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Molybdenum sulfide tetrafluoride was synthesized from MoFg and S(Si(CHs)s) in CFCl; at low temperature and was fully
characterized by Raman, infrared, and '°F NMR spectroscopy and by X-ray crystallography. The crystal structure
revealed that MoSF, forms infinite fluorine-bridged chains. Quantum-chemical calculations using B3LYP and PBE1PBE
methods were used to calculate the gas-phase geometry and vibrational frequencies of monomeric MoSF, and
(MoSF,)sF . The vibrational frequencies of (MoSF,)sF— have been used in the assignment of the vibrational spectra of
solid MoSF,. Natural bond order analyses were carried out for monomeric MoSF, and, for comparison, for WSF,.
Introduction t
Studies of the chemistry of transition-metal sulfide fluor- © 2
ides have mainly focused on the synthesis of WSF4 while the S =
lighter congener, MoSF,, has received little attention. The z g o §
only report found in the literature of the synthesis of solid g ° by
MoSF, utilizes a high-temperature reaction of MoFy and E ° 5
Sb,S3.! The poor characterization by infrared spectroscopy g ‘g’ 2
and mass spectrometry, which showed significant amounts of & ©
hydrolysis products, rendered the report inconclusive. Mo- &
lybdenum sulfide tetrafluoride has also been observed in the S
gas-phase by mass spectrometry above MoSF;.>

The goal of the current study was to find a synthetic route
to bulk quantities of MoSF, and to structurally characterize
MoSF,, as the first unambiguously identified molybdenum
sulfide fluoride.

Results and Discussion

Synthesis of MoSF,. Yellow-brown MoSF, was
synthesized by the reaction of MoF4 and S(Si(CHj3)3)»
in CFCl; solvent (eq 1). The reaction started at —120 °C
before the solvent had melted and had to be quenched
with liquid nitrogen intermittently.

MoFs + S(Si(CHs)3), —= MoSF, + FSi(CHs), (1)

Molybdenum sulfide tetrafluoride changed its color to
darker shades of brown upon storage at room temperature.
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Figure 1. Vibrational spectra of MoSF4: Raman spectrum (lower trace)
recorded at room temperature using 1064-nm excitation and the infrared
spectrum (upper trace) recorded at room temperature in a KBr pellet.
Dagger (1) denotes an instrumental artifact.

The same behavior has been observed for WSF,.> The
moderate solubility of MoSF,4 in HF and CH;CN sol-
vents suggests the formation of HF solvates and the
formation of the MoSF4-CH;CN adduct, respectively.
In CH3CN solvent, MoSF, gave rise to a F chemical
shift at 155.0 ppm, which is attributed to the MoSF,-
CH;CN adduct, by analogy with the adduct formation for
WSF, in CH;CN (6('°F) = 85.4 ppm).? No coupling to
%Mo was observed as a consequence of rapid quadrupolar
relaxation of the > Mo nuclear spin in the large-efg envir-
onment of MoSF,+-CH;CN. In contrast to WSF4, no '°F
chemical shift was observed for MoSF, in a HF solvent,
which is likely a result of rapid chemical exchange.
Vibrational Spectroscopy. The Raman and infrared
spectra of solid MoSF, are shown in Figure 1. The ob-
served vibrational frequencies of MoSF, and their assign-
ments are summarized in Table 1 together with the
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Figure 2. Calculated gas-phase geometries for (a) MoSF,; and (b)
(MOSF4)3F7.

calculated frequencies and their assignments for mono-
meric MoSF,4 and (MoSF4);F .

The vibrations of monomeric MoSF, (Figure 2a) span the
reducible representation I' = 3A| + 2B; + B, + 3E under
Cy4, point symmetry. All vibrational modes are Raman
active, while the A; and E modes are infrared active.
Interestingly, the calculated frequency for the asymmetric
MoF, stretching mode, v4(B;), is very close to that for the
Mo—S stretching mode. The formation of a fluorine-bridged
chain of MoSF, moieties in the solid state (see Crystal
Structure of MoSF,) results in lowering of the symmetry
from Cy4, to C; and, as a consequence, in the splitting of
degenerate modes when compared with those of the mono-
mer. In addition, extensive vibrational mixing between
fluorine-bridged MoSF, moieties is expected and results in
its complex Raman and infrared spectra. The overlapping
ranges of Mo—S and Mo—F stretching frequencies further
complicate the assignments of the experimental vibrational
spectra of (MoSF,)... To reproduce and assign the experi-
mental vibrational frequencies of solid (MoSFy).., the vibra-
tional frequencies of the unknown, geometry-optimized
oligomeric (MoSF,);F anion (Figure 2b) were calculated
(Table 1 and Supporting Information, Table S2). Since the
negative charge is mainly dispersed onto the lighter atoms of
the terminal MoSF5 moieties, the vibrational frequencies of
the central MoSFs moiety can be compared to the experi-
mental values of (MoSFj)... This approach has been proven
to be useful for the assignment of the Raman spectrum of
(0sO5F»)...*

