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ABSTRACT

The mixed oxidation state complexes, a-XeOF,4-XeF, and (3-XeOF,-XeF,, result from the interaction of
XeF, with excess XeOF,. The X-ray crystal structure of the more stable a-phase shows that the XeF,
molecules are symmetrically coordinated through their fluorine ligands to the Xe(VI) atoms of the XeOF,4
molecules which are, in turn, coordinated to four XeF, molecules. The high-temperature phase, 3-
XeOF,-XeF,, was identified by low-temperature Raman spectroscopy in admixture with a-XeOF4-XeF,;
however, the instability of the 3-phase precluded its isolation and characterization by single-crystal X-
ray diffraction. The Raman spectrum of 3-XeOF,-XeF, indicates that the oxygen atom of XeOF, interacts
less strongly with the XeF, molecules in its crystal lattice than in a-XeOF4-XeF,. The '°F and '2°Xe NMR
spectra of XeF, in liquid XeOF, at —35 °Cindicate that any intermolecular interactions that exist between
XeF, and XeOF, are weak and labile on the NMR time scale. Quantum-chemical calculations at the B3LYP
and PBE1PBE levels of theory were used to obtain the gas-phase geometries and vibrational frequencies
as well as the NBO bond orders, valencies, and NPA charges for the model compounds, 2XeOF4-XeF,, and
XeOF,-4XeF,, which provide approximations of the local XeF, and XeOF, environments in the crystal
structure of a-XeOF,4-XeF,. The assignments of the Raman spectra (—150 °C) of a- and 3-XeOF,-XeF,
have been aided by the calculated vibrational frequencies for the model compounds. The fluorine bridge
interactions in a- and (3-XeOF4-XeF, are among the weakest for known compounds in which XeF,
functions as a ligand, whereas such fluorine bridge interactions are considerably weaker in 3-

XeOF,-XeF,.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The noble-gas difluorides, NgF,, behave as fluoride ion donors
towards strong fluoride ion acceptors such as MFs (M = As, Sb, Bi)
forming NgF* salts that have shortened Ng-F bonds relative to their
parent NgF, molecules [1-8]. In such cases, a fluoride ion of NgF, is
essentially transferred to form [NgF][MFg]. A fluorine ligand of the
anion, however, interacts with the NgF" cation by means of a long
Ng---F fluorine bridge bond, forming an ion pair, e.g., F-Ng*---F-
AsFs~ [2,8]. In contrast, coordination of a weak to moderate
strength, oxidatively resistant Lewis acid to a fluorine atom of NgF,
occurs without “complete” fluoride ion transfer. A considerable
number of metal cations exhibiting this behavior towards XeF,
have been synthesized and structurally characterized. Recent
reviews outlining progress in this area [9,10] show a considerable
range of coordination behaviors as exemplified by
[M(XeF,)s][PFs]> (M=Ca, Cd) [11], [Pbs(XeF2)11][PFels [12],
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[M(XeF,);][PFs]> (M = Sr, Pb) [12], [Sr3(XeF2)10][PFsls [12], [Ba(X-
eF,)s][AsFg]» [13], and [Ba(XeF;)4][PFs]2 [14]. In such cases, the
XeF, ligand may be coordinated through one or both of its fluorine
atoms to give adducts in which XeF, is terminal or bridging.
Terminal coordination of XeF, results in lengthening of the Xe-F
bridge bond and contraction of the terminal Xe-F bond, whereas
bridging XeF, ligands can be either symmetrically or asymmetri-
cally coordinated. Terminal coordination or significantly distorted
bridge-coordinated XeF, results in two Xe-F stretching bands in
the Raman spectrum, one shifted to lower frequency for the longer
Xe-F bond and one to higher frequency for the shorter Xe-F bond.
Symmetrical bridge coordination results in a single symmetric
XeF, stretching band in the Raman spectrum which is shifted to
higher frequency relative to uncoordinated XeF,.

Examples of XeF, coordinated to moderate strength Lewis
acid transition metal oxide fluorides have also been reported.
Adducts of XeF, with MOF4 (M = Mo, W), XeF,-nMOF,4 (n=1-4)
are known and have been characterized by solution '°F and 12°Xe
NMR spectroscopy [15,16], Raman spectroscopy [16,17], and X-
ray crystallography [18]. Several examples in which XeF,
coordinates to non-metal cations are also known and these are
represented by 2XeF,-[XeFs][AsFg] [19], XeF,-[XeFs][AsFs] [19],
and XeF,-2([XeFs][AsFg]) [19], where XeF, coordinates to the
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Xe(VI) atom of XeFs*. Recently, the X-ray crystal structures of
[BrOF;][AsFg]-2NgF, (Ng = Kr [20], Xe [21]) have been reported
which contain NgF, molecules that are terminally coordinated to
bromine(V) through fluorine. The Ng-F stretching frequencies of
main-group cation complexes with NgF, show frequency shift
patterns that are similar to those of the metal cation complexes
(vide supra).

The compound, XeOF,-XeF,, was first synthesized by Bartlett et
al. who reported its Raman spectrum (—10 °C) and X-ray powder
diffraction pattern [22]. The Raman spectrum was assigned as the
sum of the component of XeF, and XeOF, spectra. A comparison of
the unit cells and vibrational frequencies associated with
XeOF,4-XeF, and isoelectronic IFs-XeF, [23] led Bartlett et al. to
suggest that the two compounds are likely isostructural and to
categorize XeOF4-XeF, as a molecular addition compound. The
crystal structure of XeF4-XeF; has also been reported and shows no
evidence for weak covalent interactions between Xe(IV) and the
fluorine ligands of XeF, [24].

The present paper details the formation and characterization of
a-XeOF,-XeF, by single-crystal X-ray diffraction and of a- and 3-
XeOF,-XeF, by Raman spectroscopy. Quantum-chemical calcula-
tions have also been used to assign the vibrational spectra of o-
XeOF,-XeF,, in light of the X-ray crystal structure and a factor-
group analysis, and of [3-XeOF,-XeF,.

