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transition metal powders M = Mn, Fe, and Co have been recently
reported. These reactions involve a series of reductive intercalation steps
of M atoms into layered tungsten chloride arrangements, followed by
exsolution of MCl,. In the series M = Fe, the presence of divalent iron is
evidenced for Fe ,WCl;, FeW,Cl,,, Fe,W,Cl,;, and (Fe,W)Cl, by
Mossbauer spectroscopy. Magnetic properties are reported. Bonding
characteristics between tungsten atoms in edge-sharing [W,Cl;,]""
bioctahedra reveal that a double bond can be addressed to FeW,Cl,,.
A similar situation appears for Fe,W,Cl,,, due to the localized and thus
nonbonding character of the two electrons in the & orbitals of this

ABSTRACT: Phenomenological studies of WClg reduction with Fe2+—\

compound. W,Cl,, + x Fe —> Fe, W,Cl;,
H INTRODUCTION 0.02
The reduction of tungsten hexachloride has been attempted in 0,01 WG (formation of melt)

. . 1 .
many ways, departing from classical and less-common wel, (sublimatior)

reduction agents. Among the latter, elemental P> Bi® and 0,00 W
Fe" have been reported as reducing agents for the preparation 001 (e, Few,Cl,,
of W¢Cl,,.” Recently, intermediate phases such as W4PCl,, and E’ o FeW,Cl,, Exo
W,(PCI)Cl,,° or (BiCI)[W,Cl,,] and (BiCL)[W,Cl,;],” have 3 0021 .
been shown to appear in these reductions. Afterward, a more Q 003 S
integral approach was introduced for detection and character- o ]
ization of intermediate phases by combined thermal scanning 0,04 4
and structural characterization. ] Fe,W,Cl,,
A differential thermal scanning (DTA) approach for the -0.054
reaction between WCly and iron powder has been explored 006 ]
(Figure 1). This measurement revealed five exothermic effects ' 100 200 300 400 500 600

that can be related to the individual compounds Fe WCI, Temperature / °C
FeW,Cl,o, Fe,W,Cl,,, (Fe,W)Cl,, and FeW,Cl,, with increas-

ing temperature.8 In a following procedure, all intermediate Figure 1. Differential scanning calorimetric (DSC) measurement of a

1:2 molar mixture of WClg and Fe (corrected for background).
Endothermic effects near 240 and 400 °C can be attributed to melting
of WCly and to sublimation of WCl, under given conditions in a fused

compounds were separately prepared by solid-state reactions.
Crystal structures were reported for Fe,WCl,” FeW,Cl,,,
Fe,W,Cly,,* and FeW,Cl,,"’ on the basis of X-ray powder or

single-crystal diffraction techniques. The compound described ampule

as (Fe,W)Cl, has been tentatively addressed with a defect

CdCl,-type structure. make this fundamental study more complete. A model structure
After phenomenological studies were performed for reduc- is used to explain the reductive intercalation and exsolution of

tion of WCl, with transition metal powders M = Mn,"" Fe,® and the reducing iron species to visualize the reaction pathway in

Co,” it was clear that not only some structural details but also the lower-temperature regime between 150 and 400 °C. All

compounds were prepared by solid-state reactions and treated
with solvents in an attempt to remove the FeCl, side phase,
thereby revealing ligand exchange reactions that may open

physical properties and bonding characteristics of these
compounds are unknown and raise some interesting questions.
Since these systems have shown behavior closely related to
each other with respect to the reaction pathway and their
crystal structures, we here present a more detailed analysis of Received: July 15, 2015
the reduction of tungsten hexachloride with iron powder to Published: October 2, 2015
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interesting ways for syntheses of metal organic compounds.
Structural and analytical data are collected for FeW,Cl,, and
(Fe,W)Cl,. Méssbauer spectroscopy and magnetic measure-
ments are performed to analyze oxidation states and magnetic
properties of these compounds. Furthermore, the bioctahedral
[W,Cl,,]"" unit is studied by quantum chemical calculations to
get more insight into the unexpected similarity of W—W
distances in FeW,Cl,; and Fe,W,Cl,,

