9 -3268 -330.1 5(Xe,OH)
674.6(<0.1)[199] 676.3(<0.1)[200] 1.7 675.3(<0.1)[191] 675.3(<0.1)[191] 0.0 0.7 -1.0 v(XeiFp) - v(Xe Fy)
697.1(13)[12] 663.7(13)[12] -334 688.7(14)[7] 657.3(14)[8] 314 -84 64 v(Xe0y)
596.5(34)[1] 595.9(33)[2] -0.6 596.0(34)[1] 595.3(33)[1] -04 0.5 0.6 v(XeFy) + v(XeFy
309.9(3)[<1] 299.3(3)[<1] -10.6 307.6(3)[4] 296.5(3)[3] -11.1 -2.3 -28 (0 XeF ) + 301 XeFy)
215.9(<0.1)[14] 216.3(<0.1)[15] 0.4 2164(<0.1)[15] 216.4(<0.1)[15] 0.0 0.5 0.1 8(F 1Xe1F2)o.05.
210.0(<1)[19] 210.3(<1)[191 . 03 2102(<1)[19] 210.0(<1)[19] 02 0.2 -0.3 3(F XeFig.
188.0(<1)[84] 187.2(<1)[184] -08 1304(<1)[42] 130.0(<1)[42] -04 576 —-57.2 pe(XeOH)

8LE

“ Frequencies are given in cm™ . b Values in parentheses denote calculated Raman intensities (A* p™"). Values in square
brackets denote calculated infrared intensities (km mol ™). ¢ The aug-cc-pVTZ(-PP) basis set was used. 9 The abbreviations
denote stretch (v), bend (6), wag (pw), in-plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-plane and out-of-plane
mode descriptions are relative to the XeOF, plane (Figure 6.10).
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Table A3.4. Calculated Vibrational Frequencies  and Infrared and Raman Intensities b for the [HOXeF,][AsF¢] Ion Pair®

PBE1PBE

IH lﬁo IH 1 lﬁllsAv Q.HEO ZHISO lﬂlBAv l(lﬁ)lx!ﬁ)Av l(lB')Q(IZ)Av assgnt d
3763.9(80)[207] 3751 481)[204] -125 2740.937(117] 2723.6(37)[114] -173 -1023.0 -10278 v(O:H)
1149.6(3)[53] 1145.7(3)[50] -39 843.4(1)[40] 836.6(<1)[35] —6.8 -306.2 -309.1 §(Xe,OH)
760.1(3)[156] 760.4(4)[156] 0.0 760.0(3)[159] 760.0(3)[159] 0.0 —0.1 -0.1 v(AsFy) - v(AsFy)
757.6(1)[167] 757.7(1)[168] 0.1 757.6(1)[167] 757.6(1)[167] 0.0 0.0 -0.1 [V(AsFo) — v(ASF.)] + [V(ASF.) — v(AsF.)]
754.1(8)[135] 754.0(7)[136] 0.1 754.1(D[137] 754.0(7)[138] 0.1 0.0 0.0 v(AsFg)
678.5(15)[38] 678.5(15)[38] 0.0 678.5(15)[38] 678.5(15)[38] 0.0 0.0 0.0 V(AsFy) + v(AsFz)
621.5(74)[88] 593.9(69)[77] -276 614.7(73)[77] 589.0(69)[64] -25.7 638 4.9 v(Xe(01)
618.9(1)[214] 6203(1)[218] 14 619.7(1)[208] 620.0(1)[208] —0.3 08 03 v(XeFy) - v(XeFy)
597.3(1)[21] 597.5(1)[18] 02 597.5(1)[18] 597.4()[18] -0.1 0.2 -0.1 [v(ASF.) + v(ASF)] - [V(ASFe) + v(AsF.)]
562.8(28)[10] 561.2025)[21] -16 562.5(28)[11] 560.1024)[24] -24 03 -0.1 v(Xe,Fy) + viXe,F)
430.5(D[o1] 430.2(7)[88] 03 4305(7)i91] 430.1(7)[88] -04 0.0 -0.1 v{Xe;—Fy) - v(As-Fy)
404.6(<1)[19] 404.5(<1){19] 0.1 404.3(<1)[20] 404.2(<1)[20] -0.1 03 03 [v(Xer--Fp) + v(As-Fy)] + Sunn(ASFaeF 26)
384.8(2)[1] 384.8(2)[1] 0.0 384.802)[1] 384.8(2)(1] 0.0 0.0 0.0 8(F.AsF o) + 8(FeAsF)
381 .9(<1)[38] 381.9(<1)[38] 0.0 381.9(<1)[38] 381.9(<1)[38] 0.0 0.0 0.0 3(FoASFe) — 8(FASFo) + pulFuAsFa)
369.9(<1)[11] 369.8(<1)[11] -0.1 369.8(<1)[11] 369.7(<1)[11] 0.1 -0.1 —0.1 S(ASFF) — B(ASF.F )
324.1(<)[<1] 324.1(<1)[<1] 0.0 324.1(<D)[<1] IUN)[<1] 0.0 0.0 0.0 PulF ASFe) — plFASF,) + pFsAsF,)
305.2Q1)[239] 305.1(1)[241] -0.1 304.7(1)[240] 304.6(1)[241] -6.1 05 0.5 3(01Xe(Fy) — S(ASFF 1)
278.5(0)[10] 268.2(1)[9] -103 278.12)[6] 267.8()[6) -10.3 -04 -0.4 3(0rXe Fy) + 8(01Xe,Fy)
276.6(1)[104] 276.7(1)[103] 0.1 276.8(1)[105) 276.7(1)[105] -0.1 0.2 0.0 8(FyAsF,) + pulFcAsFo
229.6(<1)[29] 230.0(<1)[29] 04 229.8(<1)[28] 229.6(<1)[28] 0.2 0.2 04 3(F 1 XeF 2)oop
229.1(<1)[4] 229.0(<1)[4] 01 228.8(<1)[<1] 228.7(<1)[<1] -0.1 -03 0.3 PoFrASF ) + pe(Xe O1H)
223.2(2)[56] 223.2(2)[56] 0.0 161.7(1)[31] 161.6(1)[33] -0.1 -615 —61.6 pulXei04H)
197.2(1)[3] 197.2(1)[3] 0.0 197.2(131 196.8(1)[3] 04 0.0 04 8(FiXe\Fakp
196.5(<0.1)[<0.1] 196.5(<0.1)[<0.1] 0.0 196.6(<0.1)[<0.1] 196.6(<0.1)[<1] 0.0 0.1 0.1 PeF ASFe) — palFASFe)
135.7(<1)[3] 135.7(<1)[3] 0.0 1355 (<1)[ 4] 135.2(<1)[5] 03 0.2 0.5 PAASFFoFae) — p{HO Xe\F: F ) o
117.72)[13] 1144(1)[11] -33 1147 ([ 11] 111.6(1)[10] -3.1 -3.0 28 p{HO Xe\F F ooy,
7L4(1)[<0.1] 71.2<1)[<0.1] 02 712 (<1)[0.1] 70.9(<1)[<0.1] 0.3 0.2 03 p{HO;Xe,F; Faip.
60.0(<1)[<1] 59.6(<1)[<1] 04 59.6(<1)[<1] 59.1(<1)[<1] 04 04 -0.5 8( AsFyXep)
47.1(<1)[<01] 47.1(<1)[<0.1] 0.0 472(<D[<0.1] 471(<D[<0.1] 0.0 0.0 0.0 P:(feASFe) = puFeAsF,) + p(HOXe/F, F
25.1(<1)[<1] 25.0(<1)[<1] 01 24 9(<1)f<1] 24.8(<1)[<1] —0.1 02 02 n(XéF:ere) ~ pHOXeF: F ooy,
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Table A3.4. Continued...

08¢

B3LYP

IH 160 1HTBO ISIIBAV 2H160 2[_[180 IMBAV KIG)Q(IQAV l(lMIB)Av assgm’d
3708.1(90)[197] 3695.8(91)[194] -123 27004(41)[112] 2683 3(42)[109] -17.1 ~1007.7 -1012.5 v(OH)
1132(3)[50] 11282(4)[47] -39 830.5(<1)[38] 823(9)<1[[34 —66 -30L.6 3043 §(Xe,OH)
735.6(3)[143] 735.6(3)[143] 0.0 735.5(2)[144] 735.5(3)[143] 0.0 ~01 -0.1 v(ASF ) — v(AsFye)
732.9(1)[161] 732.9(1)[161] 0.0 732.51)[160] 732.9(1)[160] 0.0 0.0 0.0 [V(ASFQ — v(AsFe)] + [V(ASFy) — v(AsF)]
731.6(9)[145] 731.6(9)[147] 0.0 731.6(9)[148] 731.5(9)[148] -0.1 0.0 -0.1 v(AsF9
656.3(19){30] 656.3(19)[29] 0.0 6563(19)[30} 656.3(19)[29] 0.0 0.0 0.0 v(ASF0) + v(AsFy)
599.7(78)[89] 554.8(73)[73] -249 573.5(77)[79] 5504(73)[59] -231 -6.2 44 v(Xe,0)
594.9(1)[163] 595.9(1)[173] 1.0 595.5(1)[163] 595.4(1){163] —0.1 0.6 -0.5 v(XerF1) - v(XeFy)
580.3(1)[60] 580.8(1)[51] 0.5 580.6(1)[52] 580.6(1)[52] 0.0 03 02 [V(ASFo) + v(AsFo)] - [W(AsFg) + v(ASF )]
532.2(30)[14] 530.5(25)[31] -17 532.0029)[16] 520.5(24)[38] -2.5 -02 -1.0 v(XeiFy) + v(XeFa)
419.7012)[78} 419.2(13)[74] -0.5 419.712)[78] 418.9(13)[73] —03 0.0 -0.3 v(Xe1---Fr) - v(AsFy)
388.1(<1)[33] 388.1(<1)[33] 0.0 388.0(<1)[33] 387.9(<1)[33] -0.1 -0.1 02 [v(Xe1-~Fy) + v(AS—F5)] + Summ( ASF 2F30)
376.3(2)[4] 376.2(2)[4] 0.1 376.22)[4] 376.2(2)[4] 0.0 -01 0.0 8(F.ASF,) + 8(FeAsFe)
372.8(<1)[36] 372.8(<1)[36] 0.0 372.8(<1)[36] 372.8(<1)[36] 0.0 0.0 0.0 3(FASFy) — 8(FeASF ) + pafFyAsFy)
357.9Q1)[6] 357.8(1)[6] 0.1 357.8(1)[6] 357.6(1)[6] -02 —0.1 02 S(ASFF;¢) — B(ASFF0)
309.5(<1)[<0.1] 309.5(<1)[<0.1] 0.0 309.5(<1){<1] 309.5(<1)[<0.1] 0.0 0.0 0.0 PlFeASFe) — pulF AsFe) + pFrAsFy)
281 3(1)[122] 281.2(1)[124] -0.1 280.7(1)[116] 280.5(1)[114] -02 —0.6 -0.7 8(0,Xe Fy) ~ S(AsFyFie)
259.4(1)[15] 250.2(1)[16) 52 258.2(2)[6] 248.8(2)[5] 94 -12 04 8(0XeFy) + 8(0,XeFa)
270.2(1)[190] 270 4(2)[190] 0.2 2703(1)[197] 270.1(1)[201] ~0.2 0.1 —0.3 3(FyASE,) + pulFeAsF o)
215.7(<1)[56] 216.0(<1)[56] 0.3 215.9(<1)[551 215.7(<1)[54] 02 02 03 8(FXeFa)op
218.6(<1)[4] 218.5(<0.1)[4] 04 219.5(<1)[<1] 219.3(<1)[<1] -02 0.9 0.8 PulFyAsFo) + pe(XeOH)
226.2(3)[50] 226.2(3)[48] 0.0 163.6(1)[30] 163.5(1)[30] -0.1 —62.6 —62.7 p(XeiO1H)
184.6(<1)[3] 184.6(1)[3] 0.0 184.6(<1)[3] 1842(1)(3] -04 0.0 04 8(FXeiFa)y
183.9(<0.1)[<0. 1] 183.9(<0.1)[<0.1] 0.0 184.0(<0.1)[<1] 184.0(<0.D)i<1] 0.0 0.1 0.1 plFeAsFe) — palF AsFo)
1303(<1y [1] 130.2 <12 -0.1 130.3(<1)[2] 130.1=1){2] -0.2 0.0 01 P ASFF1F 26) — p(HO1Xe Fy F kg
114.6(2)[14] 111.3(2)[ 13] -33 111.6(2)[13] 108.6(2)[12] -30 -390 2.7 P{HOXeF 1 F oo
733(<1)f<1] 73.00[13] 03 72.9(<1)[<1] 725()[12] -04 —04 0.5 p(HO XerF1 F a)ip.
53.0(<1)[<1] 52.6(<1)[<1] -04 52.6(<D)[<1] 521(<D)[<1] —04 -04 -0.5 8( AsFyXe))
46.8(<1)[<0.1] 46.8(<1)[<0.1] 0.0 46.8(<1)[<0.1] 46.7(<)[«1] 0.1 00 0.1 PUFASF,) — pFeAsF ) + p(HOXeiF1 F ooy,
13.9(<1)[<1] 13.9(<D){<1] 0.0 13.8(<D)f<1] 138(<1)[<1} 0.0 -0.1 01 PASF2F2e) ~ p{HOXe1F) F ooy,
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Table A3.4. Continued...