2. Results and discussion
2.1. Syntheses of a- and [3-XeOF,-XeF,

Fusion of a 2:1 molar ratio of liquid XeOF, and solid XeF, resulted
in a mixture of - and [3-XeOF,-XeF, (vide infra), with the relative
proportions of the a- and 3-phases depending on the crystallization
conditions. When a mixture of XeF, and XeOF,; was completely
liquefied at 22 °C and then rapidly quenched to —78 °C, a mixture of
XeOF,, the more stable o-XeOF,-XeF, phase (see Section 2.3), and
the less stable 3-XeOF,-XeF, phase (see Section 2.4) resulted. When
the sample was maintained at —78 °C for 20 h, the low-temperature
Raman spectrum showed that the [-phase had completely
converted to the more stable a-phase. Alternatively, when the
aforementioned solid mixture was reliquefied, such that several
crystallites remained suspended in the medium, and then rapidly
quenched to —78 °C, the solid product primarily consisted of the a-
phase with only a minor amount of [3-XeOF, XeF,. The facile
transition of 3-XeOF,-XeF, to a-XeOF,-XeF, has prevented charac-
terization of the [3-phase by single-crystal X-ray diffraction.

The fusion of 1:1 and 1:2 molar ratios of XeOF, and XeF, and
subsequent quenching to —78 °C resulted in a-XeOF,4-XeF, (m.p.,
26-28 °C) and unassociated XeF; in the case of the 1:2 molar ratio,
with no other products observed by Raman spectroscopy. In the
reaction involving a molar excess of XeF,, the additional XeF, only
partially dissolved with periodic mixing at temperatures up to
50 °C over a period of 5 h.

2.2. NMR spectroscopy

The '°F ! and ?°Xe > NMR spectra of XeF, (0.0203 g, 0.120 mmol)
dissolved in XeOF, (0.5 mL) were recorded at —35°C (XeF,;
0.23mol L7!). Xenon difluoride and XeOF, showed spin-spin
couplings and chemical shifts that are characteristic of the

! Fluorine-19 resonances assigned to traces of XeF4 [XeO,F,] {HF} impurities
were observed at —18.4 ppm, J(1°F-'2°Xe) = 3848 Hz; [101.1 ppm, 'J('°F—"'%°Xe) =
1180 Hz]; and {—188.7 ppm}.

2 Xenon-129 resonances assigned to trace XeF, [XeO,F,] impurities were
observed at 287 ppm, 'J('°F-12°Xe)=3848 Hz and [127 ppm, 'J('°F-'%°Xe)=
1180 Hz)].

uncomplexed molecules. The 'SF chemical shift of XeF,
(—183.0 ppm) is similar to that of XeF, in BrFs solvent
(—181.8 ppm, 26 and —20°C) [25] and the ?°Xe chemical shift
(—1606 ppm) is similar to that recorded in HF (—1592 ppm; 25 °C)
[26] and is shifted to somewhat lower frequency than in BrFs solvent
(—1708 ppm; —40 °C) [26]. The 'j(1?°Xe-"°F) coupling constant of
XeF, in XeOF, solvent (5630 Hz) is similar to those of XeF, in BrFs
(5616 Hz, 26 °C [25]; 5650 Hz, —20 °C [25]; and 5583 Hz; —40 °C
[26]) and in HF (5652 Hz, 25 °C) [26]. The '°F and !?°Xe chemical
shifts and the J(12°Xe-"°F) coupling constants of XeOF, in the XeF,
solution (98.1 and 6.5 ppm, 1120 Hz, respectively) are comparable
to those of liquid XeOF, recorded at 24 °C (100.3 and 0.0 ppm,
1128 Hz, respectively) [27].

The NMR spectra indicate that any Xe(II)-F.--Xe(VI) fluorine
bridge interactions that may exist in solution are weak and labile.
Moreover, no additional spin-spin couplings were observed that
were indicative of strong Xe(II)-F---Xe(VI) fluorine bridge inter-
actions.

2.3. X-ray crystal structure of a-XeOF,-XeF,

Details of data collection parameters and other crystallographic
information are provided in Table 1. Bond lengths and bond angles
for XeOF,-XeF; are listed in Table 2. The unit cell parameters for -
XeOF,-XeF, are in good agreement with those obtained from the X-
ray powder diffraction study (a=7.56(2), c=11.36(3) A,
V=647 A3, Z=4, 20 °C) [22].

2.3.1. Packing and intermolecular contacts

The a-XeOF,-XeF, complex crystallizes in the I4/m space group.
The structure of XeOF,-XeF, consists of XeOF, and XeF, units that
stack along the a- and b-axes but alternate along the c-axis. The
Xe-0 bonds of XeOF, alternate their directions by 180° in columns
along the a- and c-axes so that in the b, c-plane, either the Xe-0
bonds or the xenon valence electron lone pairs of the XeOF,
molecules face one another (Fig. S1). The XeF; ligands pack along
the a- and b-axes alternating their orientations by 90°. There are
four XeF, molecules that have close contacts with the Xe(VI) atom
of XeOF, (Fig. 1a). In turn, each fluorine atom of the XeF, molecule
has close contacts with the xenon atoms of two XeOF, molecules
(Fig. 1b). The X-ray crystal structure confirms that a-XeOF,-XeF, is
isostructural with IFs-XeF, [23]. The Xe---F contact distances in
XeOF4XeF, (3.239(4) A) are comparable to the I.--F contact
distances in IF5-XeF, (3.142(7) A), which are somewhat less than
the sums of their respective Xe (3.63 A)/I (3.45 A) and F van der
Waals radii [28]. Symmetric coordination of four XeF, molecules to
Xe(VI) preserves the local C4, symmetry of the XeOF,; molecule,
whereas symmetric coordination of one XeF, molecule to four
XeOF,; molecules results in local C; symmetry at XeF,, thus
retaining the center of symmetry in XeF,. The Xe- - -F contacts are
shorter than those in XeF4-XeF, (3.353(7), 3.355(7) and 3.37(1) A)

Table 1

Summary of crystal data and refinement results for a-XeOF,-XeF,.
Chem formula Xe,OFg
Space group 14/m (87)
a(A) 7.502(1)
c(A) 11.193(4)
V(A% 630.0(6)
Molecules/unit cell 4
Mol wt (gmol 1) 1570.40
Calcd density (gcm™3) 4139
T (°C) -173
# (mm~1) 10.81
Ry? 0.0257
WR," 0.0395