B EXPERIMENTAL SECTION

Samples of Fe, WCl,, FeW,Cl,,, Fe,W,Cl,,, (Fe,W)Cl,, and FeW,Cl,,
were prepared as previously reported, in an attempt to achieve high-
purity samples.® Single crystals of FeW,Cl;, were obtained for the first
time from a mixture of WClg and Fe powder (total mass ca. 250 mg)
reacted for 100 h in a fused silica tube at 270 °C following reaction 1:

(1)

FeW,Cl,, was treated with different solvents in an attempt to
remove FeCl, side phases. Upon treatment with dry ethanol, single
crystals of W,Cl,(OEt),(EtOH), and W,Cl,(OEt)¢ were obtained
while the solvent was allowed to evaporate in air. Crystalline powders
and single crystals were investigated by X-ray powder and single-crystal
diffraction techniques.

X-ray Diffraction. X-ray powder diffraction (XRD) patterns of
crystalline powders were collected with a X-ray powder diffractometer
(Stoe STADI-P, Ge monochromator) using Cu Kal radiation. A
single-crystal measurement was performed on a black crystal of
FeW,Cly, with an X-ray single-crystal diffractometer (Stoe IPDS IIT,
Darmstadt, Germany), equipped with (graphite) monochromated Mo
Ka radiation (4 = 0.710 73 A). The intensity data were corrected for
Lorentz factors and polarization effects by the IPDS software.
Absorption effects were corrected by the X-Red/X-Shape program
of the Stoe software. The crystal structure for FeW,Cl,, was refined by
a full-matrix least-squares method'> (CSD-429382), yielding results
similar to those previously reported on the basis of powder XRD data.
FeW,Cl,, powders treated in ethanol revealed surprisingly easy access
to compounds W,Cl,(OEt),(EtOH), and W,CL,(OEt),, whose
structures are already reported."

Mossbauer Spectrocopy. 'Fe Mossbauer spectroscopic meas-
urements were performed in transmission mode at room temperature
on a constant-acceleration spectrometer with a *Co(Rh) source.
Isomer shifts are given relative to that of @-Fe at room temperature.
Measurements were done for Fe, WCl;, FeW,Cl,;, Fe,W,Cl,, and
(Fe,W)Cl,. FeCl, was used as a reference, appearing with the CdCl,
and CdI, structure (high-pressure modification) in approximate 1:2
ratio (estimated from the XRD pattern).

Magnetic Measurements. Crystalline samples of compounds
were loaded into gelatin capsules under argon atmosphere (glovebox),
and their magnetic susceptibilities were recorded with a super-
conducting quantum interference device (SQUID) magnetometer
(Quantum Design, MPMS) with a magnetic field of 100 Oe, in the
temperature range S K < T < 300 K with progressive steps (the higher
the temperature, the bigger steps between collected data points). The
susceptibility of FeW,Cl,, was fitted following an extended Curie—
Weiss law [y = C/(T — 0) + y,).

Energy-Dispersive X-ray Spectroscopic Measurements.
Energy-dispersive X-ray spectroscopic (EDX) data were collected
with a transmission electron microscope Hitachi SU8030 at 25.0 kV,
allowing quantitative analysis of (Fe,W)Cl, and revealing the presence
of Fe, W, and Cl and the absence of oxide and other elements.
Analyses of a series of crystalline specimens gave the average
composition (Fey;,W35)Cl, (FeWCl,, was used as a standard).
Corresponding measurements were performed for (M,W)Cl, samples
with M = Mn, Co, and Ni.

2WCl, + 2Fe — FeW,Cl,, + FeCl,
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Quantum Chemical Calculations. The bonding characteristics of
[W,Clp]*>” and [W,Cl,]*" were investigated by spin-unrestricted
density functional theory (DFT) calculations performed with the
program Turbomole6.6."*"* The crystal structure data of FeW,Cl,,
and Fe,W,Cl,, were used as starting points for geometry optimization
of both fragments, and no symmetry constraints were imposed. The
DFT calculations were carried out with the B3-LYP'® functional, the
RI'7~"? and MARIJ™ options as well as the def2-TZVP”" basis set, the
Stuttgart small-core pseudopotential,”> and the COSMO module, >
which was employed to stabilize anions. Geometry-optimized
fragments were also analyzed via numerical vibrational analysis,” in
order to verify the nature of the stationary points found by means of
geometry optimization.