50 HB0 168y H%0 H7O 168py TIRAA, WHTZTH Ay assgnt?
3694.30[198] 3682.10[194] -12.2 2690.10[113] 2673.10[110] -17.0 -1004.2 -10609.0 v(0:H)
1137.10[56) 1133 40[53] 3.7 833.60[40] 827.00[33] 6.6 -303.5 -306.4 §(Xe,OH)
778.80[150] 778.80[150] 0.0 778.70[154] 778.70[153] 0.0 0.1 0.0 v(ASF2,) - v(ASF20)
775.60[161] 775.60[162] 0.0 775.60[161] 775.60[161] 0.0 0.0 0.0 [V(ASFe) — v(AsFe)] + [V(ASF.) — v(AsF)]
773.50[141] 773.40[142] 0.1 773.40[146] 773.40[146] 0.0 0.1 0.0 v(AsF,)
693.50[37] 693.50[37] 0.0 693.50[38] 693.50[38] 0.0 0.0 0.0 v(AsFa) + v(AsF )
626.40[98] 597.50[87] 289 620.10[86] 592.70[77] -274 463 438 v(Xe;Or)
624.80[138] 625.60[148] 0.8 625.30[140] 625.30[139] 0.0 0.5 03 v(XelFp) - v(XeFy)
607.40[88] 608.10[79] 0.7 607.90[78] 607.90[79] 0.0 0.5 02 [V(ASFQ + v(AsFe)] ~ [v(AsFe) + v(AsF.)]
552.00[14] 551.20[20] 0.8 551.90[14] 550.90[21] -1.0 0.1 03 v(XeiF) + v(XeFa)
448.70[118) 448.80[115] 0.1 44880[118] 448.6Q[115] -0.2 0.1 02 v(Xe-~Fp) ~ v(As-Fy)
415.10[10] 415.00[10] 0.1 414.70[11] 414.60[11] 0.1 04 04 [v(Xei=Fy) + v(As-Fy)] + Suun( AsF 2eF2e)
386.20[41] 386.20[41] 0.0 386.20[40] 386.20[40] 0.0 0.0 0.0 8(F AsFy) + 5(FeAsFe)
394.60[3] 394.60[3] 0.0 394.60[3] 394.50[3] 0.1 0.0 01 8(F AsFy) — 8(F AsF) + pu(FoAsFy)
37730[21] 377.30[21] 0.0 377.30[21] 377.20[21] -0.1 0.0 0.1 8(AsFyFyy) — 3(ASF.Fa
335.60[<1] 335.60(<1] 0.0 335.60[<1] 335.60[<1] 0.0 0.0 0.0 PoAFoAsFe) — palFAsFe) + pi(FsAsFa)
310.30)[198] 310.10[201] 0.2 309.80[198] 309.60[198] 0.2 0.5 05 8(01XeiFy) — B(AsFyFae)
272.50[12] 262.60[12] 9.9 271.80[5] 261.90[5] 9.9 0.7 0.7 8(0:XerF ) + 8(0XeFy)
279.20[155] 279.40[154] 0.2 27940[157] 279.30[158] 0.1 0.2 01 B(FpASFy) + pulFeAst,)
230.80{40] 231.10[40] 03 230.90[39] 230.70[38] 0.2 0.1 04 B(F 1 XeF )oog
234.60[9] 234.50[8] 0.1 235.70[<1] 235.50[<1] 0.2 1.1 Lo pekFoAsEy) + pu(Xe,OH)
239.50[48] 239.50[48] 0.0 172.80[311 172.60[31] 0.2 -66.7 —66.9 pe(Xe10/H)
192.80[2] 192.80[2] 0.0 192.90(2] 192.40[2] 0.5 0.1 05 S(FiXeiF )
204.50[<0.1] 204.50[<0.11 0.0 204.70[<11 204.70[<1] 0.0 0.2 02 PoFeASF,) — poF.AsF,)
138.00[2] 13710131 09 137.30[3] 136.50[41 0.8 -0.7 06 p(ASFoFaeF3e) — p(HOXeFy F iy,
116.80[21] 114.30[19] -2.5 114.50[19] 112.1Q[18] 2.4 -2.3 -22 p{HOXe1F | F Doop.
84.20[<0.1] 3.90[<0.1] 03 84.00[<0.1] 83.60[<0.1] 04 02 -03 p(HOXe/F 1 F )ip.
7290[<1] 72.20I<1] 0.7 7230[<1] 71.50[<1] 0.8 0.6 0.7 3( AsFyXe)
504Q[<0.1] 59.40[<0.1] 0.0 59.40[<0.1] 59.30[<0.1] o1 0.0 01 P'ffeASFJ ~ pFeAF )+ pHOXeF F
3550[<1] 35.30[<1] 0.2 35.20[<1] 35.00[<1] 0.2 03 03 n(Apstere) = p(HOXeiF1 F oo,
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“ Frequencies are given in cm. ® Values in parentheses denote calculated Raman intensities (A* p™). Values in square brackets denote calculated
infrared intensities (km mol ™). ¢ The aug-cc-pVTZ(-PP) basis set was used. ¢ The abbreviations denote stretch (v), bend (8), wag (py), in-plane bend
(i.p.), and out-of-plane bend (0.0.p.). The in-plane and out-of-plane mode descriptions are relative to the local XeOF, plane (Figure 6.10).
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Table A3.5. Calculated Vibrational Frequencies “ and Infrared and Raman Intensities ° for the FXeOXeF," Cation ¢

PBE1PBE B3LYP MP2 assgnt?
160 180 1618 Av 160 IBO 1618 Av 160 Iso 1818 Av
679.1(10)[57] 647.8(6)[20] -313 627.8(8)[34] 601.8(13)[3] ~26.0 780.2(12)[204] 741.6(9)[172] -38.6 v(Xe101) - v(Xe:01)
648.3(1)[203] 650.0(1)[204) 1.7 620.7(2)[193] 6223(2)[194] - 16 645.8(1)[196] 647.5(1)[197] 17 v(XeiFy) - v(XeF)
616.4(110)[150] 615.3(114)[168) 1.1 583.5(127)[149] 579.9(121)[158] 36 598.7(110)[134] 599.2(111)[138) 05 v(XesFs)
580.2(28)[46] 579.3(28)[56) -0.9 549.0(30)[50] 547.3(30)[65] 12 567.9(36)[50] 567.5(36)[54] 0.4 v(XeiF1) + v(XeFy)
342.5(4)[45] 326.0(4)(42] -16.5 325.9(5)[38] 3103@)[35] -15.9 371.510)[63] 353.6(9)[58] -17.9 v(Xe101) + v(Xe20)
298.2(2)[7] 286.5)[7] -11.7 277002)[6] 266.2(2)[6] -10.8 3143181 301.5(2){7] -12.4 §E8§:1§3 N
216.2(<0.1)[12] 216.8(<0.1)[12] 0.6 208.8(<0.1)[11] 2093(<0.1)[11] 05 218.0(<0.1)[12] 218.6(<0.1)[12] 0.6 3(F;XeiF2)oop.
212.2(<1)[13] 212.6(<1)[13] 0.4 198.6(<1)[12] 199.0(<1)[11] 04 2123(<1)[13] 212.6(<1)[12] 0.3 S(F XeFa)iy.
146 4(<1)[3] 148.9(1)[14] 2.5 139.6(1)[13] 140.1(1)[14] 0.5 155.5(<1)[18] 156.1(<1)[19] 12 Pe(01XesF3)
80X

148.4(1)[14] 146.8(<1)[3] -16 138.7(<1)[3] 139.1(<1)[3] 04 152.1(<1)[3] 152.5(<1)[3] 04 SEFIS(:;F:;_:M
67.0@)[1] 67.0(4)[1] 0.0 66.6(5)[1] 66.75)[1] 0.1 65.6(2)[1] 65.7(2)1] 0.1 3(Xe101Xep)
1243)[<0.1] 122(3)<0.1] 02 149(3)[<0.1] 147G)<0.1] 02 15.8(3)[<0.] 15.7G)[<0.1] 0.1 §$‘§2§3+

