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From the system MF2/PF5/XeF2/anhydrous hydrogen fluoride (aHF), four compounds [Sr(XeF2)3](PF6)2, [Pb(XeF2)3]-
(PF6)2, [Sr3(XeF2)10](PF6)6, and [Pb3(XeF2)11](PF6)6 were isolated and characterized by Raman spectroscopy and
X-ray single-crystal diffraction. The [M(XeF2)3](PF6)2 (M ) Sr, Pb) compounds are isostructural with the previously
reported [Sr(XeF2)3](AsF6)2. The structure of [Sr3(XeF2)10](PF6)6 (space group C2/c; a ) 11.778(6) Å, b ) 12.497-
(6) Å, c ) 34.60(2) Å, â ) 95.574(4)°, V ) 5069(4) Å3, Z ) 4) contains two crystallographically independent
metal centers with a coordination number of 10 and rather unusual coordination spheres in the shape of tetracapped
trigonal prisms. The bridging XeF2 molecules and one bridging PF6

- anion, which connect the metal centers, form
complicated 3D structures. The structure of [Pb3(XeF2)11](PF6)6 (space group C2/m; a ) 13.01(3) Å, b ) 11.437(4)
Å, c ) 18.487(7) Å, â ) 104.374(9)°, V ) 2665(6) Å3, Z ) 2) consists of a 3D network of the general formula
{[Pb3(XeF2)10](PF6)6}n and a noncoordinated XeF2 molecule fixed in the crystal structure only by weak electrostatic
interactions. This structure also contains two crystallographically independent Pb atoms. One of them possesses
a unique homoleptic environment built up by eight F atoms from eight XeF2 molecules in the shape of a cube,
whereas the second Pb atom with a coordination number of 9 adopts the shape of a tricapped trigonal prism
common for lead compounds. [Pb3(XeF2)11](PF6)6 and [Sr3(XeF2)10](PF6)6 are formed when an excess of XeF2 is
used during the process of the crystallization of [M(XeF2)3](PF6)2 from their aHF solutions.

1. Introduction

Metal(II) hexafluorometalates, Mn+(AF6
-)n, whereA ) P,

As, Sb, Bi, Ta, Ru, and so forth andn is the oxidation state
of the metal, have rather-low lattice energies as a conse-
quence of the anion volume (>100 Å3).1 Thus, almost
“naked” metal centers surrounded by weakly coordinating
AF6

- anions can therefore interact even with weak ligands,
for example XeF2, forming a whole series of coordination
compounds of the type [Mn+(XeF2)p](AF6

-)n.2 The first
isolated coordination compound of this type, with PF6

- as
an anion, was [Ag(XeF2)2]PF6,3 which is isostructural with
[(Ag(XeF2)2]AsF6,4 the first-known compound with XeF2 as
a ligand to a metal ion.

Recently, the first coordination compounds with PF6
- as

an anion and a metal in a II+ oxidation state were isolated
and characterized. [M(XeF2)5](PF6)2 (M ) Ca, Cd)5 were
prepared by the reaction of MF2 and XeF2 under the pressure
of gaseous PF5 (6.7-8.7 bar) in anhydrous hydrogen fluoride
(aHF). Both salts are structurally related. They are not stable
in a dynamic vacuum at room temperature and slowly lose
XeF2 and PF5 yielding MF2 as the final product.

In this Article, the syntheses, Raman spectra, and crystal
structures of four new metal(II) hexafluorophosphates(V)
containing XeF2 as ligands are described.

2. Experimental Section

2.1. General Experimental Procedures.A nickel-Teflon
vacuum system was used as previously described.6 Volatile
materials (anhydrous hydrogen fluoride (aHF), PF5, XeF2)
were manipulated in an all-Teflon vacuum line equipped with
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Teflon valves. Nonvolatile materials that were sensitive to
traces of moisture were handled in the dry argon atmosphere
of a glove box with less than 0.1 ppm of water vapor
(MBraun: Garching, Germany). A Teflon-FEP (fluorinated
ethylene propylene) reaction vessel equipped with a Teflon
valve and a Teflon-covered mixing bar was used for the
syntheses. A T-shaped FEP reaction vessel, constructed from
one large FEP tube (i.d.) 16 mm) and one smaller FEP
tube (i.d.) 4 mm) joined at a right angle and equipped with
a Teflon valve, was used for recrystallizations.