The Raman spectrum of (MoSF,).. is dominated by an
intense band at 581 cm~' which can be attributed to the
Mo—S stretching modes. This frequency is in good agree-
ment with the calculated value of 605 cm™' (B3LYP) for
monomeric MoSF,, and 577 cm™' (B3LYP) for the central
Mo environment in (MoSF4);F . The lower calculated
frequency for the (MoSF,4);F anion compared to that for
monomeric MoSF; is expected because the negative ionic
charge results in more polar bonding throughout the olifgo-
meric anion. The observation of a shoulder at 577 cm™ " in
the Raman spectrum of (MoSF,).. could be a consequence
of vibrational coupling between the adjacent, fluorine-
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Table 2. Summary of Crystal Data and Refinement Results for MoSF,

chemical formula F,;MoS
space group Pca2, (No.29)
a(A) 10.9921(8)
b(A) 8.2957(6)
c(A) 27.774(2)
o (deg) 90

B (deg) 90

 (deg) 9

v (A%) 2532.6(3)
Z (molecules/unit cell) 24

mol wt 204.00
calculated density (g cm ™) 3.210
T(°C) —120
u(mm™") 3.542

R 0.0224
WR," 0.0408

“ Ry is defined as Y || Fo| — |F|I/> | Fol for I > 20(1). bR, is defined
as [Sw(Fo? — FASow(F2" for I > 20(1).

bridged MoSF, unit, which is supported by the distinctly
different calculated Mo—S stretching frequencies for the
terminal Mo environments in (MoSF,);F~ compared to
that of the central Mo environment, or contributions from
Mo—F stretching modes. The experimental bands between
621 and 710 cm™ ! can be assigned to terminal Mo—F
stretching modes, based on the calculated frequencies for
11(A) and v4(E) for monomeric MoSF, and those for the
central unit in (MoSF4);F~ between 620 and 685 cm™'
(B3LYP). The mode descriptions for (MoSF4);F~ suggest
some contribution of Mo—Fp,igee and Mo---Fiyiqge stretch-
ing to the experimental band at 621 cm™' in the Raman
spectrum of (MoSFy)... The observed Raman bands at 472,
492, and 514 cm ° do not have equivalent calculated
frequencies for monomeric MoSF, and can be attributed
t0 Mo---Fyigge and Mo—Fy,iggc stretching modes, corrobor-
ating the fluorine-bridged chain structure found by X-ray
crystallography. The assignment of these stretches is con-
firmed by the calculated Mo---Fiigee and Mo—Fyigee
stretching modes for (MoSF,)sF~ between 313 and 518
ecm~' (B3LYP). The assignment of the bands observed
below 298 cm ™' is complicated by the fact that considerable
mixing occurs among the deformation modes. The intense
band at 222 cm ™! is assigned to a bending mode, derived
from the (SMoF) mode for monomeric MoSF,, which is
predicted to occur at 208 cm ™' (B3LYP) as a strong band
in the Raman spectrum. Moreover, the calculated frequen-
cies at 224 and 230 cm™ ' (B3LYP) for (MoSF4);F ™ also
have some contribution from 6(SMoF). The band observed
at298 cm ™! is assigned to an umbrella mode, by comparison
with the v3(A;) mode predicted at 257 cm™' (B3LYP) in
monomeric MoSF,, and by comparison with the modes
predicted at 257 and 277 cm™ ' (B3LYP) in (MoSF,);F .

Compared to MoOF,, which also adopts a polymeric,
fluorine-bridged structure in the solid state, the Mo—F
stretching bands in (MoSF,).. are shifted to lower fre-
quencies. This shift reflects the lower electronegativity of
sulfur compared to that of oxygen which results in less
polar Mo—F bonds in (MoOF,)... The Raman spectrum
of solid (MoOF,).. also displays bands between 506 and
571 cm™ ! attributable to Mo---Fyigge stretching modes,
which are shifted to higher frequencies relative to those of
the sulfide analogue.’