“ Frequencies are given in cm .  Values in parentheses denote calculated Raman intensities (A* u™"). Values in square
brackets denote calculated infrared intensities (km mol ). ¢ The aug-cc-pVTZ(-PP) basis set was used. ¢ The abbreviations
denote stretch (v), bend (8), wag (pw), twist (py), in-plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-plane and out-of-
plane mode descriptions are relative to the local XeOF; plane (Figure 6.10).
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Table A3.6. Calculated Vibrational Frequencies  and Infrared and Raman Intensities > for the HOXe(F),0XeF," Cation®

PBE1PBE B3LYP MP2 assgnt 4
0 . 180y 1618y, 150y 18 16184, o k7o) 16184,

3704.6(98)[364] 3692.3(99)[360] -12.3 3646.6(107)[359] 3633.6(109)[355] -12.0 ol ol - v(OH)
1170.3(12)[58] 1166.4(13)[56] -3.9 1159.8(16)[58] 115.3¢17)[55] 4.5 o1 on - 3(Xe:O1H)
685.1(55)[94] 651.9(48)[87] -33.2 634.6(51)[86] 603.9(50)[60] -30.7 on on - v(Xe;09) -v(Xe 0
639.9(12)[202] 641.3(16)[192] 14 613.1(15)[187) 614.7(12)[198] 1.6 ol ol - v(XesFaq) - v(XesFs)
633.9(1)[235) 635.5(1)[236] 16 608.7(1)[220] 610.2(1)[221] 1.5 ol o - v(XeiF1) — v(XeFa)
626.2(201)[112] 597.5(184){108) 287 579.8(228)[103] 554.6(200)[82] 252 ol1 o - v(XeiOy)
572.935)[2] 572002911 0.9 543.235)[2] 541 4(28)[4] -18 i ot - v(XeFy) + v(XeFy)
560.7(15)[27] 559.4(18)[35] -1.3 531.3(19)[32] 529.0(32)[51] 2.3 on ol - v{XesFs) + v(XesFs)
373.0(6)[33] 355.9(6)[30] -17.1 357.3(5)[27] 340.6(5)[24] -16.7 on on - 8(0XesFs) — 5(0:XesF5)
272.002)[4] 262.1(2)[2] 9.9 254.0()[7] 244.7(3)[1] 93 0 ol - 3(0rXeF 1)~ 8(01XeiFy)
244 9(D[77] 244.7(2)[79] 0.2 243 8(3)[73] 242.9(1)[79] 0.9 ol on - pe(Xe1OH)
233 3(<1)4] 233.7(<1)[4] 04 223.7(<1)[5] 224.0(<1)[5] 0.3 ol ol - S(F1XerF oo

_ -
221.1(<D)[13] 221 5(<)[13] 04 209.1({11] 200.1)11] 0.l ol on ggﬁzggip
216.7(<0.1)[12] 217.2(<0.1)[12] 05 210.4(<0.1)[12] 211.0(<0.1)[12] 0.6 on ol - S(FaXeFs)oos.

- 3(F  XeiFo)ip +
1993(41] 199.4(1)[40] 01 188.6(2)[39] 188.6(2)[39] 0.0 ol on B(F(er;F:;Z
115.7(<1)[3] 113.6(<1)[4] 2.1 110.8(<1)[3] 109.0(<1)[4] -1.8 ol ol -
108.8(1)[5] 105.0(1)[8] 3.8 105.1(<1){3] 101.1(<1)[4] 4.0 ol ol -
103.5(<1)[10] 101.2(<1)[6] 23 1003(D)[11] 98 5(<1)[8] -18 ol on -
583(2)[1] 57.5@2)[<l1] 0.8 54.6(2)[<1] 5309(2)[<1] -0.7 ol on -
17.9(1)[2] 17.7)[2] 0.2 13.5(<)[2) 13.5(<1)2] 0.0 ol on - pXe;OF F20))
165(2)[<0.1] 16.2(2)[<0.1] -0.3 23.6(3)[<1] 23.7(3)[<1] 0.1 oIl o -

“ Frequencies are given in cm . ® Values in parentheses denote calculated Raman intensities (A* p ). Values in square
brackets denote calculated infrared intensities (km mol ). © The aug-cc-pVTZ(-PP) basis set was used. ¢ The abbreviations
denote stretch (v), bend (8), wag (py), rock (p;), in-plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-plane and out-of-

plane mode descriptions are relative to the local XeOF, plane (Figure 6.10).
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Table A3.7. Calculated Vibrational Frequencies ® and Infrared and Raman Intensities ® for the FXeOXe(F),0XeF," Cation®

PBE1PBE B3LYP MP2 assgnt ?
10 150 16155, 150 g 16185, ) k) WEpy,

708.1(86)[31] 673.2(78)[30) 349 658.9(101)[35] 626.6(89)[35] -323 835.80[146] 794.40[134] 414 v(Xey05) —v(Xe, 00

671.4(240)[304] 640.3(164)[178) -31.1 622.1(245)[239] 595.4(119)[98] -26.7 736.10[529] 700.40[442) -35.7 v(Xe,0p) - v(Xe,01)

631.4(19)211] 632.9(15)[220] 15 603.6(24)(198] 605.1(25)[198] 15 632.10[207] 633.70[208] 1.6 v(XesFy) - v{XesFs)

620.6(<1)[210] 622.2(<1)[211] 16 594.9(<0.1)[199] 596.5(<1)[199] 16 609.70[216] 61130[217] 1.6 v(Xe,Fy) - v(XeFy)

594.8(248)(306] 593.7(296)[364] -1 564.4(330)[320] 561.8(415)[394] -26 578.10[265) 578.00[282] 0.1 v(XeFs)

560.2(28)[60] 559.5(30)[78] 07 530.0(32)[76] 529.1(39)[104] 09 553.80(32] 553.30[41] ~05 {:g:;ﬁ;;l:g:;ﬁﬁ} N

555.00D[13] 554.5(18)[15] -0.5 5253(21)[8] 524.8(23)[10] 0.5 535.90[45] 535.50[48] -04 {:gﬁ:ﬁg IZ&‘:;E:;} -

395.5(13)[311 376.6(12)[25] -189 375.013)[25] 357.101)[24) -17.9 424.20[59] 403.60[54] -20.6 Rg:fgg : ﬁ:ggﬁ -

343.0(15)[60] 327.5(13)[53] -15.5 3261(15)[51] 311.2(13)[45] -14.9 362.60[80] 346 40[71] 162 5;(‘3;‘;3;42)‘

294.2(1)[6] 282.5(1)[5) -11.7 2749(1)I5] 264.0(1){5] -10.9 285.10[4] 274.00[4] -11.1 5;8;‘:5;2)'

230.6(1)[2] 2314Q2)2] 08 219.6(1)[2] 22042)[2) 08 23090041 2315041 0.6 S(FXeF)y, +
SFXelFdoog

218.6(<1)[7] 218.9(<1)[7] 03 207.9(1)[7] 208.2(<1)[7] 03 233.50[24] 23230[15] -1.2 ﬁgﬁ:ﬁgﬂ -

0.0.0.
217.5(<0.1)[14] 218.0(<0.1)[14] 05 209.8(<0.1)[15] 2103(<0.1)[15] 05 225.00[14] 224.20[19] -08 3(FsXeFs)oop
208.8(<1)[45] 209.1(<1){44] 03 196.6(,1)[43] 196.9(<1){42] 03 206.30[10] 204.80[18] -1.5 B(FXesF)i, +

8(F1XetFa)ip,
154.6(3)[11] 155.1(3)[11] 05 145.7(4)[11) 146.2(4)(11] 0.5 195.80[34] 192.20[24] -3.6 g((FFgg:l?;))‘P *

g

15L.9)5] 1524015 05 144304 14.6(<1)[4] 03 15930[32] 15930(35 00 ?g;éfﬁzf -
5.

~ B 8(F;Xe 05 +
99.2(3){12] 97.8(5){[16] 14 93.8(6)[13] 92.6(3)[5] 12 153.80(7] 154.3Q[6] 0.5 oF 9(,'305)

_ _ B(F Xe Q) +
954(3)[7] 924(2)[3] 3.0 973(<1)[3] 94.24)11] 3.1 90.80f5] 91.00(5] 0.2 AFXes0D
87403)[3] 873(2)3] -0.1 83.9(3)[4] 83.903)[4] 0.0 6890111 69.00[2) 01 ;(:'((e)ag(cz?‘;.;') -8
4820021 483)12) 0.1 45712) 457021 00 59.6012] 5930[2] -03 ;(:ggzé)eo +¥
23.12)[<0.1] 23.2(2)[<0.1] 0.1 21.72)[<0.1] 21.7(2)[<0.1] 0.0 47.00[<1] 4690[<1] -0.1
21.6(2)[<0.1] 21.6(2)[<0.1] 0.0 226(3)[<1] 225(3)[<1] 01 38.0001] 37.60[1] 04 coupled deformation
128(2)[<1] 12.6(2)[<1] 0.2 189(2)<1] 184(2)[<1] 05 17.90[<1] 17.90[<1] 0.0 modes
83(<D)f<1] 83(<D)f<1] 0.0 9.3(<1)[<1] 9.1(<1)<1] 02 10.70[<0.1) 10.70[<0.1] 0.0

“ Frequencies are given in cm . ° Values in parentheses denote calculated Raman intensities (A* p™). Values in square
brackets denote calculated infrared intensities (km mol ™). ¢ The aug-cc-pVTZ(-PP) basis set was used. 4 The abbreviations
denote stretch (v), bend (8), in-plane bend (i.p.), and out-of-plane bend (0.0.p.). The in-plane and out-of-plane mode
descriptions are relative to the local XeOF; plane (Figure 6.10).
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Table A3.8. Calculated Bond Lengths (A) and Bond Angles (deg) for the HOXeF,",
[HOXeF,][AsFs], FXeOXeF,", HOXe(F),OXeF, " and
FXeOXe(F),0XeF," Cations ¢

HOXeF,"
MP2 PBE1PBE B3LYP
Xe-Fy 1.903 1.905 1.927
Xe-Oy 1.880 1.900 1.929
Xe,-H 2377 2393 2421
0,-H 0.985 0.980 0.983
Fl—Xel-Fz 174.0 1743 1752
Ol-xerF1 87.1 872 87.7
Xe-0y-H 108.1 108.1 108.1
(HOXeF;][AsF,]

