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Abstract

The crystal structure of WOCI;, determined on the basis of powder diffraction data (tetragonal, P4,/mnm, a = 10.6856(6),
¢ =3.8537(2)), is isotypic to WOI; and contains one-dimensional strands of edge-sharing double-octahedral W204/2C16 groups
connected via common corners in trans position. A W—W bond of 2. 99 A is present within the planar W,Clg groups. A series of non-
stochiometric, mixed valence W(IV,V) compounds M;_,[W,0,Clg] can be obtained from WOCI; by reaction with metal halides (TICI,
KCl, PbCl,) or by reaction of elemental Hg with WOCI,. All were characterized by single crystal structure determinations and
EDX measurements (Tl og12[W202Clg]: monoclinic, C2/m, a=12. 7050(4) b=3.7797(1), ¢ =10.5651(3) A, B = 107.656(1)°;
Ko.842)[W20,Clg]: monoclinic, C2/m, a = 12.812(3), b = 3 7779(6), ¢ = 10. 196(3)A B = 107.422(8)°; Pbyg_s49(3)[W20,Clg]: orthorhombic,
Immm, a=3.7659(1), b=9.8975(4), c=12. 1332(6)A; Hg. ssa6)| W202Clg]:  monoclinic, C2/m, a=12.8361(8), b= 3.7622(3),
c=10. 2581(9)A B = 113.645(3)°). Two representatives of this family of compounds have already been reported: Na[W,0O,Brg]
[Y.-Q. Zhang, K. Peters, H.G. von Schnering, Z. Anorg. Allg. Chem. 624 (1998) 1415-1418] and Ag.74] W-0O,Brg] [S. Imhaine, C. Perrin,
M. Sergent, Mat. Res. Bull. 33 (1998) 927-933]. The Ag containing compound can be obtained from elemental Ag and WOBr;. The
crystal structure, originally reported in the triclinic system, was redetermined and shown to be monoclinic with space group C2/m
(a =13.7338(10), b = 3.7769(3), ¢ = 10. 7954(9),& p = 112.401(3)°). The crystal structures of these compounds are in close relationship
to the structure of WOCI; and all contain W»04/», X (X = Cl, Br) double strdnds with the mono and divalent cations coordinated by the
terminal halogen atoms of the W, Xy groups and a short W—W bond (2. 85A for X = Cl). A cube-shaped coordination environment is
present for M = TI, K and a trigonal-prismatic coordination for M = Ag, Hg. Hg, 55/ W>0,Clg] is a semiconductor with a non-Arrhenius
behaviour, high specific conductivity of 0.05Q'cm™ and a very small activation energy of 0.03eV. HggssfW,0,Clg] and
Ago s[W>0,Brg] show a temperature independent paramagnetism with a magnetic moment around 300 x 107¢ cm® mol ™.
© 2006 Elsevier Inc. All rights reserved.
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the aristotype of the MOX; (M = transition metal,
X = halogen) structure family: pairs of NbO,Cl, octahe-

1. Introduction

In 1959, Sands et al. provided a single crystal structure
determination of the structure of NbOCI;, which became
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dra, edge shared via chlorine bridges, are connected via
equidistant —O—Nb—O- bridges to form one dimensional
double-strands {°[NbyOy4/,Cl4Cl, 5] [1]. Since the structure
was described in the centrosymmetric space group P4,/
mnm, the Nb atoms had to be placed in the mirror plane
perpendicular to the c-axis together with the chlorine
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atoms, leading to planar Nb,Cl4Cl, > groups. The Nb-Nb
distance was found to be 3.91 A. The space group P4,/mnm
was also assumed by Drew and Tomkins for the structure
of MoOBr;, but they found it necessary to split the Mo
atom site in two closely neighboured positions above and
below the mirror plane [2]. The Mo-Mo distance was
found to be 3.86A and thus outside of the range of
Mo-Mo bonds. Magnetic measurements showed the
compound to be paramagnetic with a moment correspond-
ing to Mo(V). In 2002, Strébele and Meyer succeeded in
the redetermination of the crystal structure of NbOClIs,
which revealed the non-centrosymmetric space group
P42,m. They found the °[Nb2O4/,Cl4Cly 5] strands to be
polar with asymmetric —O---Nb-O--- bridges and the Nb
atoms shifted out of the plane of the surrounding Cl atoms
[3]. The non-centrosymmetry of the structure was con-
firmed independently by a second harmonic generation
experiment [4]. The undistorted, higher symmetric struc-
ture type was meanwhile found for WOI; which in fact
exhibits planar W,I¢ units and equidistant, almost linear
—O-W-0O- bridges [5]. In contrast to NbOCIl; and
MoOBr;, a much shorter W-W distance of 3.10A is
present in the structure. The magnetic moment of WOIj; is
very low (0.24 B.M. at 583K), probably due to spin
coupling between the neighboured W atoms. In other
words, a bond seems to exist between the two tungsten
atoms over the edge of each two fused WO, octahedra.
The structure of WOCI; was not known in detail up to
now, but since a low magnetic moment was measured [6], a
W-W bond can be expected to be present in its structure.