3 Ry is defined as 3||F,| — |Fc||/2|Folfor I>20(I).
> WR, is defined as {S[W(F,2 — F2)?)/Sw(F,2)?}'? for I> 20(l).
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Table 2
Experimental bond lengths and bond angles in o-XeOF,4-XeF, and calculated bond lengths and angles in 2XeOF,-XeF, and XeOF,-4XeF,.
«-XeOF,-XeF,? 2XeOF4-XeF,” XeOF,-4XeF,*
Exptl Caled (Gop)? Calcd (Cy)¢
B3LYP PBE1PBE B3LYP PBE1PBE
Bond lengths (A)
Xe(1)-0(1) 1.729(7) Xe;-0y 1.742 1.725 Xe;-0, 1.744 1.727
Xe;-Fi, 1.960 1.935
Xe(1)-F(1) 1.900(3) Xer—Fs 4 1952 1925 Xe1-Fi234 1.953 1.928
Xe(1)---F(2) 3.239(4) Xey---Fs 2.880 2.890 Xey---Fs 7911 3.446 3.357
Xe(2)-F(2) 2.014(5) Xe,-Fs 2.024 1.999 Xez345-Fs7911 2.031 2.006
Xez345-F6:81012 2.004 1.979
Bond angles (°)
0(1)-Xe(1)-F(1) 89.2(1) gliiiliilj gi:i g}:g 01-Xer1-Fi34 90.8 903
0(1)-Xe(1)- - -F(2) 141.13(8) 0;-Xe;- - -Fs 162.0 158.0 0;-Xe;- - -Fs 7911 139.5 139.4
F(1)-Xe(1)-F(1C) 89.988(3) Fi-Xe;-F, 88.9 88.8 F1-Xe;-F, 90.0 90.0
F(1)-Xe(1)-F(1B) 89.988(3) Fi-Xe;-F4 90.2 90.2 Fi-Xe;-F4 90.0 90.0
F(1)-Xe(1)-F(1A) 178.3(2) Fi-Xe;-F3 175.4 176.5 Fi-Xe;-F3 178.4 179.4
F(1)-Xe(1)- - -F(2) 60.6(1) Fi-Xes- - -Fs 75.1 73.0 F1-Xes- - -Fs 60.6 61.4
F(1)-Xe(1)- - -F(2D) 68.6(1) Fi-Xe;---F; 63.5 63.4
F(1)-Xe(1)- - -F(2B) 120.9(1) Fi-Xe;- - -Fo 118.0 118.1
F(1)-Xe(1)- - -F(2F) 141.1(1) F1-Xe- - -Fyq 115.2 116.1
F3-Xe;-F4 90.4 90.6
F3-Xe;- - -Fs 100.2 103.6
F(2)-Xe(2)-F(2A) 180.000(1) Fs—Xe,-Fs' 180.0 180.0 Fs79011-Xe-Fsg10,12 179.0 179.0
Xe(1)---F(2)-Xe(2) 116.8(1) Xe;- - Fs-Xe, 127.5 122.7 Xeq--Fs7011-X€2345 116.6 117.3
2 For the atom labeling scheme, see Fig. 1.
> For the atom labeling scheme, see Fig. 4b.
¢ For the atom labeling scheme, see Fig. 4a.
4 The aug-cc-pVTZ(-PP) basis sets were used.
[24], indicating that XeOF, and XeF, interact by means of weak
polar-covalent fluorine bridge interactions in a-XeOF,-XeF,.
2.3.2. XeOF, geometry and coordination
a The XeOF, molecule is based on a pseudo-octahedral AX,YE
VSEPR arrangement of four bond pairs (X), a double bond pair (Y),
and a valence electron lone pair (E) which give rise to a square-
pyramidal geometry. The four fluorine atoms that comprise the
base of the square pyramid are coplanar as imposed by symmetry,
with the apical oxygen atom located 1.701 A above the equatorial
plane and the xenon atom 0.028 A below that plane.
A) The Xe(1)- - -F(2) contact interactions that occur between XeOF,
F(26) and XeF, are somewhat less than the sum of the xenon and fluorine
van der Waals radii [28] and result in nine-coordinate Xe(VI) atoms
(Fig. 1a). The Xe(VI)- - -F contacts occur from beneath the equatorial
Xe(2B) plefne of t.he ?(e0F4 molecple}, avoiding the vglence electron lone
F2E) pair position in a manner similar to that described for [XeFs][RuFg]
[29], [XeFs][0sOsF3] [30], and [XeFs][u-F(OsOsF;),] [30]. The
secondary contacts in XeOF4-XeF, occur between four F(2) atoms of
four symmetry-equivalent XeF, molecules and the Xe(1) atom,
b Xe(1A) which is located 2.522 A above the F(2,2B,2D,2F)-plane. This plane
is parallel to the equatorial F(1,1A,1B,1C)-plane formed by the
Xe(1) \ primary Xe(VI)-F bonds. The light atom intraplanar distances
i \ (F(1)---F(1B),2.687(5) A; F(2)- - -F(F2D), 2.875(4) A) are comparable
~ o A F(2A) to the intgrplanar distances (F(1)---F(2), 2.839(4) A; F(1)---F(2D),
% Q; a 3.101(4) A), and are significantly longer than the O(1)---F(1)
F2) Xe(2) "'..._ distance (2.550(6) A). The planes, when viewed along the Xe-O
NS @ bond axis (Fig. 2), have a gauche conformation so that the Xe(VI)
. Xe(i0) coordination sphere may be described as a distorted monocapped
square antiprism having dihedral angles between the basal
b fluorine atom planes of the XeOF, molecules and the planes of
@ contacting fluorine atoms (36.8° for the F(2,2B)Xe(1)O(1)- and
Xe(1B) F(1,1A)Xe(1)0(1)-planes and 53.2° for the F(2D,2F)Xe(1)0(1)- and

Fig. 1. Depictions of the coordination spheres of (a) XeOF, and (b) XeF, in the X-ray
crystal structure of a-XeOF,-XeF,; the thermal ellipsoids are drawn at the 50%
probability level.

F(1,1A)Xe(1)0O(1 )—E)lanes of XeOF,-XeF,). The Xe-F bond lengths of
XeOF, (1.900(3) A) are not significantly affected by the long
secondary Xe(VI)---F contacts and are similar to those of other
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F(1C)

F(1A)

F(1B)
F(2F)

Fig. 2. A depiction of the light atom coordination sphere of Xe(VI) in a-XeOF,-XeF;;
the thermal ellipsoids are drawn at the 50% probability level.

structures containing coordinated XeOF,; e.g., [ XeFs][SbFg]-XeOF,
(1.890(2) and 1.895(2) A) [31] and (OsO5F,),-2XeOF, (1.907(5)-
1.918(5) A) [32] as well as the gas-phase electron diffraction
structure of XeOF, (1.901(3) A) [33]. The Xe-O bond length of a-
XeOF,-XeF, (1.729(7) A) is similar to those of [XeFs][SbFs]-XeOF,
(1.713(3) A) [31], (OsOsF,)»-2XeOF, (1.709(6) A) [32], and gaseous
XeOF, (electron diffraction, 1.71(1) A) [33].