Xe—F; 1.942 1.938 1.963
Xe—0 1.931 1.934 1.965
O-H 0.975 0.970 0.973
Xe)---F, 2.183 2.202 2.199
As—F, 1.963 1.978 2.037
As—F, 1.682 1.689 1.700
As—F, 1.694 1.700 1.714
As—F. 1.725 1.729 1.740
Fi—Xe—F, 175.8 174.3 175.4
Ol—Xel—Fl 88.0 87.2 87.7
H,—0;—Xe; 106.8 107.7 107.7
0,—Xe;---Fy 176.1 175.8 176.0
Fi—Xe---F, 91.9 92.8 92.2
Xe---Fy-As 115.0 1174 119.8
F,—As-F, 1771 177.5 177.8
Fy—As—F, 85.4 85.3 84.7
Fy-As-F.: 82.8 83.1 82.8
F.-AsF. 96.6 96.4 96.8
F.—As-F. 95.1 95.1 95.6
F—~As—F. 91.2 91.0 90.7

89.7 89.6
Fe-AsFe 89.7 1683 167.5
Fo—As-F¢ 86.9 87.2 87.3

FXeOXeF,"

Xe;-Fi 1.922 1.921 1.946
Xe,-F, 1.923 1.921 1.946
Xei-0; 1.837 1.859 1.885
Xey-0y 2.240 2.260 2.296
Xex-Fs 1.920 1916 1.940
F-Xe,-F, 177.6 177.8 1783
0,-Xe;-F, 89.3 89.3 89.9
0,-Xe-F; 89.3 89.3 89.9
Xe-0,-Xe; 123.8 125.7 126.7
0,-Xe,-F;3 1759 175.1 174.4
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Table A.3.8. Continued...

HOXe(F),0XeF,"
MP2 PBEIPBE B3LYP

Xe,-F, 1.931 1930 1.953
Xe-F, 1.958 1.929 1.952
Xe-Op 1.914 1915 1.945
0;-H 0.980 0.975 0.978
Xe-0, 2.318 2.392 2417
Xes-0, 1.828 1.851 1.877
Xes-Fy 1.938 1.949 1.972
Xes-Fs 1917 1.913 1.936
Fi-Xe-F; 176.1 176.7 1774
0;-Xey-Fy 92.4 88.4 88.7

0,-Xe;-F; 914 88.5 88.9

Xe-01-H 108.6 108.8 108.6
0;-Xe1-0, 173.6 1754 1752
Xei-0r-Xe; 120.5 1283 128.5
0,-Xes-Fq 88.5 88.5 88.9

0,-Xes-Fs 89.2 89.1 894

Fs-Xes-Fs 177.3 1777 1783

FXeOXeF,0XeF,"

Xey-Fy 1.941 1.937 1.962
Xe;-F, 1.922 1.938 1.962
Xe-04 1.863 1.874 1.899
Xe-Oy 2.190 2.206 2.241
Xe-Fs 1939 1.932 1.957
Xe-0, 2410 2491 2.520
Xe;-0, 1.813 1.838 1.862
Xes-Fq 1.949 1.953 1.978
Xes-Fs 1.922 1.920 1.944
Fi-Xe;-F, 177.0 178.1 178.6
0,-Xe,-F, 91.6 89.3 89.8

01-Xe;-F, 90.8 89.3 89.8

0,-Xe;-0; 169.6 175.6 1755
Xe-0:-Xe, 1213 1243 1253
0;-Xer-F3 176.7 176.1 1755
Xe;-0,-Xe; 120.8 1284 128.7
02-X63-F4 89.2 893 89.7

0,-Xes-Fs 90.7 90.3 90.8

Fs-Xes-Fs 179.0 179.6 179.5

? The aug-cc-pVTZ(-PP) basis set was used.
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Table A3.9. NBO Valencies, Bond Orders, and Charges (NPA) for HOXeF," and

FXeOXeF," *

Charges [Valencies]

HOXeF," FXeOXeF,'
Xe(1) 2.175 [1.456] 2.141 [1.529]
o(1) —0.690 [1.167] —0.836  [0.919]
F(1) —0.509 [0.406] —0.542  [0.383]
F(2) —0.509 [0.406] —0.542  [0.383]
H 1.268  [0.608]

Xe(2) 1.240 [0.571]
F(3) —0.460 [0.356]
Bond Orders
Xe(1)-0(1) 0.603 0.725
Xe(1)-F(1) 0.426 0.404
Xe(1)-F(2) 0.426 0.404

O(1)-H 0.613
0(1)-Xe(2) 0.228
Xe(2)-F(3) 0.345

? B3LYP/aug-cc-pVTZ(-PP)
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APPENDIX 4

Table A4.1. Experimental and Calculated Frequencies® for KrF,

exptl PBE1PBE’ B3LYP® assgnts’
5807 613(<1)[287] 584(<0.1)[260] Vi) Vas(KTE)
465.5°
4695, 4686  S20GDI<] 493(52)[<0.1] Vi(ZD) Vo(KrFy)
236 249(<0.1)[14] 234(<0.1)[13] vo(IL,) 8(KrFy)

“ Frequencies are given in cm. ® The aug-cc-pVTZ(-PP) basis set was used. Values in
parentheses denote Raman intensities (A* amu'). Values in square brackets denote
infrared intensities (km mol™). ¢ The abbreviations denote symmetric (s), asymmetric
(as), stretch (v) and bend (). < Infrared values obtained from matrix-isolated KrF, in ref
93. “ Raman frequencies for the a-phase of KrF; are from ref 100. / Raman frequencies
for the B-phase of KrF, are from ref 100.

Outline of QTAIM and ELF. The QTAIM analysis provides a partition into atomic
basins over which it is possible to integrate densities of properties in order to obtain

atomic properties such as atomic populations, N(A). In the QTAIM framework, bonded

atoms are linked by a bond path®**** which is defined as the union of the trajectories
joining the bond critical point (bcp), a saddle point maximum in two directions located on
the border surface of two atomic basins, to the two nuclei. The value of the Laplacian of
the density at the bond critical point, as well as those of other functions, is used to further

characterize the interaction: a negative value of V> p(r,,) corresponds to a shared-

electron (covalent) interaction whereas a positive value indicates an unshared-electron
bonding mode. Moreover, insights into the delocalization in terms of delocalization
indices®™ can be obtained by a covariance analysis of the atomic populations.

The electron localization function, denoted 7(r), was originally conceived as a
local measure of the Fermi hole curvature around a reference point within the Hartree-
Fock approximation.® A further interpretation, in terms of a local excess of kinetic

388



Ph.D. Thesis — David S. Brock

energy due to the Pauli principle, was proposed by Savin et al.,**' which legitimatized the

calculation of the function with Kohn-Sham orbitals. More recently, it was shown that the
ELF kernel can be rigorously derived by considering the same number of spin pairs
contained in a sample around the reference point.>****® A cosmetic Lorentz transform that
confines the ELF is the [0,1] interval; where 1 corresponds to regions dominated by an
opposite spin pair or by a single electron, whereas low values are found at the boundaries
between such regions. The basins of ELF attractors are closely related to Gillespie’s
electronic domains and recover the ideas of Lewis. There are two types of basins: core
basins, denoted by C(A), encompassing the nucleus of atom A and valence basins,
denoted by V(A, B, ...). The valence shell of an atom, say A, in a molecule is therefore
the union of valence basins having a boundary with C(A). A valence basin may belong to
several atomic valence shells. The synaptic order’™ is defined as the number of such
valence shells which a valence basin participates in. There are therefore monosynaptic
basins, V(A), corresponding to the lone pair, disynaptic basins V(A, B) corresponding to
two center bonds, and higher polysynaptic basins for polycentric bonds. The basin
populations and the associated covariance matrix are calculated by integration of the one
electron and pair densities over the volumes of the basins, enabling a phenomenological
interpretation of the population analysis in terms of the superposition of mesomeric
structures.’® The weights of these structures are estimated from the populations, the
covariance matrices, and for the probabilities of finding N electrons in a given
basin.’***" The concept of localization domain®* has been introduced for graphical
purposes and to also define a hierarchy of the localization basins which can be related to
chemical properties. A localization domain is a volume limited by one or more closed
isosurfaces denoted by 7(r) = f, where f is defined as the isosurface contour. A
localization domain surrounds at least one attractor- in this case it is called irreducible. If
the delocalization domain contains more than one attractor, it is termed reducible. Except
for atoms and linear molecules, the irreducible domains are always filled volumes
whereas the reducible domains can be either filled volumes, hollow volumes, or tori.
Upon increasing the value of 7(r), which defines the boundary isosurface, a reducible
domain splits into several domains, each containing less attractors than the parent one.
The reduction of localization occurs at the turning points which are critical points of
index 1 located on the separatrix of two basins involved in the parent domain. Ordering
these turning points (localization nodes) by increasing 7(r) enables one to build tree-
diagrams reflecting the hierarchies of the basins.>***%

The QTAIM approach provides a phenomenological representation of the
molecular electron density, and therefore of the bonding, close to the superposition of
promolecular atomic densities, whereas ELF intends to recover the VSEPR and Lewis
pictures. An interesting combination of QTAIM and ELF has been proposed by Raub and
Jansen®'® who considered the contributions of the atomic basins to the ELF valence basin
populations. As a general rule, the number of contributing atomic basins is equal to the
synaptic order. Indeed, the QTAIM and ELF analysis are almost equivalent in unshared-
electron systems.
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(i) Nature of the Bonding in KrF,. In order to understand the nature of the Kr-F
interaction in KrF,, the KrF molecule was first considered. The ground state of KrF is a
2%, doublet, with an optimized internuclear distance of 2.437 and 2.410 A using the
PBEI1PBE and B3LYP hybrid functionals. The calculated binding energy is rather weak;
10 kJ mol™ with PBE1PBE and 16 kJ mol™ with B3LYP. The AIM analysis provided the
following information: (1) the atomic populations indicate a significant charge transfer of
0.15 e towards the fluorine atom, this value coincides with the NBA net positive charges
of the KrF, ligands (0.19 and 0.09) (Table S3), (2) the spin density is mostly in the F
basin (85%), (3) the delocalization index, & = 0.42, is typical of a weak interaction; /-
spin electrons contribute three times more than the a-spin electrons to this index, (4) the
density value at the bond critical point is small, p(r,,)=0.036 e bohr >, and its

Laplacian is positive (V*p(x,,) =0.157 e bohr ).