2.2. Reagents.SrF2 (Alfa Aesar, 99.99%), PbF2 (Merck,
Suprapur), and fluorine (Solvay, 99.98%) were used as
purchased. PF5 was prepared by fluorination of P2O5 powder
under high pressure, as previously described.7 Its purity was
checked by IR spectroscopy. XeF2 was prepared by the
photochemical reaction between xenon and fluorine at room
temperature.8 aHF (Fluka, purum) was treated with K2NiF6

(Ozark-Mahoning, 99%) for several days prior to use.
Caution: aHF and PF5 must be handled in a well-ventilated
hood and protective clothing must be worn all the times!
The experimentalist must become familiar with these reagents
and the hazards associated with them. Fresh tubes of calcium
gluconate gel should always be on hand for the fast treatment
of skin exposed to these reagents. For treatment of HF
injuries see the references.9

2.3. Syntheses and Preparation of Single Crystals. 2.3.1.
Synthesis of [M(XeF2)3](PF6)2. MF2 and XeF2 were weighed
into the reaction vessel inside the dry box. The reaction vessel
was cooled with liquid nitrogen, and aHF was added at-196
°C. Then the reaction vessel was warmed up to room
temperature and weighed. The vessel was cooled again to
-196 °C, and an excess of PF5 was added. The vessel was
kept at room temperature for at least 24 h, and the reaction
mixture was stirred continuously. aHF and unreacted XeF2

and PF5 were pumped off at room temperature. Details of
the syntheses were as follows: SrF2 (0.124 g, 0.99 mmol);
XeF2 (0.838 g, 4.95 mmol); PF5 (1.255 g, 9.96 mmol);

product [Sr(XeF2)3](PF6)2 (0.877 g, 0.99 mmol); PbF2 (0.246
g, 1.00 mmol); XeF2 (0.893 g, 5.27 mmol); PF5 (0.599 g,
4.75 mmol); product [Pb(XeF2)3](PF6)2 (1.012 g, 1.01 mmol).

2.3.2. Preparation of Single Crystals. 2.3.2.1. [M(XeF2)3]-
(PF6)2. Approximately 100 mg of [M(XeF2)3](PF6)2 (section
2.3.1) was transferred in the dry box into the T-shaped
crystallization vessel (section 2.1). aHF was added on the
vacuum line, and a saturated solution was prepared. This
solution was decanted into the narrower part of the reaction
vessel, which was left at room temperature while the wider
part was slightly cooled to generate a small temperature
gradient. The crystallization proceeded for several
days. Crystals were isolated by pumping off the aHF.
Inside the drybox, they were put in perfluorinated
oil (ABCR, FO5960), selected under a microscope, and
transferred into a cold nitrogen stream on the X-ray diffrac-
tometer.

2.3.2.2. [Sr3(XeF2)10](PF6)6 and [Pb3(XeF2)11](PF6)6. Ap-
proximately 100 mg of the starting compounds [M(XeF2)3]-
(PF6)2 (M ) Sr or Pb) and approximately 100 mg of XeF2

were transferred into the crystallization vessel in the dry box.
In this way, the mole ratio between M and total XeF2 was
in the range from 1:27 (Sr) to 1:31 (Pb). Crystals of [Sr3-
(XeF2)10](PF6)6 were prepared also by a direct reaction
between SrF2 (0.036 g, 0.29 mmol), XeF2 (0.315 g, 1.86
mmol), and PF5 (∼2.5 mmol) in aHF in the wider part of
the crystallization vessel. The clear solution was decanted
into the narrower part. Crystallization and crystal handling
were the same as described above.

2.4. Raman Spectroscopy.Raman spectra of powdered
samples in sealed quartz capillaries were taken on a Renishaw
Raman Imaging Microscope System 1000 with the 632.8 nm
exciting line of a He-Ne laser. The geometry for all of the
Raman experiments was 180° backscattering with a laser
power of 25 mW.