2.3.3. XeF, geometry and coordination

The XeF, molecule in a-XeOF,-XeF; is linear by symmetry with
Xe-F bond lengths of 2.014(5) A. The Xe—F bond lengths are slightly
elongated when compared with those obtained from the rotational
fine structure in the gas-phase Raman (1.9791(1) A) [34] and
infrared (1.977965(5) A) [35] gas-phase spectra of XeFs, and are
comparable to the Xe-F bond lengths obtained from the X-ray
crystal structure (1.999(4) A) [8], and neutron diffraction structure
(2.00(1) A) [36] of XeF,. They are in good agreement with other
compounds containing symmetrically coordinated XeF, mole-
cules; e.g., IFs-XeF, (2.018(9) A) [23], 2[XeFs][AsFg]-XeF, (2.01(2)
A) [19], XeF4XeF, (2.010(6) A) [24], and [Ba(XeF.)s]|[AsFg]-
(1.994(9), 2.005(5), and 1.995(5) A) [14].

2.4. Raman spectroscopy

The low-temperature Raman spectrum of a-XeOF,-XeF, (Fig. 3)
was obtained by dissolution of XeF, in an equimolar amount of
XeOF, at 50 °C. However, dissolution of XeF, in a molar excess of
XeOF, at 22°C led to the formation of varying amounts of
XeOF,-XeF, in admixture with XeOF,, with the ratio of «- and -
XeOF,-XeF, dependent on the crystallization conditions (see Fig. 4
and Section 2.1). The frequencies and their assignments for a- and
[3-XeOF,-XeF, are listed in Table 3.

The assignments and mode descriptions were arrived at by
comparison with the experimental and calculated frequencies of
gas-phase (Table S1) and solid (Fig. S2) XeOF, and XeF, (Table S2),
along with the calculated gas-phase frequencies and mode
descriptions for the unknown model compounds, 2XeOF,-XeF,
(Cap) (Table S3) and XeOF4-4XeF, (Cy) (Table S4). The energy-
minimized geometries of the model compounds were calculated,
providing close approximations to the local symmetries of the
XeOF, (XeOF,4-4XeF,) and XeF, (2XeOF,-XeF,) molecules in the

24

N
o
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@
T

Raman Units, cts-1 x 10-2
® N

L 1 L 1 L 1 1 1 . L

100 300 500 700 900
Av, cm”

Fig. 3. Raman spectrum of a-XeOF,XeF, recorded at —150 °C using 1064-nm
excitation; the symbols denote FEP sample tube lines (*) and an instrumental
artifact ().

crystal structure of a-XeOF,4-XeF,, allowing an estimation of the
degree of intra- and intermolecular vibrational coupling and for
comparison of their frequency shifts with respect to those
calculated for gas-phase XeOF, and XeF,. The geometric param-
eters of these adducts and their benchmark molecules calculated at
the PBE1PBE level provided the best overall agreement with
experiment (see Section 2.5) and are therefore referred to in the
ensuing discussion.

2.4.1. x-XeOF4-XeF,

The Raman spectrum of «a-XeOF,;-XeF, (Fig. 3) has been
previously reported [22]. The present work provides more detailed
assignments and descriptions of the vibrational modes based on a
knowledge of the crystal structure. The spectrum is relatively
simple and is comprised of nine bands and is basically a composite
of XeOF, and XeF, spectra. In view of the very weak Xe(VI)- - -F and
Xe(Il)---F interactions, a modified factor-group analysis was
carried out for XeOF, and XeF, in the crystal structure of o-
XeOF4-XeF, (Table S5) which indicates that site symmetry
reduction and correlation to the unit cell symmetry for each
component should lead to additional band splittings. Failure to
observe these factor-group splittings implies that the vibrational
couplings within the unit cell are weak and too small to be
resolved.

The local crystallographic symmetry of XeF, in a-XeOF4-XeF; is
C; and results in two crystallographically equivalent Xe-F bond
lengths (vide supra). As in uncomplexed XeF,, only the band
derived from the symmetric XeF, stretch, v(Xe,Fs) + v(XeyFs'), is
Raman active (494 cm™!) with a frequency similar to that of
uncomplexed XeF, (497 cm~!) [38]. Similar frequencies have been
reported for XeF, in IFs-XeF, (493cm™!) [39] and
2[XeFs][AsFs]-XeF, (496 cm~') [19], where XeF, is bridging but
only weakly coordinated. More pronounced complexation shifts
have been observed for [Ag(XeF,),][AsFs] (501, 508 cm~!) [40],
[Ba(XeF2)5][SbF5]2 (521 Cm71) [41 ], and [M(X6F2)3][ASF6]2 [M =Pb
(514cm™!) or Sr (531cm™!)] [42] where the bridging XeF,
molecule is more strongly coordinated. It is noteworthy that the
calculated values for v(XeFs) — v(XeFs') (535 cm™!) and §(FsXeFs')
(220,238 cm™!) are in good agreement with the experimental gas-
phase infrared values of uncomplexed XeF, (555 and 213 cm™!,
respectively). Within the range of experimentally observed
frequencies, only two modes are predicted to display vibrational
coupling between the XeOF, and XeF, molecules. These are
predicted to occur at 576 and 282 cm~! (Table S3) and both are
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Table 3
Raman frequencies and intensities for XeOF,, XeF,, a-, and 3-XeOF,-XeF,; and assignments based on those of XeOF,-4XeF, and 2XeOF,-XeF, (Tables S3 and S4).
exptl” assgnts”
XeOF,* a-XeOFyXeF,™  B-XeOF, XeF,*/ XeOF4XeF; (Cy)

928(m) 904(30) 2%21116) } A, v(Xe 0))

609(VW) 609(2) E, V(XC1F1) — V(XC]Fj) /V(Xele) - V(X61F4)
564(51)

577(vs) 575(72) gggg)s) } A, v(Xe Fs)

550(6)

S430w) 53633) g;gg; } B, [v(XeiF1) + v(XeiF2)] - [v(XeiFs) + v(Xe F3)]”
517(7) B, [v(Xe | F)) + v(Xe Fa)] — [v(Xe Fq) + v(Xe F3)]'
372sh

360(w) 383(14) 370(8) } E, 8(0,Xe FF4) / 8(0,Xe FoF3)

363(4) > -
361(4)

286(m) 262(3) 234(4) A, Sumb(Xe1Fac)