B RESULTS AND DISCUSSION

Phase Formation and Crystal Structures. WClg can be
reduced with a variety of the more electropositive elements
from the periodic table. Until now reducing agents such as P,
Sb, Bi, and some transition metals (Mn, Fe, Co) have been
explored in reactions with tungsten hexahalides by a combined
thermal scanning—XRD methodology. Some reactions in these
systems appear quite complex due to a number of intermediate
stages, as shown in the DTA measurement for reduction of
WClg with iron powder in Figure 1. Interpretation of thermal
effects involves five exothermic effects that are related to the
successive formation of Fe WCl;, FeW,Cl,;,, Fe,W,Cl,,
(Fe,W)Cl,, and FeW,Cl,, with increasing temperature, as has
been previously reported.”

The reaction between WClg and Fe powder begins with a
reductive intercalation of iron into the structure of WClI,,
yielding the phase Fe, WClg (0 < x < 0.1) and continues with
the formation of FeW,Cl,, and Fe,W,Cl,,, as shown in Scheme
1. These reduction steps are driven by a progressive
incorporation of iron into the layered tungsten chloride
structure. A turning point is reached with the compound
previously described as (Fe,W)ClL,.

The formation of FeW,Cl, (PbMogCl,stype)”’ with an
octahedral metal cluster (M¢Xg-type) involves a major
rearrangement of atoms, which is unavoidable due to the
exsolution of FeCl, from the structure. Thereby the layered
arrangement, evident in all previous structures, is lost.
Decomposition of the octahedral tungsten cluster has been
previously reported to yield tungsten metal, following the
sequence W¢Cl;3 = W(Cl;; = W + Cl, under inert gas flow.'®

All compounds in the Fe—W—Cl series were prepared in
fused silica tubes under conditions adapted from the DTA
measurement. Fe WCl, (0 < x < 0.1) is sensitive to moist air,
and samples are intrinsically contaminated from the excess iron
powder used in reactions. Single crystals have been previously
obtained by sublimation, and the crystal structure has been
characterized as (Fe) intercalated (a-)WCl, structure.” With
increasing Fe content, we expected Fe,WCly to decompose into
WCl; (W,Cl,;) and FeCl,. Corresponding behavior was
obtained for decomposition of LiWCls with formation of
WCl; and LiCL*®

FeW,Cl,, is unstable in air and can be washed with dry
acetone under argon atmosphere. The crystal structure has
been reported on the basis of powder XRD data refinement
[C2/c,a=6.1226(1) A, b=167943(1) A, c = 12.3737(1) A, B
=108.99(1)°, V = 1203.1(8) A%} and is confirmed in this work
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by single-crystal data [C2/c, a = 6.1209(3) A, b = 16.7771(7) A,
¢ = 12.3686(6) A, f = 109.035(4)°, V = 1200.7(1) A®].
FeW,Cl,, reacts with ethanol to form deep green single
crystals of W,Cl,(OEt),(EtOH),” and deep red single crystals
of W,CI,(OEt),, shown in Figure 2.%° Bioctahedral [W,Cl,L]

& e

?

&

Figure 2. Green crystals of W,CL,(OEt), (EtOH), and red crystals of
W,Cl,(OEt)4 from reactions of FeW,Cl,, in ethanol.

units in both structures contain four terminal chloride ligands.
W-—W distances were reported in accord to a formal double
bond for the W*" species with dy_y = 2.483 A, and a formal
single bond for the W*" species with dy_y = 2.715 A. The
bond lengths and bonding conditions in these compounds
appear different than the (u,-)chloride-bridged [W,Cl;]""
bioctahedra in compounds being reported herein.

Fe,W,Cl, crystallizes in the same space group C2/c as
FeW,Cl,, with a = 6.2486(4) A, b = 16.734(1) A, ¢ = 12.637(1)
A, p=109.713(4)°, and V = 1244.0(2) A®. The transition from
FeW,Cl,, to Fe,W,Cl,, requires occupation of just one more
octahedral site in the structure with an iron ion, thereby
introducing a slight but significant shortening of the W—W
distance in the [W,Cl,,]"” bioctahedra from dyy_yy = 2.707(5)
A (on the basis of powder XRD) or 2.7024(7) A (single-crystal
data) in FeW,Cl,, to dy_w = 2.637(1) A in Fe,W,Cl,, (on the
basis of powder XRD). Quantum chemical calculations are
employed to explore whether this shortening can be considered
to represent a transition from W* to W**.