(4) Hughes, M. J.; Mercier, H. P. A.; Schrobilgen, G. J. Inorg. Chem.
2009, 48, 4478-4490.

(5) Fawcett, J.; Holloway, J. H.; Russell, D. R. J. Chem. Soc., Dalton
Trans. 1981, 1212-1218.
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F(63)

F(14)  F2)

S(4)

Figure 3. X-ray crystal structure of MoSF, showing the two crystal-
lographically independent polymer chains; thermal ellipsoids are shown
at the 50% probability level.

Crystal Structure of MoSF,. Details of the data collec-
tion parameters and other crystallographic information
for MoSF, are given in Table 2 while important bond
lengths and angles are listed in Table 3.

Molybdenum sulfide tetrafluoride crystallizes in the
orthorhombic space group Pca2;, forming infinite helical
chains of cis-fluorine-bridged MoSF5 pseudo-octahedra
along the a-axis (Figure 3 and Supporting Information,
Figure S1). Molybdenum sulfide tetrafluoride is isostruc-
tural with ReSF,® with 24 MoSF, formula units in the
unit cell and two crystallographically independent cis-
fluorine bridged chains.

In solid MoSF,, the coordination number about Mo is
six, because one fluorine of each MoSF,; moiety coordi-
nates to an adjacent Mo center trans to the Mo=S bond.
The local environments about the six crystallographically
independent Mo centers vary significantly, as indicated by
the bond length ranges. Moreover, the Mo—F bridge bonds
are asymmetric, with the longer Mo---F,iqee bond dis-
tances ranging from 2.254(3) to 2.296(2) A and the shorter
Mo—Fpyigee bond lengths ranging from 1.926(3) to 1.948(2) A.
The latter are elongated compared to the terminal
Mo—F bonds which range from 1.809(3) to 1.847(3) A.
The Mo—S bond lengths in MoSF, range from 2.0569(12)
to 2.0658(13) A and show the smallest variations when
compared with the Mo—F bond lengths. The small range in
Mo—S bond lengths is likely a consequence of the higher
Mo—S bond order in MoSF, which can be best described
as a Mo=S double bond. The thermal ellipsoids of some
terminal fluorine atoms are elongated perpendicular to the
bonding axis; the ellipsoid elongation of the terminal F(12)
and F(13) atoms are particularly significant, indicating
residual motion in the crystal structure. The range of
Mo—F---Mo bridging angles in MoSF, is considerable
with values from 149.07(13)—163.58(17)°, reflecting the
flexibility of this angle. The coordination polyhedron
about the molybdenum atoms are distorted octahedra with
the apex comprised by the sulfur atom being elongated
(Figure 4 and Supporting Information, Figure S2). The
terminal fluorines and the bridging fluorine atom of the
MoSF, moiety lie in a plane with mean deviations of 0.0071
t0 0.0263 A with the molybdenum atoms displaced by 0.317
to 0.332 A above the plane toward the sulfur atoms.

(6) Holloway, J. H.; Kaucic, V.; Russell, D. R. Chem. Commun. 1983,
1079-1081.
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F(51)

Figure 4. View of the coordination environment about Mo(4) in the
X-ray crystal structure of MoSF; thermal ellipsoids are shown at the 50%
probability level.

The oxide analogue, MoOF,, also forms a cis-fluorine
bridged polymeric chain structure of MoOFs pseudo-
octahedra.” The terminal Mo—F bond lengths in MoSF,
are similar to those found for its oxide analogue, MoOF,,
(1.82(1)—1.84(1) A). Surprisingly, the nature of the
fluorine-bridging is similar with Mo—Fy,iqe. bonds and
Mo---Fyyigge coordinate bonds in MoSF4 and MoOF,
(Mo—Fpyigee: 1.93(1), 1.96(1) and Mo---Figge: 2.27(1),
2.31(1) A). Even the Mo—F---Mo angles, which are
expected to be strongly dependent on crystal packing,
are comparable, although in a much narrower range in
MoOF, with 151.2(5) and 150.7(5)°. The analogies be-
tween MoSF, and MoOF, extend to the location of the
Mo atoms in the coordination octahedron. In MoOF,,
both crystallographically independent Mo atoms are
displaced by 0.31 A above the plane of the fluorine atoms
cis to the sulfur; this degree of displacement is surprisingly
close to that found for MoSF,.