Tungsten oxide trihalides WOJX; can act as Lewis
acids towards halide ions. Under addition of X the
°[W2042X4X5)5] double strands brake off to yield
negatively charged polar {°[WO,,;X4]” single strands,
which are structurally related to the respective W(VI)
oxide tetrahalides WO X,. As counterions in structures with
single strands only large polycationic clusters like Te3 " or
TeZz' are known as found in the structures of Te,
[WOBI4]Br [7] and Tes[WOCIy), [8]. This stands in contrast
to the reactivity of the respective niobium oxide trihalides
NbOX; which form adducts with halides of monoatomic
cations. Examples are TI[NbOX,] (X =Cl, Br), both
containing polar single strands {°[NbO,, X4]™ [4]. Another
type of reactivity of WOXj is the reduction to compounds
of the general formula M[W,0,X¢] (X = CI, Br). Only two
representatives have been reported until today, both in
1998 by v. Schnering and co-workers Na[W,0O,Brg] [9] and
by Perrin et al. the non-stoichiometric Agg74[W,0,Brg]
[10]. These compounds consist of WOI5; analogue double-
strands, which are negatively charged. Despite the com-
pounds are of mixed valence with a mean oxidation level
around 4.5 for W, the two tungsten atoms within an edge-
sharing WO,, X unit are in both cases crystallographically
equivalent. The compounds can be classified as mixed
valence compounds or as intercalates of tungsten oxide
trihalides and metal cations. Agg 74[W,0,Brg] was found to
have semi-conducting behaviour.

We have undertaken a systematic study of the reactivity
of tungsten oxide trihalides WOCI; and WOBr3 and could
expand this structure family with various monovalent and
divalent metal ions. In this first report we describe the
structures and properties of the K, TI*, Pb®" and Hg?*
representatives. Additionally we performed a structure
analysis of WOCI; based on X-ray powder diffraction to
confirm the WOI; structure type for this basic material and
redetermined the structure of Ag,_.[W,0,Brs] which was
described originally with too low symmetry.

2. Experimental
2.1. Synthesis

WOCI, was prepared from Na,WO, (Merck) and SOCl,
(Merck) [11] and sublimed twice prior to use. All educts
and reaction products were handled in an argon filled glove
box. Ampoules were made of borosilicate glass and flame-
dried in vacuo prior to use. TICl, KCl and PbCl, were dried
by heating at 450 K in vacuo. Tetrahydrofurane was dried
by distillation from molecular sieve which was freshly dried
in vacuo at 520 K.

WOCI; was prepared by reduction of WOCI, with Al
powder (Riedel-de Héen) [12] as a green microcrystalline
powder, which readily turns blue on contact to humid air.
EDX analyses showed an Al content of up to 10mol% in
the products of different batches.

WOBTr; was prepared from W (Merck), WO; (Fluka)
and Br, (Merck) as described in Ref. [6].

Tly o5 W20,Clg]: 30mg (0.25mmol) dry TICI (Aldrich,
>99.9%) and 77 mg (0.25 mmol) WOCI; were grinded and
filled in a glass ampoule of 10cm length and 1.4cm
diameter. The ampoule was sealed and placed in an
horizontal tube furnace which was heated to 573 K. Within
2 days, long bluish-black needles with a metallic luster were
obtained.