2.5. Determination of Crystal Structures. Data were
collected on Rigaku AFC7 diffractometer equipped with a
Mercury CCD area detector using graphite monochromated
Mo KR radiation at-73 °C. The data were corrected for
Lorentz and polarization effects. A multiscan absorption
correction was applied to all of the data sets. All of the
structures were solved by direct methods using theSIR9210

program implemented in the program packageTeXsan11 and
refined with theSHELXL-9712 software (program packages
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Table 1. Crystal Data and Structure Refinement forI-IV

parameter [Sr(XeF2)3](PF6)2 [Pb(XeF2)3](PF6)2 [Sr3(XeF2)10](PF6)6 [Pb3(XeF2)11](PF6)6

fw 885.44 1005.01 2825.2 3353.65
T (K) 200 200 200 200
space group C2/m C2/m C2/c C2/m
a (Å) 12.232(6) 12.242(1) 11.778(6) 13.01(3)
b (Å) 11.947(6) 12.0533(8) 12.497(6) 11.437(4)
c (Å) 10.898(5) 10.9607(9) 34.60(2) 18.487(7)
â (deg) 98.801(6) 98.999(4) 95.574(4) 104.374(9)
V (Å3) 1573(1) 1597.4(2) 5069(4) 2665(6)
Z 4 4 4 2
Dcalcd(g/cm3) 3.737 4.179 3.703 4.180
λ (Å) 0.71069 0.71069 0.71069 0.71069
µ (mm-1) 10.158 17.195 10.128 16.729
R1, wR2 0.0332, 0.0613 0.0639, 0.1616 0.0726, 0.1958 0.0764, 0.1446
GOF 0.89 1.117 1.074 1.052
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TeXsanand WinGX).13 The figures were prepared using
DIAMOND version 3.1 software.14 The crystal data and the
details of the structure refinements forI-IV are given in
Table 1, and selected distances forI , II , III , and IV are
placed in Tables 2-5, respectively.

3. Results and Discussion

3.1. Syntheses.The claim in the literature15 that XeF2‚
PF5 can be isolated at-78 °C and 2XeF2‚PF5 at room
temperature was not confirmed in our laboratory. PF5 is not
a strong enough Lewis acid either to withdraw F- from the
moderately strong Lewis base XeF2 to form a XeF+ or a
Xe2F3

+ salt or to at least form an adduct with it. Therefore,
the coordination compounds of the type [M(XeF2)3](PF6)2

(M ) Sr, Pb) can be prepared directly by the reaction
between the corresponding binary fluoride, XeF2 and gaseous
PF5 in aHF as a solvent. Because the solubility of PF5 in
aHF is poor,16 a high pressure of PF5 (5.3-7.3 bar) must be
employed. [M(XeF2)3](PF6)2 (M ) Sr, Pb) are white solids
that slowly lose XeF2 and PF5 under a dynamic vacuum at
room temperature. To obtain the compounds with appropriate
stoichiometry, it is necessary to remove aHF and the excess
of PF5 carefully at a lower temperature (∼ -30 °C) and the
excess of XeF2 at room temperature. The change in weight
of the product as a function of time of pumping must be
carefully monitored. A stable product is obtained when the

curve of the weight loss versus time of pumping approaches
zero.

The coordination compounds with the higher amounts of
XeF2, such as [Sr3(XeF2)10](PF6)6 and [Pb3(XeF2)11](PF6)6,
were prepared using a higher molar ratio of XeF2 to M2+.
The best results were obtained by adding extra XeF2 to
[M(XeF2)3](PF6)2 and by dissolving these solid mixtures in
aHF. The crystals of [Sr3(XeF2)10](PF6)6 and [Pb3(XeF2)11]-
(PF6)6 were prepared by the crystallizations from these
solutions, in a manner similar to that described in section
2.3.2.

3.2. Crystal Structures. 3.2.1. Crystal Structures of [Sr-
(XeF2)3](PF6)2 and [Pb(XeF2)3](PF6)2. The cations of stron-
tium and lead (M2+) have rather similar cationic radii (rSr

2+

) 1.45 Å, rPb
2+ ) 1.49 Å; CN ) 9 in both cases).17

Therefore, it is not surprising that some of their coordination
compounds are isostructural. This is the case for the
compounds with the general formula [M(XeF2)3](AF6)2,
where M) Sr, Pb and A) As.18 The discussed compounds
are also isostructural with the above-mentioned ones. Six F
atoms from six bridging XeF2 molecules and three F atoms
from one terminal and two bridging PF6 units form a
tricapped trigonal prism around the metal atom (Figure 1).
As a result of six bridging XeF2 and two bridging PF6- units,
double layers are formed (Figure 2). Weak electrostatic Xe‚
‚‚F(PF6) interactions link such layers in a 3D network.