B, 6(F|XG|F2) + 6(F3X6]F4)/

225(w) 196(2) 223sh { B, 5(F\Xe1Fa) + 6(F3Xe]F4)"

161(W) E, 6(F1XC]F3) / 6(F2XC[F4)

99(12) 91sh E, p«(XeOFy,)
B, p(F1XeiF2) — p(F3Xe Fa)
A, p(Xe Fae)

XeF,' 2XeOF ;- XeF; (Cap)”
ia. ia. B, v(Xe,Fs) — v(Xe,Fs')
ia. ia. B, v(XesFs) — v(XeyFs')”
497(100) 494(100) 503(100) Ay V(XerFs) + v(XeoFs')

ia. ia. Bu 6(F5X62F5')0

ia. ia. Bu 6ip(F5XezF5')

ia. ia. Ay doop(FsXerFs")

138(9) A, p(FsXeoFs") ip

3 Frequencies are given in cm™'.

P The abbreviations denote stretch (v), symmetric (s) bend (8), twist (py), rotation (p,), umbrella (3,mp), in-plane (ip), out-of-plane (oop), F(1)F(1A)F(1B)F(1C) (F4e).

€ From ref [37]. The abbreviations denote very strong (vs), medium (m), weak (w), and very weak (vw).

d The Raman spectrum was recorded on a microcrystalline solid sample in a FEP tube at —150°C using 1064-nm excitation. Experimental Raman intensities are
given in parentheses and are relative intensities with the most intense band given as 100. The abbreviations denote shoulder (sh), broad (br), inactive (i.a.) and not

observed (n.o.).

€ The sample had been allowed to stand for 20 h at —78 °C. A weak band was also observed at 310(1)cm™! but was unassigned.
fThe spectrum was recorded immediately after quenching the sample from 22 to —78 °C. Bands associated to XeOF, were also observed at 900(sh), 588(14), 542(13), 532(28),
368(sh) and 250(2) cm ™. Bands associated to a-XeOF,-XeF, were also observed at 903(67), 575(151), 535(74), 493(201), 382(28), 261(6), 195(4), 137(17) and 98(23)cm ™ '. A

weak band was also observed at 309(1)cm ™' but was unassigned.

& See Fig. 4a for the atom labeling scheme. See Table S4 for complete mode descriptions and calculated frequencies for XeOF,-XeF,.

" Also out-of-phase coupled to [v(Xe,Fs)+v(XesFo)] — [v(XesF) + v(XesFi1)].

! Also in-phase coupled to [v(Xe,Fs)+v(Xe4Fo)] — [v(XesF;)+ v(XesFi)].

J Also coupled to [S(FsXesFg)+8(FoXesF10)] — [8(F7XesFg) + 8(Fq11XesFi2)].

¥ Also coupled to [pw(F7XesFs)+ pw(F11XesF12)] - [pw(FsXezFs) + pu(FoXeqF10)].
! From ref. [38].

™ See Fig. 4b for the atom labeling scheme. See Table S3 for the complete mode descriptions and calculated frequencies for 2XeOF,-XeF,.
" Also coupled to [v(XeF;)+v(XeF,)+v(XeFs)+v(XeF,)] — [v(Xe'Fy) + v(Xe'Fy' ) + v(Xe'F3') + v(Xe'Fy)].

© Also coupled to 8,mp(Xe'F1'Fy'F3'Fy) — Sump(XeF FaF3Fy).

predicted to be Raman inactive. The band at 138 cm™! is assigned
to p{FsXeFs') of the weakly coordinated XeF, molecule.

The XeOF; molecule in crystalline o-XeOF4XeF, is also
symmetrically coordinated and has local C4, symmetry. The Xe-
O stretch (904 cm™1) is shifted to lower frequency relative to that
of the gas-phase molecule (928 cm~') [37]. The calculated shift for
v(Xe0) in XeOF,-4XeF, (930 cm™!) relative to that calculated for
XeOF, (936 cm™!) (Table S1) is also to lower frequency but is
smaller than the experimental complexation shift. This shift
presumably results from interactions between oxygen atoms of
XeOF, and the Xe(Il) atoms of neighboring XeF, molecules which
serve to stabilize the negative charge on the oxygen atom, thereby
decreasing the Xe(VI)-O double bond character (vide infra). The
band at 575 cm~!is assigned to vs(Xe F4e) and is comparable to the
corresponding mode in gas-phase XeOF, (577 cm~ ') [37], whereas

the calculated vy(Xe F4.) frequency (569 cm™!) in XeOF,-4XeF, is
predicted to be shifted relative to that calculated for XeOF,
(583 cm™!) in the gas phase. The band at 536 cm™! is assigned to
the asymmetric Xe-F stretching mode and is shifted to lower
frequency relative to that of gaseous XeOF, (543 cm~!) [37]. A
similar low-frequency shift is observed for the deformation mode,
S(F,Xe F,) + 8(F3Xe F,), which occurs at 196 cm™! compared to
that of gas phase XeOF, (225 cm™!) [37]. Although the calculated
model does not perfectly reproduce the experimental spectrum, it
does provide a very close approximation to the local symmetry at
the XeOF, center. The only band in the a-XeOF4-XeF, spectrum
that does not have a counterpart in the gas-phase infrared or
Raman spectra of gaseous XeOF, or solid XeF, occurs at 99 cm™!
and has been assigned to p,(XeOF,), in reasonable agreement with
the calculated value of 88 cm™~.
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Raman Units, cts-1 x 10-2

100 300 500 700 900
Av, cm’”

Fig. 4. Raman spectrum of a mixture of a-XeOF,-XeF, (1), B-XeOF,-XeF, (unlabeled
bands), and XeOF, (§) recorded at —150 °C using 1064-nm excitation; FEP sample
tube lines (*) and an instrumental artifact (1) are also indicated.

2.4.2. B-XeOF,XeF,

The bands in the Raman spectrum of (3-XeOF,-XeF, (Fig. 4)
occur at frequencies that are similar to those in a-XeOF-XeF,,
suggesting that the two phases have similar structures. In contrast
with a-XeOF,-XeF,, many of the bands are split, but in the absence
of a crystal structure, it is not possible to comment on the precise
origins of the band splittings or frequency differences.