Computational Results

The electronic structures of monomeric MoSF, (Cy,) and
(MoSFy4)3F ™ (Cy) were optimized at the B3LYP and PBE1PBE
levels and resulted in stationary points with all frequencies
real (Figure 2). The energy-minimized geometries and vibra-
tional frequencies of MoF were also calculated (Supporting
Information, Table S1) to serve as a benchmark.

(a) Calculated Geometries. MoSF,. The geometric
parameters of monomeric MoSF, are given in Table 4.
The optimized gas-phase geometry of monomeric MoSF,
has a square-pyramidal geometry with Cj, point symmetry
(Figure 2a). While the values from the PBE1PBE calcula-
tions are within the observed ranges of Mo—S and terminal
Mo—F bond lengths, the calculated values at the B3LYP
level of theory systematically overestimate the bond lengths,
as found for MoFg. The calculated S—Mo—F angles with
105.4(B3LYP) and 105.6° (PBE1PBE) are larger than those
in the fluorine-bridged polymer of solid MoSF, as a con-
sequence of the absence of a bridging fluorine contact in the
gas-phase.

(MoSF4)3F . To model the experimental polymeric
MoSF, structure, the geometry of the unknown oligomeric

(7) Edwards, A. J.; Stevenston, B. R. J. Chem. Soc., A 1968, 2503.
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Table 4. Experimental and Calculated Bond Lengths (A) and Angles (deg) for MoSF, and (MoSF4);F~

MoSF, (MoSF,):F~
calcd (monomeric) calcd (central MoSFs moiety)

exptl (polymeric) B3LYP PBEIPBE B3LYP PBEIPBE
Mo—Ferm 1.809(3) to 1.847(3) 1.849 1.834 1.849, 1.853 1.833, 1.837
Mo—Fpsigge 1.926(3) to 1.948(2) 1.938 1.925
Mo---Fpsidge 2.254(2) to 2.296(2) 2.191 2.172
Mo—S 2.0564(12) to 2.0660(13) 2.081 2.066 2.101 2.084
F—Mo—S 96.67(10) to 101.67(9) 105.4 105.6 97.5t099.8 97.6 to 100.0
S—Mo---Firiqge 174.95(8) to 178.46(8) 179.0 178.8
cis-F—=Mo—Fidge 83.14(11) to 87.66(12) 86.2, 86.4 86.0, 86.1
cis-F—Mo—F 89.58(14) to 92.88(15) 86.0 85.9 90.8,91.0 91.0,91.1
F—Mo---F 77.62(10) to 83.24(12) 80.1 to 81.6 79.9 to 81.9
Mo—F---Mo 149.07(13) to 163.58(17) 151.5, 158.1 149.1, 154.6

(MoSF,4);F ™ anion was optimized (Figure 2b). The calcu-
lated geometric parameters of the central MoSF5 coordi-
nation octahedron in (MoSF,);F ™ are listed in Table 4,
while the complete list of geometric parameters for
(MoSF,4);F " is given in Supporting Information, Table S3.
The calculated bond lengths and angles about the cen-
tral Mo atom of (MoSF,4);F ™ are in excellent agreement
with the experimental values for (MoSF,)... The cal-
culated Mo—Fy,iqee bond lengths are within the range
of the experimental values. The significantly weaker
Mo---Fiigge bond length is underestimated in the cal-
culations with 2.191 (B3LYP) and 2.172 A (PBE1PBE)
versus 2.254(2) to 2.296(2) A observed in the crystal
structure of (MoSFy)... The calculated Mo—F---Mo an-
gles in (MoSF4);F ™~ of 151.5, 158.1° (B3LYP) and 149.1,
154.6° (PBE1PBE) reproduce the experimental angles in
(MoSF,).. extremely well. The overall good agreement of
the geometric parameters between the optimized geome-
try about the central Mo atom in (MoSF,);F~ and the
experimental geometry in MoSF, suggests that the cen-
tral Mo environment in (MoSF,4);F ™ is a good model for
the polymeric solid-state structure of the neutral com-
pound, MoSF,.