In both structures, XeF2 molecules (Xe1 and Xe2) are
linear and symmetric, while XeF2 (Xe3) molecules are
slightly distorted from linear symmetry with the F3a-Xe3-
F3b angles being 178.6(2)° (Sr) and 177.8(4)° (Pb). The main
reason for this distortion is the relatively strong electrostatic
interaction between the positive Xe3 center and the negative
F23 atom from the terminal PF6

- anion in the next slab at a
distance of 3.221(7) Å. In crystalline XeF2, each Xe atom

(10) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.SIR92,
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2004-2005.
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Table 2. Selected Bond Distances (Angstroms) in [Sr(XeF2)3](PF6)2

Sr1-F3b, Sr1-F3ba 2.466(4) Sr1-F11, Sr1-F11a 2.673(4)
Sr1-F3ab, Sr1-F3ac 2.508(4) Sr1-F1 2.556(6)
Sr1-F2 2.516(5) Sr1-F24 2.541(6)
Xe1-F1, Xe1-F1d 1.996(6) Xe2-F2, Xe2-F2e 1.988(5)
Xe3-F3b 1.971(4) Xe3-F3a 2.007(4)
P2-F23, P2-F23a 1.591(4) P1-F13, P1-F13f 1.582(5)
P1-F11, P1-F11f 1.641(4) P1-F12, P1-F12f 1.576(5)
P2-F21 1.561(7) P2-F22 1.599(6)
P2-F25 1.589(5) P2-F24 1.663(6)

Symmetry codes:a x, 1 - y, z. b x - 1/2, y - 1/2, z. c x - 1/2, 3/2 - y, z.
d -x, 1 - y, 1 - z. e 1 - x, 1 - y, 1 - z. f 1/2 - x, 1/2 - y, 1 - z.

Table 3. Selected Bond Distances (Angstroms) in [Pb(XeF2)3](PF6)2

Pb1-F3b, Pb1-F3ba 2.468(8) Pb1-F2 2.53(2)
Pb1-F3a, Pb1-F3aa 2.549(8) Pb1-F24 2.56(1)
Pb1-F11, Pb1-F11a 2.79(1) Pb1-F1 2.62(1)
Xe1-F1, Xe1-F1b 1.99(1) Xe2-F2, Xe2-F2c 1.99(1)
Xe3-F3ad 2.003(8) Xe3-F3b 1.981(9)
P1-F12, P1-F12e 1.56(1) P1-F11, P1-F11e 1.629(9)
P2-F23, P2-F23a 1.571(9) P1-F13, P1-F13e 1.56(1)
P2-F21 1.57(2) P2-F25 1.59(1)
P2-F22 1.60(1) P2-F24 1.67(1)

Symmetry codes:a x, -y, z. b 1 - x, -y, -z. c -x, -y, -z. d x - 1/2,
1/2 + y, z. e 1/2 - x, 1/2 - y, -z.

Table 4. Selected Bond Distances (Angstroms) in [Sr3(XeF2)10](PF6)6

Sr1-F3a 2.50(1) Sr1-F1a 2.55(1) Sr1-F1ba 2.53(1)
Sr1-F5b 2.52(1) Sr1-F15 2.57(1) Sr1-F36 2.53(1)
Sr1-F3bb 2.54(1) Sr1-F25 2.79(1) Sr1-F22 2.63(1)
Sr2-F4bb 2.53(1) Sr1-F2a 2.64(1)
Sr2-F4bc

Sr2-F4a 2.57(1) Sr2-F5ae 2.53(1)
Sr2-F4ad Sr2-F5af

Sr2-F16b 2.63(1) Sr2-F2b 2.62(1)
Sr2-F16c Sr2-F2bd

Xe1-F1a 1.93(1) Xe3-F3a 1.97(1) Xe4-F4a 1.98(1)
Xe1-F1b 2.01(1) Xe3-F3b 2.01(1) Xe4-F4b 2.03(1)
Xe2-F2a 2.00(1) Xe5-F5b 1.98(1)
Xe2-F2b 2.00(1) Xe5-F5a 2.00(1)
P1-F11 1.56(2) P2-F21 1.58(1) P3-F31 1.53(2)
P1-F12 1.55(1) P2-F23 1.59(1) P3-F32 1.57(2)
P1-F13 1.56(2) P2-F24 1.59(1) P3-F33 1.57(2)
P1-F14 1.56(2) P2-F25 1.62(1) P3-F34 1.57(2)
P1-F16 1.62(1) P2-F22 1.62(1) P3-F35 1.60(1)
P1-F15 1.63(1) P2-F26 1.63(1) P3-F36 1.64(1)