The Xe-0 and Xe-F stretching frequencies of XeOF, are shifted
to higher (920, 924 cm™!) and lower (550, 554, 560, 564, cm™!)
frequencies, respectively, when compared with those of «-
XeOF4-XeF, (904 and 575cm™!, respectively). These shifts
presumably result from a decrease in, or the absence of, the
intermolecular Xe(Il)- - -O interactions that exist in a-XeOF;-XeF,.
Each oxygen atom in the crystal structure of a-XeOF,4-XeF, has four
weak interactions with four Xe(II) atoms of four neighboring XeF,
molecules (3.985 A compared to 3w (xe-0) = 3.68 A) [28] and one
repulsive contact with one oxygen atom of another XeOF,
molecule (2.691 A compared to S aw (0-0) = 3.04 A) [28]. Besides
the Xe(1)---F(2) interactions (see Section 2.3), these weak
interactions may contribute to reduce the Xe-O double bond
character and account for the lower v(XeO) frequency (904 cm™1)
in oi-XeOF,-XeF, relative to that of gaseous XeOF, (928 cm™!) [37].
Upon undergoing the o« — {3 phase transition, the XeF, molecules
remain as bridging molecules (vide infra), but the oxygen atom
interaction(s) with the XeF, molecules are considerably weaker,
accounting for why v(XeO) (920, 924 cm™!) is very similar to the
gas-phase value (928 cm™!). The polarization of electron density
towards oxygen would render the Xe(VI) atom more positive and
the Xe(VI)-F bonds more covalent in the a-phase (575cm™!)
relative to those of B-XeOF,-XeF, (550, 554, 560, 564, cm™!).

The observation of only one band at 503 cm™! and assigned to
XeF, in [3-XeOF,-XeF, reveals that the XeF, molecules are
symmetrically (or near-symmetrically) bridging. The fact that it
occurs at higher frequency than in a-XeOF,-XeF, (494 cm™!)is also
in agreement with the aforementioned hypothesis. In the absence
of a significant interaction between oxygen and the xenon atom of
XeF,, Xe(II) is more positively charged in [3-XeOF,-XeF, which is
accompanied by increases in the covalency of the Xe(II)-F bonds
and V(Xest) + V(XezFS/).

2.5. Computational results
The energy-minimized geometries of XeOF4-4XeF, (Cy4) (Fig. 5a)

and 2XeOF,-XeF, (Cyp) (Fig. 5b) were obtained and resulted in
stationary points with all frequencies real at the PBE1PBE level of

a
Fe

Xe,

0, F,

Fig. 5. Calculated PBE1PBE/aug-cc-pVTZ(-PP) gas-phase geometry for (a)
XeOF,-4XeF, (C4) and (b) 2XeOF,-XeF; (Cap).

theory, and two imaginary frequencies at the B3LYP level. The
energy-minimized geometries and vibrational frequencies of
XeOF, (Cy4y), (Tables S1 and S6) and XeF, (D..) (Tables S2 and
S7), were also obtained at the B3LYP and PBE1PBE levels of theory
for use as benchmarks.

The structure of XeOF,-2XeF, was calculated to model the local
XeF, environment in the crystal structure of a-XeOF,4-XeF,. The
XeF, molecule is symmetrically coordinated to two XeOF,
molecules and the local symmetry of the XeF, molecule, including
the Xe- - -F bridge interactions with XeOF,, is C; (see Section 2.3).
The XeF, molecule is symmetrically coordinated to two XeOF,
molecules, providing a local environment for the XeF, molecule
that closely approximates the crystallographic structural unit.

The geometry of XeOF4-4XeF, (C4 symmetry) was calculated to
model the local environment of XeOF, in the crystal structure of -
XeOF,-XeF,. Each XeOF, molecule in a-XeOF,4-XeF, has four short
contacts to fluorine atoms of an adjacent XeF, molecule (see
Section 2.3). The calculated geometry of XeOF,-4XeF, consists of
four XeF, molecules that are symmetrically coordinated to the
XeOF, molecule from below the basal plane of its four fluorine
ligands, providing a good approximation of the XeOF4 environment
in the crystal structure of a-XeOF4-XeF,.

2.5.1. Calculated geometries

The energy-minimized geometries of 2XeOF,;-XeF, and
XeOF,-4XeF, (Table 2) are similar at the PBE1PBE and B3LYP
levels of theory. Although identical trends are expected at both
levels, the values calculated at the PBE1PBE level provide better
overall agreement with experiment and are explicitly referred to in
the ensuing discussion.
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2.5.1.1. 2XeOFXeF,. The calculated Xe;-F5 bond length (1.999 A)
is comparable to that of XeF, (2.014(5) A) in a-XeOF,-XeF, and is
slightly elongated when compared with that calculated for gas-
phase XeF, (1.986 A). The calculated Xe---Fs contact distance
(2.890 A) in 2XeOF,XeF, is significantly underestimated when
compared with the experimental value (3.239(4) A). The discrep-
ancy may result from the simplified model which involves one
XeOF, group coordinated to each fluorine ligand of XeF, instead of
two XeOF, groups in the experimental structure, resulting in a
shorter calculated Xe;- - -Fs contact distance.

2.5.1.2. XeOF;4XeF,. The calculated Xe;-O; and Xe;-F; bond
lengths of XeOF,-4XeF, (1.727 and 1.928 A) are in good agreement
with the experimental values for a-XeOF,-XeF, (1.729(7) and
1.900(3) A) and the gas-phase microwave (1.70(5) and 1.95(5) A)
and electron diffraction (1.71(1) and 1.901(3) A) structures of
XeOF, as well as with the calculated gas-phase values for XeOF,
(1.726 and 1.924 A). The calculated O,-Xe;-F; bond angle of
XeOF4-4XeF, (90.3°) is close to 90° in agreement with the
experimental O(1)-Xe(1)-F(1) bond angle of «-XeOF4-XeF,
(89.2(1)°), but contrasts with the O-Xe-F bond angles calculated
for XeOF, (92.0°). The slightly smaller O-Xe-F angle results from
increased steric repulsion between the equatorial fluorine atoms of
XeOF, and the fluorine atoms of the coordinated XeF, molecule.
The Xe;---Fs contacts of XeOF,4XeF, (3.357 A) are in good
agreement with the experimental structure for o-XeOF4 XeF,
(3.239(4) A). The Xeq---Fs7911-Xe3345 angles of XeOF,-4XeF,
(117.3°) are in very good agreement with the observed
Xe(1)---F(5)-Xe(1) angle in XeOF,4-2XeF, (116.8(1)°), again con-
firming that the model structure is reliable.