Crystal structures of FeW,Cl,, and Fe,W,Cl;, can be derived
from close-packed layers of chloride ions in which iron and
tungsten ions occupy 3 of 5 (in FeW,Clyy) and 4 of S (in
Fe,W,Cl,,) octahedral voids in every second interlayer. The
occupation of another fifth of sites would result in full
occupation of all (S of 5) octahedral sites in every other
interlayer, corresponding to the theoretical composition
Fe;W,Cl,, which would require a W>* ion.

The compound originally described as (Fe,W)Cl, was
assigned a defect FeCl, (CdCl,-type) structure. Carefully
recorded powder XRD patterns support the assumption of a
defect CdCl,-type structure. XRD studies of (Fe,W)Cl, samples
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prepared under different conditions (with respect to reaction
time and excess iron powder) have revealed small but
significantly deviating lattice parameters indicating a phase
width. The observation of some extra reflections in the powder
XRD pattern suggests the presence of a superstructure. EDX
measurements revealed the composition (Fey;,W35)Cly,
which is close to Fe,W,Cl,,. Hence, a cation deficiency is
clearly indicated with respect to a CdCl,-type structure. If iron
was in divalent and tungsten in trivalent oxidation state, the
corresponding charge-balanced phase would be best described
as Fe; W, 3, Cl,. The presence of a cation deficiency is also
supported by other (M,W)Cl, systems analyzed as
(Mn0_47W0_36)C12,11 (C00.24W0.43)C12;9 and (Nig,;Wos,)Cl, by
EDX measurements. As long as the precise phase compositions
of these compounds remain unknown, we will use the formula
(MW),_,CL.

Crystal structures of FeW,Cl,,, Fe,W,Cl,,, and (Fe,W),_,Cl,
can be envisioned as an arrangement of close-packed layers of
chloride ions, emphasized in Figure 3, and occupied octahedral

Figure 3. Section of one close-packed double layer made up of
chloride ions (light green in front, dark green in back) with 2 of §
octahedral sites occupied with tungsten ions (black) forming
[W,Cl;,]*"" bioctahedra. More octahedral sites are occupied with
iron ions, indicated with numbers for FeW,Cl,, (1) and Fe,W,Cl,, (1
and 2). For (Fe,W),_,Cl, (or Fe,_W,,;,Cl,) we assume a variable
(phase-width) cation distribution pattern over all kinds of octahedral
sites.

sites in between. Pairs of tungsten ions are embedded into this
chloride arrangement to form edge-sharing [W,Cl;(]""
bioctadedra. Displacements of tungsten atom pairs from their
octahedral centers toward each other, appearing in real
structures, are emphasized only by their connectivity (by a
dashed line in the figure). This structural arrangement can be
well compared with that of WCl;, whose arrangement is
represented by a bioctahedral [W,Cl,,] unit.”’ Vacant
octahedral sites are numbered 1, 2, and 3. Occupation of
position 1 with Fe** corresponds to the crystal structure of
FeW,Cl,,, and occupation of positions 1 and 2 represents the
structure of Fe,W,Cl;,. An unknown distribution of cations on
these sites may be regarded to represent the structure of
(Fe,W),_,ClL,. Alternatively, and in accordance with the general
observation that increasing cluster nucleation is obtained with
increasing temperature, formation of a higher cluster aggregate
such as a trigonal [W,Cl;;]*" cluster would be likely in this
system.32

Mossbauer Spectroscopy. *'Fe Mossbauer spectra of
different samples and their corresponding fitting parameters are
displayed in Figure 4 for Fe, WCl,, FeW,Cl,,, Fe,W,Cl,,, and
(Fe,W)Cl,. A mixture of CdCl,-type® and Cdl,-type”* FeCl, is

used as a reference.
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Figure 4. ’Fe Mossbauer spectra including fit (red line). The FeCl,
reference is represented by a mixture of CdCl, (red fit) and a CdI,
structured phase (blue fit). Fe** species present in ternary Fe—W—Cl
compounds is fitted (yellow and green). The presence of the iron
impurity is represented by characteristic sextet splitting, detectable in
spectra of Fe,W,Cl,,, FeW,Cl,, and Fe WCl,.