Symmetry codes:a 1/2 + x, y - 1/2, z. b 1/2 + x, 1/2 + y, z. c 3/2 - x,
1/2 + y, 3/2 - z. d 2 - x, y, 3/2 - z. e 1 + x, y, z. f 1 - x, y, 3/2 - z.
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has eight F atoms from the neighboring XeF2 molecules at
a distance of 3.42 Å.19 The interaction between Xe3 and F23
can be also seen from the angles F23-P2-F23, which are
177.4(4)°(Sr) and 176.6(9)° (Pb).

3.2.2. Crystal Structure of [Sr3(XeF2)10](PF6)6. This
structure contains two crystallographically independent metal
centers. Both possess rather unusual coordination spheres
in the shape of tetracapped trigonal prisms with an average
Sr-F distance of 2.58(1) Å. Two rectangular planes in each
metal coordination polyhedron are monocapped, while the
third one is bicapped (Figure 3). The coordination environ-
ment of the Sr1 atom consists of six F atoms from bridging
XeF2 molecules, one F atom from the terminal anion, and
one more F atom from the bridging PF6

- unit, while the last
two F atoms originate from the third PF6

- unit coordinated
to the Sr atom in a chelate manner (Figure 3, left). The area
surrounding the Sr2 atom includes eight F atoms from
bridging XeF2 and two more F atoms from two PF6

- bridging
anions (Figure 3, right). Because of the location of the Sr2
atom on a 4e special position (all of the other atoms are
located on general 8f Wyckoff positions), the ratio between
the amount of Sr1/Sr2 atoms appears to be 2:1. The formula
for the Sr1 surrounding is Sr(1)(XeF2)3(PF6)2.5, whereas the
formula for the Sr2 environment can be written as Sr(2)-
(XeF2)4(PF6), which gives the overall formula [Sr3(XeF2)10]-
(PF6)6. Five crystallographically independent bridging XeF2

molecules and one bridging PF6
- anion form a complicated

3D network.
Some XeF2 moieties demonstrate noticeable asymmetry

in their geometry (Table 4). There are two possible reasons,
which could cause such behavior: a different bridging role

(connecting Sr1‚‚‚Sr1, Sr2‚‚‚Sr2, or Sr1‚‚‚Sr2 metal centers),
and participation of F atoms of one XeF2 molecule in the
formation of weak electrostatic F‚‚‚Xe interactions with Xe
atoms of the other XeF2 molecules with distances of 3.3-
3.4 Å.

In the case of Sr1, the terminal P(3)F6
- anion successfully

competes with the XeF2 molecules as a ligand to the metal
center. The shortest Sr-F(Xe) distance is 2.50(1) Å, while
the shortest Sr1-F(P3) distance is 2.53(1) Å. Furthermore,
the bridging anion P(1)F6- has shorter Sr1-F distance (2.53-
(1) Å) as is the longest Sr1-F(Xe2) distance (2.64(1) Å). It
is clear that the negative charges on the F atoms of the XeF2

ligands or AF6- anions are not the only parameters that
determine the M-F(Xe, A) distance. The properties of the
cation (fluoride affinity, effective nuclear charge, effective
volume, Lewis acidity, covalency of M-F bond, coordination
number, etc.) as well as the properties of the anion (Lewis
basicity, size of the anion, etc.) should also be considered.
In the case of the Sr2 polyhedron, the Sr2-F(Xe) distances
are the shortest, while the Sr2-F(P1) ones are the longest.
It appears that the strongly electronegative F atoms of the
XeF2 molecules easily compete with the less-electronegative
F atoms from the bridging P(1)F6

- anion.
Four of the five crystallografically different XeF2 mol-

ecules are slightly distorted from linearity with the F-Xe-F
angles ranging from 177.2(5)° to 178.6(5)° (the F-Xe4-F
angle is 179.4(5)) and the two nonequivalent Xe-F distances
varying from 1.93(1) to 2.01(1) Å. The main reasons for
these distortions are the interactions of the positive Xe centers
with the negative F atoms of the anions (Xe‚‚‚F ) 3.17-
3.30 Å).