2.5.2. Charges, valencies, and bond orders

The Natural Bond Orbital (NBO) [43-46] analyses were carried
out for the B3LYP- and PBE1PBE-optimized gas-phase geometries
of 2XeOF,-XeF, (Table S8), XeOF,-4XeF, (Table S9), XeOF, (Table
S$10), and XeF, (Table S11). Although all values are similar and
because the PBE1PBE geometries better reproduce the experimen-
tal geometries (see Section 2.5.1), only the PBE1PBE values are
discussed.

The natural population analyses (NPA) give positive charges of
3.17 and 3.18 for Xe(VI) of the XeOF, molecule in 2XeOF,-XeF, and
XeOF,-4XeF,, respectively. The Xe(Il) atom charges are 1.26 and
1.24, respectively. The charges on the F and O atoms bonded to
Xe(VI) in 2XeOF,-XeF, (F, —0.58, —0.59; O, —0.84) and XeOF,-4XeF,
(F, —0.59; 0O, —0.85) and those of the F atoms bonded to Xe(II)
(—-0.62, —0.64, respectively) are also consistent with the polar
covalent natures of the Xe-O and Xe-F bonds in the model
structures.

The Xe-0 (0.93) and Xe-F (0.39) bond orders in both model
structures are essentially the same, indicating that the different
coordination motifs of the XeOF, molecules have very little effect
and are also very close to those obtained for XeOF, in the gas phase
(0.94 and 0.40, respectively). The Xe-F bond order of the
symmetrically coordinated XeF, (0.31) molecule of 2XeOF,-XeF,
is very similar to those of XeF, in the gas phase (0.29). The Xe-F
bond orders in XeOF,-4XeF, are asymmetric (XeF,, 0.28 and 0.31),
where the smaller Xe-F bond order is associated with the fluorine
bridge atom. The Xe;---F bond orders in both structures are less
than 0.04, and are again indicative of weak fluorine bridge
interactions between XeOF, and XeF,.

3. Conclusions
Although the '°F and ?°Xe NMR spectra of XeF, dissolved in

XeOF, do not provide any evidence for an associated complex in
solution, two solid phases of the molecular addition compound,

XeOF,4-XeF,, have been synthesized by the reaction of XeF, with
XeOF,. The X-ray crystal structure of the more stable a-phase
shows that the XeF, molecules are symmetrically coordinated to
four XeOF,; molecules. The Xe(VI) atoms of the XeOF, molecules
are, in turn, coordinated to four XeF, molecules resulting in a
Xe(VI) coordination sphere that is based on a monocapped square
antiprism. A high-temperature phase, 3-XeOF,-XeF, has also been
observed by low-temperature Raman spectroscopy in admixture
with a-XeOF,-XeF,; however, the instability of the 3-phase has
precluded its isolation and characterization by single-crystal X-ray
diffraction. The Raman spectrum of (3-XeOF,-XeF, indicates that
XeOF, interacts less strongly with XeF, in the crystal lattice. The
calculated structures of 2XeOF,-XeF, and XeOF,-4XeF, have been
used to provide close approximations of the local environments of
the XeF, and XeOF, molecules in the experimental structures,
allowing the vibrational modes of both molecular addition
compounds to be described. The fluorine bridge interactions in
a-XeOF,-XeF, are among the weakest known for compounds in
which XeF, functions as a ligand, whereas such fluorine bridge
interactions are considerably weaker in [3-XeOF,-XeF,.

4. Experimental
4.1. Apparatus and materials

Manipulations involving air-sensitive materials were carried
out under anhydrous conditions as previously described [47]. All
preparative work was carried out in 1/4-in. or 4-mm o.d. lengths of
FEP tubing. The tubing was heat-sealed at one end and connected
through 45° SAE flares to Kel-F valves. Reaction vessels were
vacuum dried on a Pyrex vacuum line for 12 h and then transferred
to a metal vacuum line where they were passivated with F, for
12 h, refilled with dry N», and placed in a drybox until used. All
vacuum line connections were made by use of 1/4-in. Teflon
Swagelok unions fitted with Teflon front and back ferrules. Xenon
oxide tetrafluoride was synthesized by the hydrolysis of XeFg as
previously described [48]. Xenon difluoride was synthesized by the
reaction of Xe and F, gas as previously described [49].

4.2. Syntheses of a- and [3-XeOF,-XeF,

A fluorine-passivated 1/4-in. o.d. FEP reaction vessel was
attached to a metal vacuum line and 0.1144 g (0.512 mmol) of
XeOF, was condensed into the vessel. The reaction vessel was
transferred to a nitrogen-filled drybox, cooled to —130 °C, and
0.0480 g (0.284 mmol) of XeF, was transferred into the reactor.
The reactor and valve assembly were removed from the drybox and
upon warming to 22 °C, a colorless solution resulted. The sample
was quenched at —78 °C and a Raman spectrum was recorded,
revealing a mixture of XeOF;, a-XeOF;XeF, (67%) and [3-
XeOF,-XeF; (33%). The sample was warmed to 22 °C, whereupon
the majority of the mixture liquefied, leaving several crystallites
suspended in the solution. The sample was rapidly quenched to
—78 °C and a Raman spectrum was recorded revealing a mixture of
predominantly a-XeOF,-XeF, (~95%) with some XeOF, and a small
amount of 3-XeOF,-XeF, (~5%). The sample was maintained at
—78 °C for 20 h followed by recording its Raman spectrum which
showed mainly a-XeOF,-XeF, with some XeOF,. The reactor was
transferred into a nitrogen-filled dry box and the reaction vessel
was cooled to —130 °C and an additional 0.0400 g (0.236 mmol) of
XeF, was added, giving a 1:1 stoichiometry. The reactor was
removed from the drybox and upon warming to 50 °C formed a
colorless solution. Regardless of whether or not the sample was
gradually cooled or rapidly quenched, the only product observed
by Raman spectroscopy was a-XeOF,-XeF, (26-28 °C). A third
portion of XeF, (0.0867 g, 0.512 mmol) was added to the sample
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inside the drybox in a similar manner to give a 1:2 molar ratio of
XeOF, to XeF,. Warming of the sample to 50 °C with periodic
vigorous mixing over 5 h resulted in only partial dissolution of
XeF,. A Raman spectrum of the product revealed a mixture of a-
XeOF,-XeF, and XeF,.

4.3. Raman spectroscopy

The low-temperature Raman spectra of a- and (3-XeOF,-XeF,
(-150°C) were recorded on a Bruker RFS 100 FT Raman
spectrometer using 1064-nm excitation and a resolution of
1cm™! as previously described [50]. The spectra were
recorded using a laser power of 300 mW and a total of 300 or
1200 scans.