The bonding is therefore characterized by a charge transfer and a small
delocalization of the single electron over the two atoms. The QTAIM population analysis
suggests a picture of the bonding represented by the following superposition of two
promolecular densities:

Kr Ft 85%
Kr't F  15%

The ELF reduction of the localization diagram of KrF (Scheme 4.1) shows that
the Kr and F atoms can be considered as two independent interacting chemical systems
because the separation of V(F) from V(Kr) occurs at almost the same value as the
fluorine core-valence bifurcation. The population analysis is consistent with this picture
and confirms the conclusions drawn from the QTAIM results: there is no disynaptic basin
and the values of the basin populations, integrated spin densities, and covariance matrix
elements are in complete agreement with those of QTAIM.

C(F) — C(F)
— 0.07 L V(F) K
0.09 c B
[ (Kr) 0.07 — 0.18 l: V)
0.19 0.42 [
V(KN V(KD
— C(F)

Scheme A4.1.Reduction of the localization diagrams for KrF (left) and KrF, (right)
showing the ordering of localization nodes and the boundary isosurface
value, 7(r), at which the reducible domains split.
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The ground state of KrF, is a singlet 'Y .> the Kr—F internuclear distances are

significantly shorter than in KrF, 1.860 and 1.890 A, at the PBEIPBE and B3LYP levels,
respectively, and the binding energy per fluorine is much larger; 58 (PBE1PBE) and 63
mol ' (B3LYP). The atomic populations of Kr and F indicate a net density transfer of
0.48 e from Kr to each F, in good agreement with the NBO analysis which yields 0.52 e.
The Kr—F and F—F delocalization indexes are 0.86 and 0.22, respectively. Finally, the

Laplacian of the density at the KrF bond critical point is positive (V* p(1,,)=023 e

bohr‘s). The ELF reduction of localization diagram of KrF,, Scheme 1, which is at
variance with KrF, shows that the separation of the molecular valence shell into its
atomic components occurs at a larger ELF value than the Kr core-valence separation.
Therefore, KrF, can be considered as a single chemical entity rather than as a cluster of
interacting atoms. Figure S4.1 displays the ELF localization domains for KrF, at 7(r) =
0.75, showing the absence of any disynaptic (bond) between Kr and F. The ELF
population analysis, reported in Table S4.2, together with the QTAIM results suggests an
interpretation of the bonding in terms of a large delocalization of the electron density
between the Kr and F valence shells and of an electron density transfer towards the
fluorine atom. This type of bonding looks very similar to the charge-shift bonds
introduced by Shaik et al.,*'' ' but there are some important differences. If the Kr—F
bond was a standard charge-shift bond, it should have almost the same properties in KrF
and KrF,. Comparison of the two molecules shows a cooperative effect that enhances the
bond strength in KrF,. The main difference between the ground states of these molecules
is that KrF is a doublet and KrF; a singlet, therefore the addition of a second fluorine
atom removes the spin density that is mostly localized on the first fluorine. Because there
is no direct interaction between the two fluorine atoms, there is mediation on the part of
the Kr atom which plays a role very similar to that of the non-magnetic anion in
superexchange coupling. Weighted promolecular mesomeric forms can be proposed from
the probabilities of finding » electrons in a given basin (Scheme 4.2).

Figure A4.1. ELF localization domains of KrF,. The isosurface value is 7(r) = 0.75.
Color code: magenta = core, brick-red = monosynaptic basin.
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The spacial symmetry and the diamagnetism of KrF, explain the multiplicity of
each kind of structure. This multiplicity and the large increase in weighting of the ionic
structures with respect to KrF contribute to the stabilization of the molecule.

Table A4.2. ELF Basin Population and Covariance Matrix Elements of KrF,

aug-cc-pVTZ DGDZVP
B3LYP PBEIPBE PBE1PB
N [C(P)] 2.11 2.16 2.13
N[CKD)]* 17.88 17.89 27.72
N[V(F)] 7.31 7.30 7.30
N [V(K1)] 7.25 7.17 7.41
{cov[V(K1),V(F)]) -0.41 ~0.42 -0.40
{cov[V(F),V(E)]) -0.9 —0.8 -0.08

“? The use of pseudo-potential calculations and the all electron calculation account for the
differences in the Kr basin populations.

FI K F1 } 6%

Ft Kr Fl
Ft Ky F
Fl Kr't F 47%
FF Kl F1?
FF K"t F|
FF K* F 27%

Scheme A4.2. Weighted promolecular mesomeric forms of KrF, and their probabilities.

(ii) Nature of the Bonding in BrOF,". The BrOF," cation has a trigonal pyramidal
geometry according to the VSEPR rules. Because all atoms have lone pairs, the lone-pair
bond weakening effect (LPBWE)*'* is expected to be important. The QTAIM electronic
populations localize a large positive charge (+2.25) on bromine and partial negative
charges on the oxygen (—0.52) and fluorine (—0.36) atoms. These values are in good
agreement with the NPA charges +2.30, —0.57, and —0.36 for Br, O and F, respectively.
The delocalization indexes (8) indicate delocalization between the Br and O basins (6 =
1.84) that is twice that of Br and F (6= 0.98) as well as rather important interactions
between non-bonded atoms such as between O and F (6= 0.24), and between the two
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fluorines (6= 0.12). The values of the Laplacian of the electron density are both positive
at the Br—O and Br—F bond critical points (0.39 and 0.29, respectively). Therefore, the
bonding can be described as belonging to the unshared-electron type.

Figure 7.3 displays the localization domains of BrOF," which either belong to
core or to monosynaptic valence basins -at 77(r) = 0.75. The reduction of localization
diagram (Scheme A4.3) indicates, however, that there is only one valence shell because
the core valence separations occur at ELF values lower than the division of the valence
density. While the atomic valence shells of O and F can be easily identified, each of them
being the union of two monosynaptic basins, only V(Br) can be unambiguously assigned
to the Br valence shell. In the ELF population analysis presented in Table A4.3, the two
V(O) basins as well as the V(F) basins of each fluorine have merged into single basins.
The population of the V(Br) basin, 3.11 e, is larger than expected for a single lone pair,
and is a consequence of the LPBWE which tends to increase the lone pair population at
the expense of bonding. The covariance matrix elements between V(Br) and the other
valence basins are very large although these basins belong, in principle, to different
atomic valence shells. The large contributions of the Br atomic basin to V(O) and to
V(F), however, suggest participation of these basins in the Br valence shell. In particular,
N [V(0)Br] = 1.5 ¢, is consistent with a dative picture of the Br—O bond.

0,08 —C(F)
_ 0.08 —C(F)
T V'I(F)
— 089
" a(F)
— V(B 0.100 — C(F) i= 1,6
s (} A2 f— 3,52
: V(O ‘i ClAs
L 0.87 [: © 0.135 —[ B viasF)i=te6
V40) 0.803 —[
V(F)i=16
Vi(F)
L 089 I:
V(F})
.06 —C(O)
— (.18 — C{Br)

Scheme A4.3. Reduction of localization diagrams for BrOF," (left) and AsFs (right)
showing the ordering of localization nodes and the boundary isosurface
values, 7(r), at which the reducible domains split.
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(iii) Nature of the Bonding in AsFs . Both QTAIM and ELF describe the bonding in
the AsF¢ anion as arising from both ionic and covalent resonance structures. Charge-
shift bonding is not possible in this system because there is no lone pair on the As atom.
From the QTAIM point of view, the large positive value of the Laplacian of the charge
density at the As—F bond critical point, 0.613, is indicative of a dominant unshared-
electron interaction whereas the fluorine net charge, —0.67 e, indicates that the weights of
the contributing mesomeric structures involving covalent As—F are rather large. The ELF
analysis confirms this picture because there are six V(As,F) disynaptic basins displayed
in Figure A4.2. Although the population of this basin is very low, 0.16 e, the total
contribution of the atomic As basin to the V(F) basins amounts to 1.26 e. Accordingly,
the dominant resonance structures should be: AsF*'(F)s (~31%), AsF,* (F )4 (~34%),
and AsF3*'(F); (~25%).

Table A4.3. ELF Basin Population, N [Q], Covariance Matrix Elements,
{cov( N [Q], N [Q'])), and Bromine Atomic Basin Contribution,
(N [Q|Br]), of BrOF,'

Q N[Q] (cov(N [Q], N [Q) N [Q|Br]
V(F) V() V(Br) V()

V(F) 7.45 1.07 —0.09 -026 —0.08 025

V(0) 791 -0.09 168  -045 —0.09 1.5

V(Br) 3.1 -026 045 1.64  —026  3.11

Figure A4.2. ELF localizatin dmains for AsFs . The isosurface value is 7(r) = 0.75.
Color code: magenta = core, brick-red = monosynaptic basin, green =
disynaptic basin.
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APPENDIX 5

Table A5.1. Experimental and Calculated Vibrational Frequencies” for XeF,

exptl’ PBE1PBE B3LYP assgnts®
555¢ 572(<0.1)[261] 550(<0.1)[246] vi(Zu) Vas(XeFa)
515, 497° 535(44)[<0.1] 510(47)[<0.1] vi(Zg) vs(XeF,)
213¢ 214(<0.1)[15] 205(<0.1)[15] vo(Ily) 8(XeF,)

“ Frequencies are given in cm. ” From ref 203. ¢ Values determined for gas-phase XeF,
by infrared spectroscopy and are reported as intense. ¢ Value obtained from a weak
vi + v3 combination band for gas-phase XeF, by infrared spectroscopy. ¢ Value obtained
from solid XeF, by Raman spectroscopy. ’ The aug-cc-pVTZ(-pp) basis set was used.
Values in parentheses denote Raman intensities (A* u™). Values in square brackets
denote infrared intensities (km mol™). & The abbreviations denote symmetric (s),
asymmetric (as), stretch (v) and bend (5).
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Table A5.2. Calculated” Geometrical Parameters for [BrOF,][AsFe]s>

PBEI® B3LYP PBE1® B3LYP PBEI° B3LYP
Bond Lengths (&)
Br-O, 1.568 1.580
Br-F; 1.755 1.779
Br-F, 1.755 1.779
Br---Fsa 2.306 2.328
Br-—-Fya 2.306 2.327
Br---Fip 2.481 2.503
Asp—Fay 1.822 1.834 Asy—F3a 1.822 1.834 Asp-Fsp 1.785 1.795
Asy—Fya 1.731 1.739 Asy—Fyar 1.731 1.739 AspFup 1.736 1.744
Asp—Fsa 1.730 1.738 Aspy—Fsa 1.730 1.738 Aspg-Fsp 1.734 1.743
Asp—Fea 1.733 1.741 Asp—Fep 1.733 1.741 AspFep 1.741 1.750
Ass-Fqa 1.734 1.743 Asy—Fra 1.734 1.743 Asy-Fm 1.739 1.748
Asy—Fgs 1.728 1.736 Asy—TFga 1.728 1.736 Aspg—Fep 1.734 1.743
Bond Angles (deg)
F-Br-F, 89.2 89.3
Fi-Br-O; 101.1 101.0
Fi—Br-—Fs, 165.6 165.8
F)-Br—-Fss 83.9 84.6
F-Br—--Fsp 78.6 79.1
F-Br-0O, 101.1 100.9
Fy-Br---F3, 83.9 84.7
FyBr—Fa, 165.6 165.8
F;-Br---Fsp 78.7 791
O1-Br---F3, 92.6 9238
O1-Br---F3, 92.6 92.8
0O,-Br---F3p 179.6 179.9
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F3p—--Br---Fsp'

Bl’- ""“F;A‘—‘ASA

F3a—Asa—Faa
F3a—Asa—Fsa
Fsa—Asa—Fea
Faa—Asy—Fos
F3a—As,—Feu
Faa—Aspy—Fsa
Faa—Ass—Fea
Faa—Asa—Fra
Fan—Asa—Faa
Fsa—Asa—Foa
Fsa—Asa—Fra
Fsa—Asa—TFga
Fea—Asa—Fra
Foa—Asa—Fsa
Fra—Asa—Fsa

Table AS.2. Continued.