(b) Charges, Valencies, and Bond Orders. Natural bond
order analyses were carried out for MoSF,, WSF,, and
(MoSF4)3F ™. The natural population analysis (NPA)
charges, the valencies, and bond orders for MoSF,4 and
WSEF, are listed in Table 5. The charges on Mo in MoSF,
are 1.79 (B3LYP) and 1.81 (PBE1PBE), which are lower
than those for tungsten in WSF,, which are 2.10 (B3LYP)
and 2.11 (PBEIPBE). The lower charges on Mo are
paralleled by lower charges on the fluorine and sulfur in
MoSF, relative to those of WSF,, reflecting the lower
electronegativity of W compared to Mo. The most sig-
nificant differences between the molybdenum and tungsten
sulfide fluorides are the calculated charges on sulfur. While
the sulfur atom in WSF, is sulfidic with a negative charge
of —0.12 (B3LYP) and —0.14 (PBEIPBE), the charges
in MoSF, are close to zero or even positive with 0.03
(B3LYP) and 0.01 (PBEIPBE). The results of the NBO
analysis for (MoSF,);F ™ are given in Supporting Informa-
tion, Table S4. When comparing the charges of the lighter
atoms, the lighter atoms around Mo, and particularly
around Mo, carry more of the negative charge, than those
around Moy, The Moy---Fy, bond was calculated to have
a bond order of 0.13 (B3LYP) and 0.15 (PBEIPBE),
indicating the weakness of the fluorine bridging found in
solid MoSF,.

Table 5. Natural Bond Order (NBO) Valencies, Bond Orders, and Natural
Population Analysis (NPA) Charges for MoSF, and WSF,

MOSF4 WSF4
B3LYP PBEIPBE B3LYP PBEIPBE
NPA Charges
Mo/W 1.79 1.81 2.10 2.11
S 0.03 0.01 —0.12 —0.14
F —0.46 —0.45 —0.49 —0.49
Valencies
Mo/W 3.50 3.55 3.52 3.56
S 1.26 1.29 1.28 1.29
F 0.59 0.60 0.58 0.60
Bond Orders
Mo/W—S 1.20 1.22 1.22 1.24
Mo/W—F 0.58 0.58 0.58 0.58

Conclusions

A synthetic route to MoSF, has been developed, and the
present study presents the first structural characterization of
a molybdenum sulfide fluoride. The fluorine-bridged chain
structure of MoSF, parallels the solid-state structure of its
oxide analogue, MoOF,. The synthesis of MoSF, opens up
the investigation of the chemistry of molybdenum sulfide
fluorides. The NBO analysis of MSF4 (M = Mo, W) showed
that sulfur in the molybdenum species bears no or a slightly
positive charge, while the tungsten analogue contains sulfidic,
that is, negatively charged, sulfur.

Experimental Section

Materials and Apparatus. All volatile materials were handled
(a) on a Pyrex vacuum line equipped with glass/Teflon J. Young
valves and (b) a vacuum line constructed of nickel, stainless
steel, and FEP. Nonvolatile materials were handled in the dry
nitrogen atmosphere of a drybox (Omni Lab, Vacuum
Atmospheres). Reaction vessels and NMR sample tubes were
fabricated from !/4-in. 0.d. and 4-mm o.d. FEP tubing, respec-
tively, and outfitted with Kel-F valves. All reaction vessels and
sample tubes were rigorously dried under dynamic vacuum prior
to passivation with 1 atm F; gas.

The solvents, CH3CN (Sigma-Aldrich, HPLC grade) and
CFCl; (Aldrich, 99+ %) were dried according to standard litera-
ture methods® and over CaH,, respectively. Molybdenum hexa-
fluoride (EIf Atochem) was used without further purification.
Hexamethyldisilathiane (Fluka, purum) and Sb,S; (Alfa Aesar,

(8) Winfield, J. M. J. Fluorine Chem. 1984, 25, 91-98.
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99.5%) were purified by vacuum distillation and by drying under
dynamic vacuum at 160 °C for about 6 h, respectively.

Preparation of MoSF,4. On the glass vacuum line, 5.388 g of
CFCls was vacuum distilled into a 3/4-in. o.d. FEP reactor with
a stainless steel valve containing a small Teflon-coated stir bar.
Subsequently, 0.306 g (1.71 mmol) of S(Si(CHj3)3), was vacuum
distilled on top of the frozen CFCl; at —196 °C, and after
warming to 20 °C, the resulting solution was stirred for 1 min.
A slight excess of MoFg, 0.410 g (1.95 mmol) was transferred
into the reaction vessel at —196 °C. The reaction vessel was
allowed to warm toward room temperature very slowly with
constant agitation and quenching in liquid N, to prevent side-
reactions. The reaction mixture changed from colorless to
yellow/brown while the solvent was still frozen at temperatures
below —120 °C. As the reaction progressed, the reaction mixture
changed from colorless to a homogeneous dark purple color
which persisted even at room temperature. The dark purple
solid settled from the solvent, which was slowly removed into a
3/4-in. 0.d. FEP U-tube at —196 °C with other volatile bypro-
duct, yielding 0.300 g (1.47 mmol) of yellow-brown MoSF, in a
86% yield.