The recorded spectra consist of multiple contributions in
each case. The presence of metallic Fe shown by the black line
with its characteristic (sextet) splitting and position is evident
for samples Fe WCls, FeW,Cl,,, and Fe,W,Cly, as a result of
the syntheses in which iron powder was employed. Since the
value of the density of elemental Fe is high in metallic iron in
comparison to the chloride phases, this sextet appears to be
very pronounced (see area percentage in Table 1), but the mass
fraction of metallic Fe is correspondingly smaller. The other

contributions in the spectra are represented exclusively by
doublets with isomer shifts in the range from 1.0 to 1.2 mm/s,
which is characteristic of Fe?* in high-spin state.”> Therefore,
the presence of Fe’* can be excluded for all samples. The
presence of multiple Fe** doublets reveals different Fe
environments, either in the same crystal structure or in
different phases.

The disordered situation of Fe’* ions in the structure of
Fe,WCly, as refined from a previous single-crystal study,
corresponds with a broad doublet. FeW,Cl,, contains one and
Fe,W,Cl}, contains two major doublets, which appear in line
with the number of crystallographically distinct Fe*" ions in the
respective structures, as also represented by the occupation of
positions 1 and 2 in Figure 3. The Mossbauer spectrum of
(Fe,W)Cl, shows essentially one (yellow) doublet and a much
smaller (red) one. The smaller (red) one can be addressed as a
FeCl, side phase, indicated by comparison with the (red) FeCl,
reference (CdCly-type). The presence of just one doublet
suggests the presence of only one Fe?* species in the structure
of (Fe,W)Cl,. Not unexpectedly, the Mdssbauer pattern, and
thus the environment of this iron ion, appears similar to that of
iron ions in FeW,Cl,, and Fe,W,Cl,,. As can be seen in the
Mossbauer spectrum of Fe,W,Cl;, considerable amount of Fe
powder is contained, due to the excess of iron powder used in
the reaction. This issue appears to be a problem for the
magnetic measurement of this compound.

Magnetic Properties. The magnetic properties of FeCl,
deserve special precaution because FeCl, is obtained as a side
phase in essentially all reactions. Moreover, the crystal structure
of FeCl, (CdCl,-type) is closely related to the layered
structures described herein. The magnetic structure of FeCl,
is composed of hexagonal closest-packed layers of ferromagneti-
cally aligned Fe®" spins with a strong anisotropy confining the
spins parallel to the hexagonal axis. Alternating layers in this
structure are coupled weakly antiferromagnetically to each
other, so that the overall magnetic structure is antiferromag-
netic below Ty = 23.55 K.*°

Magnetic susceptibility measurements performed for
FeW,Cl,,, (Fe,W),_,Cl,, and FeW,Cl,, are shown in Figure
5. Measurements on WCIl, and FeCl, are used as references.
The measurement on WCl, shows temperature-independent
paramagnetic (TIP) behavior consistent with the consideration

Table 1. Isomer Shifts, Quadrupole Splittings, Hyperfine Fields, and Line Widths Used To Fit Mossbauer Spectra

IS (mm/s) QS (mm/s) By (T) line width (mm/s) area (%)
FeCl,
Fe** 1.08S + 0.001 0.790 + 0.001 0.263 + 0.001 68.5
Fe?* 1.125 + 0.001 2.062 + 0.003 0.299 + 0.004 31.5
(Fe,W)Cl,
Fe** 1.141 + 0.002 2.310 + 0.005 0.427 + 0.008 88.8
Fe?* 1.124 + 0.016 0.865 + 0.031 0.373 + 0.048 11.2
Fe,W,Cl,
Fe?* 1.141 + 0.005 2.315 + 0.006 0.330 + 0.009 30.8
Fe?* 1.048 + 0.003 1.589 + 0.007 0.307 + 0.010 26.4
Fe? —0.005 + 0.002 0.009 + 0.004 328 £ 0.1 0.255 + 0.007 42.8
FeW,Cl,
Fe** 1.174 + 0.002 2.388 + 0.004 0.374 + 0.006 81.8
Fe? —0.016 + 0.013 0.001 + 0.027 33.1 +£0.1 0.349 + 0.040 18.2
Fe,WCl,
Fe?* 1.172 + 0.036 1.950 + 0.062 1.274 + 0.101 35.7
Fe® —0.004 + 0.003 0.011 + 0.006 329 + 0.1 0.263 + 0.008 64.2
9829 DOI: 10.1021/acs.inorgchem.5b01574
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Figure S. Temperature dependency of magnetic susceptibilities of (a) WCl,, (b) FeCl, (c) (Fe,W),_,Cl,, (d) FeW,Cl,;, and (e) FeWCl,,

measured in field-cooled (FC) and zero-field-cooled (ZFC) modes.