99.9

135.3

87.8
88.1
179.8
88.1
83.3
90.1
92.1
175.8
90.0
91.8
89.8
176.4
92.1
o1.8
89.8

98.3

136.9

87.8
38.1
179.3
88.0
88.3
80.1
92.2
175.8
90.1
917
89.7
176.4
92.1
91.8
89.8

Fsa-—-Br--Fag

BI'---F3 A'—ASAv

Faa—Asy—Fyn
Faa—Asp—Fsa
Faa—Asy—Fep:
Fia—Asa—Foa
F3a—Asy—Faa
Faa—Asa—Fsa
Faa—Asy—Tep
Faa—Asy—TFry
Faa—Asy—Fgy
Fsa—Asy—Fea-
Fsa—Asy—Fry
Fsa—Asy—TFay
Fea—Asy—Fra
Fea—Aspy—Fga
Fra—Ass—Faar

87.6

1353

87.8
88.1
179.8
88.1
83.3
90.1
92.1
175.8
90.0
91.8
89.8
176.4
92.1
%1.8
89.8

87.2

137.0

87.8
83.1
179.8
83.0
88.3
90.1
922
175.8
90.1
91.7
89.7
176.4
92.1
91.8
89.8

F3p-—-Br---Fsg

Br---F3p-Asg
Fig—-Asg-Fup
Fsp—-Asg—Isp
Fip-Asp—Fen
F3p-Asg—F7p
F3p—Asg—Fgp
Fp—-AsgTsp
Fup—Asg-Fep
Fip—Asg-F7p
Fsp—Asg—TFsp
Fsg—Asg—Fep
Fsg—Asg—Fp
Fsp—Asp-Fgp
Fes—Asp—Fm
Fes—Asg—Fsgp
Fra-Aspg—Fep

87.6

141.6
33.8
89.0
179.8
89.0
89.0
90.1
91.0
177.8
90.1
91.0
89.8
178.0
91.1
91.0
89.8

87.2

143.6
88.9
89.0
179.9
89.0
89.0
90.1
91.1
177.8
90.1
91.0
89.3
178.1
o1.1
91.0
89.8

?The Stutt Huzpolar 2 basis set was used. The energy-minimized geometry was C;. The atom labeling scheme corresponds
to that used in Figure 8.10.° PBE1PBE.
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Table AS.3. Calculated Geometrical Parameters for [BrOF;][AsF¢]-XeF>

PBE1PBE® B3LYP? PBE1PBE’ B3LYP*
Bond Lengths (A)
Br(1)-0(1) 1.554 1.567 Xe(1)-F(4) 1.948 1.976
Br(1)-F(1) 1.730 1.753 As(1)-F(5) 1.762 1.770
Br(1)-F(2) 1.752 1.777 As(1)-F(6) 1.889 1.918
Br(1)---F(3) 2.369 2.397 As(1)-F(7) 1.705 1.719
Br(1)---F(5) 2.708 2.729 As(1)-F(8) 1.698 1.715
Br(1)---F(6) 2.162 2.178 As(1)-F(9) 1.695 1.707
Xe(1)>-F(3) 2.068 2.083 As(1)-F(10) 1.727 1.744
Bond Angles (deg)
F(1)-Br(1)-F(2) 89.0 89.4 Br(1)-F(6)-As(1) 117.7 1175
F(1)-Br(1)-0(1) 102.8 102.5 F(3)-Xe(1)-F(4) 177.8 176.8
F(1)-Br(1)---F(3) 165.1 165.2 F(5)-As(1)-F(6) 83.7 83.3
F(1)-Br(1)---F(5) 91.7 84.6 F(5)-As(1)-F(7) 88.7 89.1
F(1)-Br(1)---F(6) 85.2 86.9 F(5)-As(1)-F(8) 170.8 170.0
F(2)-Br(1)-0(1) 100.5 100.5 F(5)-As(1)-F(9) 92.9 93.5
F(2)-Br(1)---F(3) 86.1 86.4 F(5)-As(1)-F(10) 87.3 87.4
F(2)-Br(1)---F(5) 109.9 108.9 F(6)-As(1)-F(7) 86.6 86.7
F(2)-Br(1)---F(6) 167.0 167.4 F(6)-As(1)-F(8) 87.2 86.8
O(1)-Br(1)---F(3) 92.0 92.2 F(6)-As(1)-F(9) 176.4 176.6
O(1)-Br(1)---F(5) 146.6 149.9 F(6)-As(1)-F(10) 85.5 85.5
O(1)-Br(1)---F(6) 92.1 92.1 F(7)-As(1)-F(8) 92.0 91.8
F(3)---Br(1)--F(5) 76.8 83.3 F(7-As(1)-F(9) 94.5 94.6
F(3)---Br(1)---F(6) 96.6 94.2 F(7)-As(1)-F(10) 171.5 171.7
F(5)---Br(1)---F(6) 58.8 58.8 F(8)-As(1)-F(9) 96.2 96.3
Br(1)--F(3)-Xe(1) ‘ 141.7 150.5 F(8)-As(1)-F(10) 90.8 90.4
Br(1)---F(5)-As(1) 99.7 100.2 F(9)-As(1)-F(10) 93.1 93.1

? The aug-cc-pVTZ(-PP) basis set was used. The energy-minimized geometry was C;.
The atom labeling scheme corresponds to that used in Figure 8.10.
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Table A5.4. NBO Valencies, Bond Orders, and Charges (NPA) for
[BI'OFz] [ASF6]‘XCF2

Charges [Valencies]

PBEIPBE B3LYP
Br(1) 2397 [2.296] 2371 [1.931]
o(1) ~0.709 [0.971]  —0.694 [0.862]
F(1) ~0.441 [0467] 0439 [0.359]
F(2) -0476 [0.435]  —0476 [0.337]
Xe(1) 1268  [0.608] 1258 [0.582]
F(3) -0.655 [0355]  —0.652 [0.329]
F(4) ~0.549 [0374]  —-0.545 [0.358]
As(1) 2.644  [3.207] 2642  [3.136]
F(5) -0.617 [0.484]  -0.607 [0.466]
F(6) -0.596 [0479]  -0.595 [0.436]
F(7) —0.561 [0.518]  -0.558  [0.495]
F(8) ~0.553  [0.521]  —0.553  [0.504]
F(9) -0.560 [0.533]  -0.559 [0.511]
F(10) ~0.590 [0.488]  —0.594 [0.470]
Bond Orders

Br(1)-0(1) 1.038 0.927

Br(1)-F(1) 0.506 0.399
Br(1)-F(2) 0472 0371
Br(1)—F(3) 0.088 0.070
Br(1)--F(5) 0.029 0.025
Br(1)---F(6) 0.156 0.131
Xe(1)-F(3) 0.242 0.234
Xe(1)-F(4) 0.359 0.344
As(1)-F(5) 0.509 0.504
As(1)-F(6) 0.382 0362
As(1)-F(7) 0.579 0.570
As(1)-F(8) 0.590 0.576
As(1)-F(9) 0.591 0.581
As(1)-F(10) 0.552 0.538
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Bonding in XeF,. The QTAIM and ELF population analyses of XeF, are compared with
those of KrF; in Table S14. The atomic populations of Xe and F indicate a net density
transfer of 0.60 ¢ from Xe towards each fluorine atom. The Kr-F and F-F delocalization
indexes are 0.88 and 0.14, respectively. The Laplacian of the density at the XeF bond
critical point is positive (Vzp(rbcp) =0.23 e bohr ). With respect to KrF,, the charge

transfer is larger by 0.13 ¢ indicating more ionic character of the system, which is
consistent with the larger value of the Laplacian calculated for XeF, than for KrF,. The
ELF reduction of localization diagram for XeF, (Scheme AS5.1) is consistent with more
ionic bonding than in KrF, because the bifurcation between V(F) and V(Xe) occurs for
n(r) = 0.26 instead of 0.42 in KrF,. Figure AS.1 displays the ELF 7(r) = 0.75 localization
domains of XeF, showing the absence of any disynaptic (bond) between Xe and F. The
ELF population analysis, reported in Table AS.S5, together with the QTAIM results
suggest a bonding interpretation in terms of a large delocalization of the electron density
between the Xe and F valence shells and transfer of electron density towards the fluorine
center, 35% versus 27%. Weighted promolecular mesomeric forms can be proposed from
the probabilities of finding n electrons in a given basin. It is worth noting that the weight
of the totally ionic structure is significantly larger than in KrF,.

F! Xe FT
21%

FT Xe Fi

Fy Xe* T F
FT Xe* | F
FF Xe'T F
F- Xe*J FT

44%

F~ Xe¥* F- 35%
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— C(F)
C(Xe)
— 0.08 —0.18 |: ,,,,,,,,
0.26 )
V(Xe)
— C(F)

Scheme AS.1. Reduction of localization diagram for XeF, showing the ordering of
localization nodes and the boundary isosurface value, 7(r), at which the
reducible domains split.