4.4. Nuclear magnetic resonance spectroscopy

4.4.1. NMR sample preparation

A solution of XeF, in XeOF, was prepared in a 4-mm o.d. FEP
NMR tube fused to a 1/4-in. o.d. length of FEP tubing. Xenon
difluoride (ca. 0.0203 g) was loaded into the sample tube inside a
drybox and fitted with a Kel-F valve. The NMR tube was connected
to a FEP vacuum submanifold that was, in turn, connected to a
XeOF, storage vessel and ca. 0.5 mL of XeOF4 was condensed onto
XeF; at —196 °C. The NMR sample tube was then heat sealed under
dynamic vacuum at —196 °C and stored at —196 °C until its '°F and
129%e NMR spectra could be recorded. The sample was dissolved at
room temperature just prior to data acquisition. For data
acquisition, the 4-mm FEP sample tube was inserted into a 5-
mm o.d. thin-wall precision glass NMR tube (Wilmad).

4.4.2. NMR instrumentation and spectral acquisitions

Fluorine-19 and !?°Xe NMR spectra were recorded unlocked
(field drift <0.1Hzh™') on a Bruker DRX-500 spectrometer
equipped with an 11.744-T cryomagnet. The NMR probe was
cooled using a nitrogen flow and variable-temperature controller
(BVT 3000).

Fluorine-19 NMR spectra were acquired using a 5-mm
combination 'H/°F probe operating at 470.592 MHz. The spectra
were recorded in 64K memories with spectral width settings of
47 kHz and acquisition times of 0.65 s, and were zero-filled to 64K,
yielding data point resolutions of 0.76 Hz/data point. Relaxation
delays of 0.1 s were applied and 2700 transients were accumu-
lated.

Xenon-129 NMR spectra were obtained using a 5-mm
broadband inverse probe operating at 138.086 MHz. The spectra
were recorded in 128K memories with spectral width settings of
1000 kHz and acquisition times of 0.65 s, and were zero-filled to
128K, yielding data point resolutions of 0.76 Hz/data point.
Relaxation delays of 0.1 s were applied and 7000 transients were
accumulated.

The pulse widths, corresponding to bulk magnetization tip
angles of approximately 90°, were 8.5 ('°F) and 10.0 (12°Xe) ws.
Line broadenings of 0.1 (1°F) and 2.0 (2°Xe) Hz were used in the
exponential multiplications of the free induction decays prior to
Fourier transformation.

The '°F and ?°Xe spectra were referenced externally at 30 °C to
samples of neat CFCl; 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.

4.5. X-ray crystallography
4.5.1. Crystal growth

Crystals of «a-XeOF,XeF, were obtained from a sample
comprised of 0.1358 g (0.802 mmol) of XeF, and 0.67¢g

(3.0mmol) of XeOF, contained in a 1/4-in. o.d. FEP reactor
equipped with a side arm and pressurized with one atmosphere of
dry nitrogen. The reactor was warmed to 25°C and a clear,
colorless solution formed. Crystals were grown as previously
described [2]. The reactor was placed in a horizontal position,
distributing the liquid along the length of the reactor and was then
cooled to —36 °C over a 1 h period, resulting in the growth of
colorless plates over several hours. Crystals were isolated by
decanting the solvent at —37 °C 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 —40°C. The side arm
containing the supernatant was removed by heat sealing off this
portion of the reaction vessel under dynamic vacuum at —196 °C.
The crystalline sample was stored at —78 °C until a suitable crystal
could be mounted on the diffractometer. A crystal of -
XeOF,-XeF, having the dimensions 0.04 x 0.07 x 0.13 mm? was
selected at —105 + 3 °Cand was mounted in acold stream (—173 °C)
on a goniometer head as previously described [50].

4.5.2. Collection and reduction of X-ray data

The crystal was centered on a Bruker Apex II diffractometer,
equipped with a CCD area detector, controlled by the APEX II
Graphical User Interface (GUI) [51], and a sealed tube source
emitting Mo Ko radiation monochromated (A =0.71073 A) by a
graphite crystal was used. Diffraction data collection (—173 °C)
consisted of a full w rotation at x =0° (using 5 x 250) frames,
followed by a v scans (1010) frames at various ¥ and x settings to
fill the gaps. The crystal-to-detector distance was 4.882 cm, and
the data collection was carried outina 512 x 512 pixel mode using
2 x 2 pixel binning. Raw data was processed using APEX Il v 2.1
[51], which applied Lorentz and polarization corrections to three-
dimensionally integrated diffraction spots. The program, SADABS
[52], was used for the scaling of diffraction data, the application of
a decay correction, and an empirical absorption correction on the
basis of the intensity ratios of redundant reflections.

4.5.3. Solution and refinement of the structure

The XPREP program [53] was used to confirm the unit cell
dimensions and the crystal lattice. The solution was obtained by
direct methods which located the positions of the atoms defining
the o-XeOF,-XeF, complex. The final refinement was obtained by
introducing anisotropic thermal parameters and the recom-
mended weightings for all of the atoms. The maximum electron
densities in the final difference Fourier map were located near the
heavy atoms. All calculations were performed using the SHELXTL-
plus package [53] for the structure determination and solution
refinement and for the molecular graphics. The choice of space
group was further confirmed using PLATON as implemented
within the WinGX software package [54].

4.6. Computational methods

The optimized geometries, frequencies, and NBO valencies,
bond orders, and NPA charges for XeF,, XeOF,, 2XeOF,-XeF,, and
XeOF,4-4XeF, were calculated using density functional theory
(DFT) at the B3LYP and PBE1PBE levels using aug-cc-pVTZ basis
sets [55]. Pseudo-potentials were used for xenon (aug-cc-pVTZ-
PP). The combined use of aug-cc-pVTZ and aug-cc-pVTZ-PP basis
sets is indicated as aug-cc-pVTZ(-PP). Quantum-chemical calcu-
lations were carried out using the Gaussian 03 [56] and Gaussian
09 [57] programs. The levels and basis sets were benchmarked by
calculating the energy-minimized geometries and frequencies of
XeF,, (Table S7) and XeOF, (Table S6) and by comparison with the
experimental values. The geometries were fully optimized
starting from the crystallographic coordinates using analytical
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gradient methods. After optimization at one level of theory, the
geometries were optimized at the other level of theory to ensure
an equivalent energy-minimized geometry had been achieved.
The vibrational frequencies were calculated at the B3LYP and
PBE1PBE levels using the appropriate minimized structure, and
the vibrational mode descriptions were assigned with the aid of
Gaussview [58].
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