of W* ions and electrons being semilocalized in formally
double-bonded W—W dumbbells. In comparison, the formula
FeW,Cl,, can be decomposed into FeCl, and two times WC,,
yielding four unpaired electrons from one (high-spin d°) Fe**
ion per formula unit, responsible for paramagnetic behavior.
Antiferromagnetic ordering obtained in the plots of FeW,Cl,,
and (Fe,W),_,Cl, at 24 K can be attributed to the presence of
the FeCl, side phase.

Paramagnetic behavior is found for FeW(Cl,,. The fit with an
extended Curie—Weiss law corresponds to the expected value
of 5.3ug, consistent with one Fe®" and a diamagnetic
[W,Cl,,]*" cluster.

Electronic Structure. The crystal structures of FeW,Cl,,
and Fe,W,Cl,, contain edge-sharing [W,Cl,,]"" bioctahedra,
which can be derived from the structure of tungsten
pentachloride. The crystal structure of WCI; contains two
independent but only slightly distinct W,ClI,, molecules, having
W—W distances of 3.816(2) and 3.813(1) A.*'

The short W—W bond distance is of particular interest for
these substances. Thus, we investigated it by quantum chemical
approaches with [W,Cl;]"™ clusters as model systems. Hereby
we assume that the electronic structure, and in particular the
bond distances, are only marginally influenced by the
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surrounding clusters. This assumption is motivated by the
much longer bond distances for Fe—W (3.59—3.72 A), Fe—Fe
(371 A), and Fe—Cl (2.28—2.64 A) as compared to W—W
(2.64/2.70 A) and W-Cl (2.29-2.49 A). Bonding and
antibonding interactions between the three t,, d-orbitals in
the bioctahedral [W,Cl,,]""
molecular obrital (MO) scheme following the order 6 < 7 < § <
5% < m* < o* levels with increasing energy (Figure 6). The
occupation of these levels from d'—d' to d°~d® configurations
involve various electronic situations in which the d®—d®

configuration would represent the absence of metal—metal
37,38

ion are expected to lead to a

bonding.

Cl Cl

“ ‘ ‘

w
cr— ‘ ~cI— ‘ ~~cl

\Cl

=

Cl Cl

Figure 6. Structure of a bioctahedral [W,Cl,]"" fragment (left) and
energy splitting of ty-type levels for occupation of bonding and
antibonding W—W states (right).
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A deviation from the above-mentioned energy level order has
to be considered in the present case. Calculations find that the
& level is destabilized through interactions with (,uz)-bridging
halides (orbitals) of the same symmetry (Figure 7).

LUMO+1

LUMO

HOMO

HOMO-1

Figure 7. Molecular orbitals of the [W,Cl;,]*~ anion representing ¢
(HOMO - 1) and 7 (HOMO) molecular orbitals, as well as the
energy inversion of § (LUMO) and §* (LUMO + 1) levels as a result
of the particular linear combination of d-type orbitals with p orbitals of
bridging chloride ions. Orbitals at right are rotated to highlight the 7-
type bonding (below) and the antibonding situation between 5-type
molecular orbitals and p orbitals of bridging chloride ions. All
molecular orbitals have been rendered®’ with an isovalue of 0.04S.
HOMO, highest occupied molecular orbital; LUMO, lowest
unoccupied molecular orbital.

Thereby the 6 level is moved slightly above the 6* level. The
electronic configuration of the ground state has been assigned
as o’*6** by an analysis of the apparent metal—metal
distance.” However, calculations and the near-degeneracy of
0 and 0* orbitals support antiferromagnetic ordering within
bioctahedral tungsten clusters for d*-d® situations with a
ground state composed of about 50% each ¢*7*6** and o*7*5”
configurations. This is equivalent to the occupation pattern
on*6*'8" for Fe,W,Cly,. According to McGrady et al,*” the
inversion of the § and &* levels is lifted only if the metal—metal
distance becomes shorter than 2.3 A. In this case a W—W triple
bond and a sequence of energy levels corresponding to the
molecular orbitals shown in Figure 6 is expected.