Table A5.5: QTAIM Atomic Populations, Delocalization Indexes, ELF Basin
Population and Covariance Matrix Elements of Free NgF, (Ng = Xe, Kr)
NgF; Coordinated to the Bromine Atom in [BrOF;][AsFs]-2NgF>

XeF, [BrOF:][AsF¢]-2XeF,” KrF,” [BrOF,][AsF]-2KrF,*”

N(A) 52.80 52.70 35.03 34.96
N (F) 9.60 9.63 9.47 9.54
N(F) 9.60 9.55 9.47 9.39
N (Br) 32.60 32.66
5(Ng,F) 0.88 0.68 0.86 0.68
S(Ng,F") 0.88 0.96 0.86 0.98
3(Br,F) 0.26 0.24
N [C(P)] 2.13 2.13 2.13 2.13
N [C(Ng)] 46.04 45.40 27.72 27.62
CIV(F)] 7.45 7.47 7.30 7.38
N [V(E)] 7.45 7.46 7.30 7.89
N [V(Ng)] 6.83 7.26 7.41 6.75
N [V(Br)] 3.04 3.11
(coV[V(Ng),V(F)]) -0.39 -0.31 -0.40 -0.24
(cov[V(Ng),V(F)]) -0.39 -0.42 -0.40 -0.84
{coV[V(F),V(F)])  -0.06 -0.04 -0.10 -0.08

“In the adducts, F denotes the bridging fluorine atom and F' denotes the terminal fluorine
atom. ® From ref 232.
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Figure A5.1. ELF localization domains for XeF,. The isosurface value is 7(r) = 0.75.
Color code: magenta = core, brick-red = monosynaptic basin.

Bonding in [BrOF;|[AsFs|s*". Figure AS5.2. displays the 7(r)= 0.75 localization
domains of the complex anion, [BrOFz][ASF6]32_. The bonding between the cationic
subunit and the surrounding anions is essentially ionic. However, the QTAIM analysis
reveals a small electron density transfer of ca. 0.2 e from the two nearest AsFs anions
towards BrOF,". The value of the Laplacian of the charge density at the bond critical
points of the bond paths linking the bromine atom to fluorines of AsFs ‘s positive (0.17),
in agreement with the ionic picture. Moreover, the corresponding delocalization index is
small, 5(Br, F) = 0.22. The ELF analysis shows a bromine lone pair with a population of
3.0 e, that is 0.11 e lower than in the isolated BrOF," cation.
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Figure AS.2. ELF localization domains for [BrOF,][AsF 63> . The isosurface value is

n(r) =0.75. Color code: magenta = core, brick-red = monosynaptic basin,
green = disynaptic basin.
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APPENDIX 6

Solid State Thermochemistry.  The standard enthalpies for the solid-state
decomposition of [XeONO;][AsFs] (eq A6.1) were evaluated from the lattice enthalpies
of [XeONO;][AsFs] and [NO,][AsF¢] according to eq A6.2. The lattice enthalpies were
estimated by use of the volume-based method of Bartlett et al.>*®° as generalized by
Jenkins et al.>'%*!"! in eq 3, where R is the gas constant(8.314 J mol™ K™), I is the ionicity

[XCONOz][ASFg](S) [NOz][ASF5](S) + Xe(g) + Oz(g) (A61)
AH’(A6.1) = AH°L([XeONO2][AsFs]) — AH’L(INO2][AsFs]) (A6.2)
AH®y =21[-3J_;—‘: + /3} + pRT , (A6.3)

of the salt and the constants, a, f, and p, depend on the nature of the salt. For the salts
under investigation, which are singly charged and the following values were used: I = 1,
a=117.3 nm kJ mol™, #=51.9 kI mol"}, and p = 2. In this formalism, AH’, is the lattice
enthalpy and is defined as the energy required to break the crystal lattice, and therefore
has a positive value. This approach is generally accurate to ~4% for salts with AH°_ less
than 5000 kJ mol™', ' and is particularly useful because the formula unit volume (V) of
an unknown salt can be estimated with reasonable accuracy using several methods.”!
The value for ¥([NO,][AsFs]) = 0.1330(2) nm® was determined directly from the X-ray
crystal structure of [NO,J[AsFs]’" and that for V([XeONO,][AsFs]) was determined from
eq A6.4. Where V,(FXeONO,) = 0.096650(4) (this work), V-(F") = 0.025(10),>"' and
V_(AsFs )" =0.110(7) nm’.

V([XeONO,][ASF5]) = Via(FXeONO,) — V-(F) + V_(AsFs)

=0.182(XX) nm’ (A6.4)
Application of eq A6.3 yields
AHCL([XeONO,][AsFg]) = 523 kJ mol ™ (A6.5)
AH°L([NO,][AsFs]) = 568 kJ mol ! (A6.6)
AH°(A6.1) =—45 kJ mol ! (A6.7)

A method for estimating the absolute standard entropy of a salt from its unit
volume has been re?orted by Jenkins and Glasser (eq A6.8) where k= 1360 J mol ' K™
(nm™ formula unit™) and ¢ = 15 J moI"* K™ *® The standard entropies of the salts under

consideration are S°([XeONO;][AsFs]s) =
S =FkVn+c (A6.8)

262 J mol™ K™ and S°(INO,][AsFsls) = 196 J mol”! K™'. When coupled with the
experimental standard entropies of Oxg) (206 J mol™ K™)'° and Xe(,) (169.7 J mol™ K~
1,*'® this method allows AS°(A6.1) and AG°(A6.1) to be calculated from egs A6.9 and
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A6.10, respectively, yielding AS°(A6.1) = 207 J mol™ K™ and AG°(A6.1) = —107 kJ
mol ™. As expected, the enthalpy and Gibbs free energy of the solid-state

AS°(A6.1) = 165°(Oxg) + S°(INO:][AsFs]s) + S’ (Xeg) — S°([XeONO,][AsFs]s)
(A6.9)

AG°(A6.1) = AH°(A6.1) — TAS’(A6.1) (A6.10)

decomposition of [XeONO;][AsFs] are significantly less exothermic and spontaneous
than for the gas-phase decomposition of the XeONO," cation (eq A6.11 and Table 9.1).

Although the solid-state (eq A6.1) and gas-phase (eq A6.11) decompositions are
spontaneous under standard conditions, the gas-phase reaction leading to the formation of
XeONO," and AsF¢™ is highly endothermic (eq A6.12 and Table 9.1). In principle, the
energetics of the fluoride ion abstraction reaction under standard conditions (eq A6.13)
may be explored by construction of a Born-Fajans-Haber thermochemical cycle (eq

XeONO;' Xeg + %02 + NO2' (A6.11)
FXeONOQOy) 1+ AsFsg) XCON02+(g) + AsFs (g (A6.12)
FXGONOZ(S) + ASF5(g) [XGONOZ][ASFG](S) (A6.13)

A6.14), however, the absence of a value for the heat of sublimation/vaporization of
FXeONO; precludes construction of a complete thermochemical cycle. Consideration of
the incomplete thermochemical cycle (eq A6.14) establishes that, in the absence of a
value for AH°(sub/vap FXeONO,) and taking AH°(vap AsFs) = 0 for AsFs gas, eq A6.13

AH°(A6.13) = AH°(A6.12) — AH°(sub/vap FXeONQ,) — AH°(vap AsFs) -

AHO L([XGONOZ][ASFG])

=359 — AH°(sub/vap FXeONO,) — 0 — 523 = -164 — AH’(sub/vap

FXeONO,) kJ mol™ (A6.14)
AS°(A6.13) = S°([XeONO,][AsFe]s) — S°(AsFs(g) — S (FXeONOx) (A6.15)

is expected to be exothermic (AH(A6.13) < —164 kJ mol™"). The spontaneity of eq A6.13
is confirmed by an estimate of AS°(A6.13) according to eq A6.15 where the experimental
standard entropy value of (3234 J mol' K™')*" is used for AsFsg), that of
[XeONO,][AsF¢)sy was estimated from eq A6.8 (262 J mol”' K™), and that of
FXeONO;y) was estimated by the method of Latimer,”'®*"? giving $° (FXeONOy) =197
Jmol™ K7, so that AS°(A6.13) =—259 J mol™ K™'. Reaction A6.13 is spontaneous under
standard conditions based on the Gibbs free energy given by eq A6.16, with spontaneity
increasing with decreasing temperature. Taking into account that the heat of vaporization

AG°(A6.13) = AH°(A6.13) — TAS®(A6.13) = —66 — AH(sub/vap FXeONO,) kJ mol™
(A6.16)

for AsFs is unknown but is expected to be less than that of SbFsq) (~27 kJ mol™')*? and
the decrease in the magnitude of the negative TAS term for low-temperature reactions in
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AsFsg), [XeONO,][AsFg)s is favored at lower temperatures but is unstable, decomposing
according to eq A6.1 at lower temperatures (positive TAS term).

The thermochemistry for eq A6.1 was determined from the appropriate
thermochemical cycle (eq A6.17) using the gas-phase standard entbalpy, AH°(A6.11))
(Table 9.1), and Gibbs free energy (AG°(A6.11)) according to eqs A6.18 and A6.19. The
solid state decomposition of [XeONO,][AsFs] (eq A6.1) is significantly more
endothermic than for the gas phase decomposition of the XeONO," cation.

AH°(A6.1) = AH°(A6.11) — AH°L(INO,][AsF¢]) + AH’L([XeONO,][AsFs])

=—188 kJ mol ! (A6.17)
AS° (A6.1) =5° ([NOz] [ASFe](S)) +5° (Xe(g)) + 148° (Oz(g)) -5° ([XeON02][ASF6](S))

=207 Jmol' K™ (A6.18)
AG°(A6.1) = AH°(A6.1) — TAS°(A6.1) =—250 kJ mol (A6.19)
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Table A6.1. Calculated” Vibrational Frequencies, Raman and Infrared Intensities for FXe'®0*N'%0,, FXe'?0“N'¢0,,
FXe'°0""N'0,4'%0g, FXe'°0"N'®0, 205, FXe'®0"N'20, %05, FXe'*0*N'%0, %05 and FXe!®0'°N'%0,°