3.2.3. Crystal Structure of [Pb3(XeF2)11](PF6)6. The
structure of [Pb3(XeF2)11](PF6)6 contains two crystallographi-
cally independent Pb atoms (Figure 4). Eight F atoms,
belonging to eight bridging XeF2 molecules, form a unique

(19) Agron, P. A.; Begun, G. M.; Levy, H. A.; Mason, A. A.; Jones, C.
G.; Smith, D. F.Science1963, 139, 842-844.

Table 5. Selected Bond Distances (Angstroms) in [Pb3(XeF2)11](PF6)6

Pb1-F2a 2.49(1)
Pb1-F2b

Pb1-F2
Pb1-F2c

Pb1-F4a 2.54(1)
Pb1-F4aa

Pb1-F4ac

Pb1-F4ab

Pb2-F3a 2.53(1) Pb2-F31 2.53(2)
Pb2-F3ad

Pb2-F3be 2.50(1) Pb2-F21 2.69(2)
Pb2-F3bf

Pb2-F4b 2.63(1) Pb2-F11 2.75(2)
Pb2-F4bd

Xe1-F1 1.93(3) Xe2-F2 1.99(1)
Xe1-F1g Xe2-F2h

Xe3-F3a 2.02(1) Xe4-F4a 2.00(1)
Xe3-F3b 2.00(1) Xe4-F4b 1.98(1)
P1-F12 1.57(2) P2-F22 1.53(2)
P1-F12d P2-F22d

P2-F23 1.52(2) P3-F34
P2-F23d P3-F34d 1.58(1)
P1-F14 1.60(2) P2-F24 1.62(2) P3-F32 1.56(2)
P1-F11 1.61(2) P2-F21 1.64(2) P3-F33 1.56(2)
P1-F15 1.61(2) P3-F35 1.57(2)
P1-F13 1.62(2) P3-F31 1.64(2)

Symmetry codes:a x, 1 - y, z. b 2 - x, y, 1 - z. c 2 - x, 1 - y,
1 - z. d x, -y, z. e x - 1/2, y - 1/2, z. f x - 1/2, 1/2 - y, z. g 2 - x, -y,
1 - z. h 5/2 - x, 1/2 - y, 1 - z.

Figure 1. Basic unit in the structure of [Sr(XeF2)3](PF6)2 showing the
coordination sphere around the Sr atom.
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homoleptic cubic environment for the Pb1 atom. The Pb1-F
distances form two sets withr ) 4 × 2.49(1) and 4× 2.54-
(1) Å (Table 5). The coordination sphere of the Pb2 atom
adopts a shape common for lead compounds, that is, a
tricapped trigonal prism composed of six F atoms from six
bridging XeF2 molecules and three F atoms from three
terminal PF6 units. Bond lengths of Pb2-F(Xe) appear to
be 2.50(1)-2.54(1) Å, and those of Pb2-F(P) appear to be
2.50(1)-2.75(2) Å.

The bridging XeF2 molecules are responsible for the
formation of a 3D network. The general formula for the area
surrounding Pb1 is Pb(XeF2)4, while the environment of Pb2
can be written with the general formula Pb(XeF2)3(PF6)3.
Taking into account that the ratio of Pb1/Pb2 in each unit
cell is 1:2 because of the location of Pb1 and Pb2 atoms on
2d and 4i Wyckoff positions, respectively. The general
formula of the 3D network is [Pb3(XeF2)10](PF6)6. The view
of the ac plane shows infinite chains of [(Pb(1)(XeF2)4]n

(Figure 5). Each chain is connected to two double ribbons
that contain the Pb2 atoms.