Vibrational Spectroscopy. The Raman spectrum of MoSF,
was recorded on a Bruker RFS 100 FT Raman spectrometer with
a quartz beam splitter, a liquid-nitrogen-cooled Ge detector, and
a low-temperature accessory. The backscattered (180°) radiation
was sampled. The actual usable Stokes range was 50 to 3500
cm” ' with a spectral resolution of 2cm ™. The 1064-nm line of an
Nd:YAG laser was used for excitation of the sample. A Raman
correction was applied for the Raman spectrum using the white
light spectrum of a tungsten lamp. The room-temperature
spectrum of MoSF, was recorded on a powdered sample in a
melting point capillary using a laser power of 150 mW. The FT-
infrared spectra of MoSF, were recorded on a Nicolet Avatar
360 FTIR spectrometer at ambient temperature. A KBr sand-
wich was formed in a Wilks minipress inside the drybox by
sandwiching the sample between two layers of KBr disks. The
spectra were acquired in 64 scans at a resolution of 2 cm ™.

Nuclear Magnetic Resonance Spectroscopy. All NMR spectra
were recorded unlocked on a 300 MHz Bruker Avance Il NMR
spectrometer equipped with a 5 mm broad band probe. Fluor-
ine-19 (282.404 MHz) NMR sPectra were referenced externally
to neat CFCls at 25 °C. The '°F NMR spectra were typically
acquired in 128 K memory with spectral settings of 57 kHz,
yielding an acquisition time of 0.38 s and a data point resolution
of 1.3 Hz/data point. The number of transients accumulated was
5000 using a pulse width of 10.3 us.

X-ray Crystal Structure Determination of MoSF,. (a) Crystal
Growth and Crystal Mounting. Crystals of MoSF, were grown in
anhydrous HF solvent at a temperature between —53 to —59 °C. A
crystal of MoSF, having the dimensions 0.10 x 0.06 x 0.05 mm?®
was selected at —80 °C for low-temperature X-ray structure
determination under a flow of cold nitrogen and mounted as
previously described.’

(b) Collection and Reduction of X-ray Data. The crystal was
centered on a Bruker SMART APEX II diffractometer,
equipped with an APEX II 4K CCD area detector and a triple-
axis goniometer, controlled by the APEX2 Graphical User
Interface (GUI) software,'® and a sealed source emitting gra-
phite-monochromated Mo—Ka radiation (A = 0.71073 A).
Diffraction data collection at —120 °C consisted of four w scans
at various ¢ settings of 366 frames each at a fixed y = 54.74°
with a width of 0.5°. 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 by using the APEX2 software, ' which
applied Lorentz and polarization corrections to three-dimen-

(9) Gerken, M.; Dixon, D. A.; Schrobilgen, G. J. Inorg. Chem. 2000, 39,
4244-425.
(10) APEX 2, Version 2.2-0; Bruker AXS, Inc.: Madison, W1, 2007.
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sionally integrated diffraction spots. The program SADABS'!
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.

(¢) Solution and Refinement of the Structure. The XPREP
program was used to confirm the unit cell dimensions and the
crystal lattice. The solutions were obtained by direct methods
which located the positions of the atoms defining six bridged
MoSF,4 moieties. The final refinement was obtained by introdu-
cing anisotropic thermal parameters and the recommended
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 for the structure determination and solution
refinement and for the molecular graphics.'” The choice of the
correct space group was confirmed by use of PLATON."?

Computational Results. The optimized geometries and fre-
quencies of MoF4 and MoSF, were calculated at the density
functional theory (DFT) level by use of PBEIPBE and B3LYP'*
methods. The Stuttgart basis set augmented by one f-type
polarization function (a; Mo 1.043)"® for molybdenum and
aug-cc-pVTZ basis sets for sulfur and fluorine was used.

Pseudopotentials were used for molybdenum. Quantum-che-
mical calculations were carried out using the program Gaussian
03.'* The levels and basis sets were benchmarked by calculating
MoF, and comparing with the experimental geometries'® and
vibrational frequencies.'” The geometries were fully optimized
using analytical gradient methods. After optimization at one
level of theory, the geometries were calculated at the other level
of theory to ensure an equivalent energy-minimized geometry
had been achieved. The vibrational frequencies were calculated
at the PBEIPBE and B3LYP levels using the appropriate
minimized structure, and the vibrational mode descriptions
were assigned with the aid of Gaussview.'®
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