FeW,Cl,, contains the [W,Cl,,]*~ ion, which can be related
to the diamagnetic WCl, with a d’—d* interaction formally
consistent with a (6*7%) double bond. W—W distances, dyy_y =
2.707(5) A for FeW,Cl,,, are in line with our calculated value
(dw_w =2.719 A) as well as crystal structure values reported for
WCl, [dw_w = 2.688(2) A* or 2.713(3) A"], and
(NR,),(W,Cl) [dw_w = 2.792(1) A].*® The results of our
calculations on bioctahedral [W,Cl,,]*™ ions are represented by
the molecular orbitals shown in Figure 7. The HOMO - 1
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represents the o-type bond, and the HOMO represents a 7-
type bond for the W—W dumbbell of W* ions in [W,Cl;,]*".
For this cluster, but also for the d* analogue [W,Cl,,]*" and in
line with former quantum chemical results, an inversion of /5*
type levels is found.

The situation of [W,Cl,,]*" in Fe,W,Cl,, with a d’-d°
interaction appears more complicated due to occupation of &
and §* levels. The W—W distance, dyy_yw = 2.637(1) A in
Fe,W,Cl,, is well reproduced with our calculations, which
provide dy_y = 2.644 A. Tt is expected that the W(d*)—W(d*)
bond distance with an effective orbital occupation of &> 725*'5"
is similar to the distance between the W(d*)—W(d*) centers
with the configuration ¢*7% as both cases correspond to a
formal double bond. We note that occupation of bonding 6 and
antibonding 6* orbitals, with a preference for the occupation of
the latter orbital in [W,Cl;y]*, is expected to lead to weaker
bonding than in [W,Cl,(]*". Thus, this effect should be small as
0 bonding and antibonding is relatively weak.

We considered two possible explanations for the increased
bond strength of the W(d*)—W(d?) cluster as compared with
the W(d?)—W(d?) one: first, occupation of the & orbitals
increases the number of electrons at the tungsten atoms and
thus lowers the electronegativity of this center. Thus, the
tungsten d-orbitals become more diffuse, which leads to a
stronger o- and #-bonding. This argument is supported by the
Mayer bond order® of these complexes, which was found to be
1.39 for [W,Cl;,]* and 1.62 for [W,Cl;,]*". An alternative
explanation for the observed bond distance difference is that
the effective (positive) charge at the tungsten atoms decreases
with reduction of [W,Cl;y]*~ to [W,Cl,,]*". Indeed, natural
population analysis (NPA)* indicates a slightly smaller charge
of the W atoms in [W,Cl;o]*" (0.510e) than in [W,Cl;]*~
(0.541e). Thus, smaller Coulomb repulsion between the
tungsten centers is another possible explanation for the
observed bond distance differences. The small absolute change
of NPA charges and the rather significant difference between
Mayer bond orders indicate that the latter may be more
important for observed bond distance changes.

B CONCLUSION

Reduction of WClg with a sufficient amount of iron powder
involves the compounds FeW,Cl,,, Fe,W,Cl,,, (Fe,W),_,Cl,
and FeW(Cl,,. Crystal structures of FeW,Cl,,, and Fe,W,Cl,,
reflect successive steps of reductive intercalations of Fe atoms
into a W,Cl,, (WCI;) structure.”’ This reductive intercalation
can be considered to require a minimum of energy because no
fundamental structural reorganization is necessary.

Mossbauer studies clearly show that iron ions are always
present as Fe*". Following this result, tungsten appears as W*
in FeW,Cl;, and as W** in Fe,W,Cl,, and probably also in
(Fe,W),_,ClL,. The bonding between tungsten ions in edge-
sharing [W,Cl,,]"" bioctahedra can be characterized as a W*—
W* interaction with a formal (¢*2?) double bond for
FeW,Cl,,. The situation of W3'—W?3* interaction in
Fe,W,Cl}, can be also assigned close to a double bond because
the delta orbitals are nearly nonbonding, due to the equal
occupation of J and 6* levels with one electron.
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