The last XeF2 molecule (Xe1) does not participate in the
metal coordination. It is fixed in the crystal space only by a
weak Xe‚‚‚F interaction (Figure 6). The lengths of these
contacts are in the range of 3.35-3.37 Å. Similar “free” XeF2
molecules were found earlier, for example in the structure
of Ba(XeF2)5(SbF6)2.20

The Xe-F distances in the structure of [Pb3(XeF2)11](PF6)6

roughly correlate with the XeF2 coordination role. The Xe-
(2)F2 and Xe(3)F2 moieties, which are bonded to the pair of
Pb1-Pb1 and Pb2-Pb2 atoms, respectively, exhibit sym-
metrical geometries, whereas the Xe(4)F2 bridge between
the Pb1 and Pb2 atoms appears to be rather asymmetrical.

(20) Turičnik, A.; Benkič, P.; Žemva, B.Inorg. Chem. 2002, 41, 5521-
5524.

Figure 2. Double layer in the structure of [Sr(XeF2)3](PF6)2.

Figure 3. Coordination spheres of the Sr atoms (Sr1 and Sr2) in the
structure of [Sr3(XeF2)10](PF6)6.

Figure 4. Coordination spheres around Pb atoms (Pb1 and Pb2) in the
structure of [Pb3(XeF2)11](PF6)6.
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The “free” Xe(1)F2 molecule contains Xe-F distances that
are apparently shorter than those in the crystalline XeF2

(Table 5).
In the coordination spheres of the Pb1 and Pb2 polyhedra,

the Pb-F distances are as expected for ionic Pb-F bonds
(CN ) 9). The Pb-F distances in PbF2 are in the range from
2.45 to 3.03 Å.21 The coordination polyhedra of Pb1 and
Pb2 do not show sterical activity of the lone pair at the Pb-
(II) atom, as observed in the PbO structure.22 The coordina-
tion number of Pb1 is only 8. This is most probably a
consequence of the stronger interaction of eight XeF2

molecules with the central atom, while in the case of Pb2,
again the usual coordination number of 9 is adopted. The
reason for the lower coordination number of lead, when
compared to strontium, is the higher absolute electronega-
tivity of Sr2+ (27.3 eV) relative to Pb2+ (23.49 eV).23

The XeF2 molecules of Xe2 are linear and symmetric,
while the XeF2 molecules of Xe3 and Xe4 are slightly
distorted and are neither linear nor symmetric. The XeF2 of
Xe1 is placed in an empty space in the 16-membered ring
formed by four Xe(2)F2 molecules and four Pb1 atoms. The
Xe(1)F2 molecule is kept in place by four weak interactions

between the positive Xe2 atoms and the negative F atoms
from Xe(1)F2 at a distance of 3.38(1) Å and two interactions
with F atoms from the P(1)F6- anion at a distance of 3.35-
(2) Å.

The Xe1-F distance is rather short. The main reason for
this is that the thermal motion of the F1 atoms is large,
perpendicular to the plane of the 16-membered ring. In the
plane of the ring, the motion of the F1 atoms is restricted
because of their interactions with four Xe2 atoms. Of course,
taking into account the high standard deviations, the Xe-F
bond lengths are not significantly different from the crystal-
line XeF2.

3.3. Raman Spectroscopy. 3.3.1. Raman spectra of
[M(XeF 2)3](PF6)2. The Raman spectra (Figure 7) for
[M(XeF2)3](PF6)2 (M ) Sr, Pb) are in accord with their
structures. The high polarizability of xenon usually results
in intense Raman bands for the symmetric Xe-F stretching
modes. Raman P-F vibrations are usually far less intense
because of the lower polarizabilities of these small atoms.
The symmetric (ν1) stretching mode for solid XeF2 is close
to 497 cm-1.19 In accordance with the findings for the XeF2

complexes with XeF5+ salts,24,25 it is expected that theν1-
(Xe-F) of bridging XeF2 would be close to the symmetric
(ν1) stretching mode for solid XeF2. However, each of the

(21) Boldrini, P.; Loopstra, B. O.Acta Cryst.1967, 22, 744-745.
(22) Leciejewicz, J.Acta Cryst.1961, 14, 66.
(23) Pearson, R. G.Inorg. Chem.1988, 27, 734-740.

(24) Žemva, B.; Jesih, A.; Templeton, D. H.; Zalkin, A.; Cheetham, A.
K.; Bartlett, N.J. Am. Chem. Soc.,1987, 109, 7420-7427.

(25) Žemva, B.; Golicˇ, L.; Slivnik, J. Vestn. SloV. Kem. Druš. 1983, 30,
365-376.