PREIPBE/uug cc bV TZCPP)
FXeZONYO; __ FXePONPO,  AvP®°  FXelONTO.M05  AvIA?  FXePONRO,P0s  AvIV®¢ _ FXePONPO,005  AvV™)  FXePONP0,20s AvIPE®E _ FXeOLNO; AvTSE st
1732.2(0)[362]  1732.0(50)361] 02 17140@5)[344]  -182 17217(52[363] _ -105 _ 1713.7(45)[344] _ -18.5 172146D363]  ~108 16025(49)[336] 397 wi(A)
1357.8(12)[386]  1357.6(12)[390] 0.2 1336512)[404] 213 1330.1(9)[394] 277 13363(12)[408)  -21.5 1320.809)(398]  -280 1341502)[341]  -163  vy(A)
929.83)[360]  S192(3)[328]  -10.6  919.6(4)[345] -102 918.5(3)[346] -113 908.4(3)314] 214 907.4(3)[314] -22.4 9162(3)[367]  -13.6  viA)
811.1(<01)[10] 8089(<0.1)[10] -22 807.0(<0.1)[10]  —41 S07.0(<0.1)[10] 4.1 SM48<0.D[10]  -63 804 8(<0.1)[10]  —63 790.0<D[10] 211 vi(a"
HMI516)23] T223(12)[18] 252 7405(15)(23] 66 740.7(19)[29] 68 715.4(10)[16] 321 714.915)125] 326 7461(1D[25] 14 va(A)
708.7(14)[36]  6852(14)[44] 235  700.0(i6)(36] -87 699.1(12)[27] 96 676.9(16)[45] -318 676.5(12)[33] -322 7086(14)(35) 01 vs(A)
S37.5(51)[255]  5382(50)[259] 07 538.3(51)[255] 08 5383(51)[257] 08 538.1(51)[257] 01 538.1¢50)[258] 06 5383(50)[258] 08 ve(A)
322.56DBT] 3273(24)[36) 438 325.7(22)[35] 32 331.124)[37] 8.6 320.422)[35] -21 325.6(24)[36] 31 331.9(23)[36] 94 vi(A)
214.1(<1[9] 209.5(<1)[9] 46 2143(<1)[9] 02 214.5(<1)[9) 04 209.2(<1)[9] 48 209.4(<1)[9] 47 214.5(<1)[9] 04 vi(A?
207.8(6)(7] 207.5(6)(7] -03 208.1(6)[7] 03 204.8(5)(7] -3.0 207.16)[7) 07 203.9()[7] -39 20756)[7] 01 ve(A)
123.3@2)[4] 123.1(2)(4] —02 122.7(2)[4] 06 121.7(2)f4] -16 122.4Q)4] 09 121.4(2)[4] -19 1233(2)[4] 0.0 vo(A)
753(<D)[2} 74 6(<))[75] 07 73.5(<D{1] 1.8 749(<1)[2] 04 72.7<D[1] 26 74:1(<D[1] -12 75.3(<1)[2] 00 vyA"

MP2/augcc-pVTZ(PP)
FXePON®O,  FXECON'0,  AvP%° _ FXeONPOLM0s  AvIO®d  FXeBONT0,705 AvIV®¢  FXePONPO,0;  AvIOT47  FXePONBO20s  AvIOPTBE  FXeOBNO; AvUSR gsspnt
1785.4(50)[200]  17894(30)[199] _ 0.0 17730@7191] 164 17750002001 -144  17729(6)[191] _ -16.5 17749(D[200] 145 17488(a9)[192] 406 vi(A)
1269.4(17)[355]  1269.0(17)[363] 04 12462(16)[371]  —23.2 1243305)[366]  -26.1 1245.806)379]  -23.6 1242.9015)[375] 265 12565018)[311] 129  vyA)
$483(5)[457]  $43.6(6)[408] 52 835.1(5)[450] 9.7 8384(5)[453] -104  832.8(6)[400] -16.0 832.3(6)[402] -16.5 8357(4)[453]  -13.1 vi(A)
769.5(<0.)[6]  7676(<0.)[6] -19 765.5(<0.1){6] -40 765.6(<0.1)(6] -39 763.7(<0.1)[6] -5.8 763.7<0.1)[6] -58 749.5(<1)[6} 200 vi(A")
TIRANS1]  7074(H[44] 264  727.7(19)48] %1 728.7(21)(60] 5.1 700.8(13)[40] -33.0 701.7(15){54] 3.1 732509[55]  -13 vi(A)
680.0010)[96]  6545(10)[101]  —25.1 673.9(11)[90] -6.1 671.8(9)[74] -8.2 649.3(12)[95] v30.7 647.5(9)[79] -5 679910)96]  -0.1 vs(A)
517.8(58)[320]  S179(57)[328] o1 5184(59)[319] 06 518.5(58)[321] 07 517.7(58)[325] -01 517.8(57)[328] -0.0 5184(58)[323] 04 ve(A)
3442030271 339409[26] 48 336.6(36)[26] 76 342.5(39)[27] -17 331.8G36)[25] -124 337.569)[271 6.7 3434(38)[26] 08 vi(A)
217.3<1)[9] 212.6(<1)[9] 47 217.6(<1)[4] 03 2178(<1)[10] 0.5 212.4(<1)[9] 49 212.6(<1)[9] 47 217.7(<1)[8] 04 vir(A"
217.2(5)[4] 216 9(5)[4] -03 217 5(6)[4] 03 213.6(5)[4] 36 216.5(5)[4] ~07 212.7(5)[4] 45 217.26)(4] 00 va(A)
127.12)4] 127.0(2)[4] -01 126 5(2)14] 06 125.7(2){4] 14 126.2(){4) 09 125.414] -17 127.12)[4] 0.0 vo(A)
728(<D[1] 72.1(<11] 0.7 71.0(<0.1)[1] -18 723(<D)[1] 0.5 70.2(<0.1)[1] -2.6 71L6(<D[1] -12 728(<D)[1] 0.0 vislA")

“ aug-cc-pVTZ(-PP). Values in parentheses denote Raman intensities (A* u™). Values in square brackets denote infrared
intensities (km mol™). * A denotes '®0 anti and S denotes '®0 syn with respect to the O—Xe-F group. ° Av'9" =
v(FXe'®*ON'°0,) — v(FXe'®ON"0,). 4 Av!9# = y(FXe!®*ON'20,'05) - v(FXe'SON'60;). © Av'Y' = y(FXe!®*ON'°0,"305)
_ V(FXe'YON'0y). / AVIIEIBA — (FXe®ON'0,1%05) — v(FXc'®ON'0,).¢ AVIS118 = \(EXe®ON'60,/05) —
V(FXe'®ON'®0,). # Av'*!S = v(FXeO'*NO,) — v(FXe'*ON'0,).
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Table A6.2. Experimental and Calculated” Frequencies for O(XeF),

frequencies, cm

exptl” caled”

160c,d 17Oc,d lsoc 160 170 180 assignts (sz)e
gig:gggg) 532.3sh 2?;283;) } e0seaniz2an 5880317 STRIAONZ6]  va(Ba), ves(XeO),
4980sh  no. 493.2(3) 539.3(41)[76] 538.9(46)[74] 537.8(50)(71] Vi(A), vi(XeO); — vi(XeF);
g;ZEZZ)O) 427.4(100) iﬁ:gﬁgg) } 4s8.6076)16] 447.9(69)(8] 437.9(63)[9] Va(A), Ve(XeO); + vo(XeF),
3(1)2:;’82)) :ggégg } a06.400)448]  497.1(19)444]  497.0(19)[440]  ve(By), vis(XeF):
235.6(1)  2289(5) 227.4(2) 233.5<0.)[25]  229.9(<0.1)[25]  2263(<0.)25]  ve(Bu), 8(FXe0) 0.0.p.
193.1(10)  193.0(72)  193.1(18)  18L8(6)[4] 183.0(6)[4] 183.1(6)[4] va(Ar), 3(FXeO + 8(FXcO)
173.7(2) 173.7(36)  173.703) 159.7(1)[0] 160.4(1)[0] 160.4(1)[0] vs(As), pFXcO)
1503(6)  1593(64)  1593(11)  155.5(<D)[1] 156.2(<1)[1] 156.2(<1){1] ve(B2), S(FXeO — S(FXe0)
62.42) 62.2(18) 62.4(4) 61.8(7[3] 61.8(7)[3] 61L7(N3] va(Ay), 5(XeOXe)

“ PBE1PBE/aug-cc-pVTZ(-PP). *Values in parentheses denote Raman intensities (A* u™). Values in square brackets
denote infrared intensities (km mol™). ® A denotes *O anti and S denotes 0 syn with respect to the O—Xe—F group. © The
abbreviations (sh) and n.o. denotes a shoulder and not observed, respectively. ¢ The abbreviations denote stretch (v), bend
(6), twist (p), and out-of-plane (0.0.p.). Bond elongations and angle openings are denoted by plus (+) signs and bond

contractions and angle closings are denoted by minus (—) signs.
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Table A6.3. Calculated” Vibrational Frequencies (cm™) for NO,"

Ph.D. Thesis — David S. Brock

N16OI€O+ N16O180+ N180180+ assgnts

B3LYP

2437.9(0)[370] 2417.8(<0.1)[368] 2396.2(0)[367] Vi) vas(NOy)

1446.9(17)[0] 1405.0(16)[<1] 1364.0(15)[0] vi(Zs)  v{(NOy)

653.3(0)[10] 647.7(<0.1)[10] 642.1(0)[11] voTL,) S(NO»)
PBEIPBE

2518.2(0)[394] 2497.4(<0.1)[392] 2475.1(0)[390] Vi(ZsD) Va(NOy)

1490.7(16)[0] 1447.5(16)[<1] 1405.3(15)[0] vi(Z,) V{(NOy)

673.6(0)[10] 667.9(<0.1)[11] 662.1(0)[12]

vo(I1,) 6(NOy)

? The aug-cc-pVTZ basis set was used.

409



	Structure Bookmarks
	Figure 1.4. The X-ray crystal structure of Xe(OTeF5) 4• Thermal ellipsoids are shown at the 50% probability level. From ref 60. 
	0 0 0 0
	Table 3.3. Experimental and Calculated Vibrational Frequenciesa for Xe0F2 
	Table 3.8. NBO Valencies, Bond Orders, and Charges (NPA) for XeOFz, FzOXeN=CCH3 and CH3CN 
	Table 4.2. Site Symmetry Analyses for the Xe04Moiety in the Polymeric Structure ofXeOz a 
	Table 5.3. Raman Spectrum of the Products Formed in the Reaction ofXeOF2 with 0 2NF 
	.19 2.0 u 
	Table 7.3. NBO Valencies, Bond Orders, and Charges (NPA) for BrOF2+, [BrOF2][AsF6]·2KrF2, and KrF2 
	Table 8.1. (continued... ) 
	Table 8.4. Complete List of Geometrical Parameters for [ClOF2][AsF6] (Exptl) and [ClOF2][AsF6h-(Calcd) 
	Table 8.7. Complete List ofExperimental and Calculated Vibrational Frequenciesa for [BrOF2][AsF6]·XeF2 
	Table 8.8. Complete List ofExperimental and Calculated Vibrational Frequenciesa for [BrOF2][AsF6]'2XeF2 
	Table 8.12. NBO Valencies, Bond Orders, and Charges (NPA) for for [BrOF2][AsF6]"2XeFz, [BrOFz][AsF6]"2KrFz 
	Table 9.3. Calculateda Vibrational Frequencies, Raman and Infrared Intensities for FXe0~02, FXe0~02, FXet6t4Nt8t6o FXet6t4Nt6o t8FXet8t~t8t60 FXet8t4Nl60 t8o and FXet6tsNt6o b