Figure 5. Projection of the structure of [Pb3(XeF2)11](PF6)6 on theacplane.

Figure 6. “Free” XeF2 molecule in the structure of [Pb3(XeF2)11](PF6)6.

Figure 7. Raman spectra of [M(XeF2)3](PF6)2.
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bridging XeF2 molecules in the [M(XeF2)3](PF6)2 compounds
is anchored between two metal centers, which causes the
increase of the value ofν1(Xe-F) to 513 cm-1 for Pb and
to 532 cm-1 for Sr. These values are in perfect agreement
with the isostructural compounds [M(XeF2)3](AsF6)2 (M )
Sr, Pb), whereν1(Xe-F) is 514 cm-1 for the Pb compound
and 531 cm-1 for the Sr compound.18 The 17 cm-1 higher
value of theν1 mode of XeF2 in the case of Sr could be
attributed to the higher absolute electronegativity of the Sr2+

cation compared to that of the Pb2+ cation, as was already
mentioned in the discussion of the crystal structures (section
3.2.3).

Becauseν1 of Oh PF6
- occurs at 756 cm-1,26 the band at

742 cm-1 (Pb and Sr) can be confidently assigned to the
symmetric stretching mode of the anion. The symmetry of
PF6

- is no longerOh, and more bands are expected. The
symmetric stretching vibration of PF6

- (ν1) is very weak in
comparison to the Xe-F stretching vibrations; therefore, the
other bands were not observed.

3.3.2. Raman spectra of [Sr3(XeF2)10](PF6)6 and [Pb3-
(XeF2)11](PF6)6. The Raman spectra of [Sr3(XeF2)10](PF6)6

and [Pb3(XeF2)11](PF6)6 are shown in Figure 8. The most
prominent features of these spectra are the intense symmetric

stretching modes of the more- or less-distorted XeF2

molecules, which bridge the metal centers.
In the case of [Sr3(XeF2)10](PF6)6, the strongest Raman

band at 542 cm-1 might be assigned to the symmetric
stretching vibration of the shorter Xe-F bond in the most-
distorted bridging Xe(1)F2 molecule with an Xe-F distance
of 1.93(1) Å. The band at 478 cm-1 might be assigned to
the symmetric stretching vibration of the longer Xe(1)-F
bond of 2.01(1) Å. The bands at 521 and at 493 cm-1 might
be assigned to the symmetric stretching mode of the other
less-distorted XeF2 molecules with the shorter and the longer
Xe-F bonds, respectively. The Raman bands at 542 and at
478 cm-1 demonstrate that the bridging Xe(1)F2 molecule
is the most-distorted XeF2 molecule found, up to now. The
highest symmetric stretching frequency assigned to the
bridging XeF2 molecule was until now at 531 cm-1.18 When
[Sr3(XeF2)10](PF6)6 is decomposed under a dynamic vacuum
at room temperature, all of the peaks become smaller and
finally disappear. A new peak at 532 cm-1 appears. This
peak is a characteristic of [Sr(XeF2)3](PF6)2.

In the case of [Pb3(XeF2)11](PF6)6, there are two sets of
bands at 540 and 434 cm-1 and at 514 and 458 cm-1

representing the symmetric stretching vibrations of the Xe-
(4)F2 molecule, which is the most distorted, and the sym-
metric stretching vibrations of all of the other only slightly
distorted bridging XeF2 molecules, respectively. The band
of “free” XeF2 is probably smaller and therefore hidden under
strong peak at 514 cm-1. During the decomposition of [Pb3-
(XeF2)11](PF6)6 in a dynamic vacuum at room temperature,
the 1:3 compound is formed. It shows only symmetric
stretching vibrations of bridging XeF2 molecules at 513 cm-1.

The band at 742 cm-1 (Sr and Pb) can be confidently
assigned to the symmetric stretching mode of the anion
(section 3.3.1.).

To prove that the Raman spectrum of the bulk really
belongs to the same compound that was structurally char-
acterized, both characterizations were done on the same
crystal.
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Figure 8. Raman spectra of [Sr3(XeF2)10](PF6)6 (a) and [Pb3(XeF2)11](PF6)6

(b) (asterisk denotes a peak originating from a fluorinated ethylene propylene
(FEP) reaction vessel).
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