Ko g4 W-0,Clg]: 0.5mmol (37mg) dry KCI (Merck,
99.9%) and 0.5mmol WOCI; (153mg) were grinded,
pressed to a pellet of diameter 0.9 cm and put into glass
ampoule (/ = 8cm, d = 1.2cm). The ampoule was evacu-
ated, sealed and placed in an horizontal tube furnace which
was heated to 623 K. After 4 days, the ampoule was
removed of the furnace for assessment and afterwards
heated again for 14 days at 648 K. Long bluish black
needles were grown on the surface of the pellet. An EDX
analysis of several different crystals showed a K:W ratio of
0.80(5):2 and no variation of the potassium content along
the needle axes could be detected. The pellet itself consisted
of about 2/3 of Kyg[W,0,Clg] and about 1/3 of
K,[WOCIs], according to X-ray powder diffractometry.

Pbg 55[W,0,Clg]: 70mg (0.25mmol) dry PbCl, and
153 mg (0.5 mmol) WOCI; were grinded, pressed to a pellet
of diameter 0.6 cm and put into a glass ampoule (/ = 5cm,
& = 1.0cm). The ampoule was evacuated, sealed and
placed in a horizontal tube furnace which was heated to
623 K. After 6 days, the product was obtained as black
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lustrous needles. EDX analyses on four selected crystals
showed a constant Pb:W ratio of 0.45(2):2.

Hg( 55[W20,Clg]: 536 mg Hg (Heraeus, 99.999%)
(2.7mmol) and 1436 mg WOCIl, (4.2mmol), were filled
into an ampoule of 15cm length and 1.8 cm diameter which
was sealed and placed in a horizontal tube furnace which
was heated to a temperature of 633 K. After 4 days the
product was obtained as black lustrous needles, which were
deposited in the colder end of the ampoule. The black
crystals were formed as agglomerates with colourless
HgCl, which was removed by repeated washing with dry
THF under an argon atmosphere. This washing process
had no detectable disadvantageous effects on the crystals of
the product. EDX measurements gave a Hg:W-ratio of
0.53(6):2.

Agos[W>0,Brg]: 24 mg (0.22 mmol) Ag powder (synthe-
sized by reduction of a AgNOj; solution with hydrazine)
and 230mg (0.52 mmol) WOBr; were grinded and filled
into a quartz-glass ampoule (length = 10cm, diame-
ter = 1.0cm). The ampoule was evacuated, sealed and
placed in a horizontal tube furnace which was heated to
775K. After 6 days bluish-black lustrous needle-shaped
crystals were obtained. After manual separation, 70 mg of
pure product resulted, which was used for magnetic
measurements. EDX analysis on several crystals from
different reaction batches showed a Ag:W-ratio of
0.75+0.15:2.

To obtain crystals suitable for single crystal structure
determination the ampoule was heated with 2K/h to
975K, kept for three days at this temperature and then at a
temperature of 1075K for another 3 days and finally at
1150K for a period of 4 weeks. After rapid cooling to
ambient temperature of 100 K/h only few but well crystal-
lized needles were obtained that were used for the structure
analysis.

2.2. X-ray powder diffraction structure analysis of WOCI;

WOCI;, synthesized from WOCI, and Al as described
above, was filled in a thin walled glass capillary of 0.3 mm
diameter, which was sealed. The diffraction data were
collected with a Stoe StadiP diffractometer equipped with a
linear position sensitive detector (PSD) in Debye-Scherrer
geometry using CuKo, radiation (4 = 1.540598 A). The d
spacings were corrected against silicon (a = 5.43088(4) A)
as an external standard. The diffractogram could be
indexed according to the values given by Crouch et al.
[6]. Nine broad, weak reflections (max. relative intensi-
ty <0.7%) could not be indexed with the lattice parameters
of WOCI; nor assigned to any known phase in the system
W/O/CI/Al. The structure model used was that of WOI,
with the space group P4,/mnm. The Rietveld refinement of
the X-ray data was performed with the program GSAS
[13,14]. For the obscure weak reflections, the correspond-
ing measurement ranges were excluded (see Table 1). A
March-Dollase [15] preferred orientation correction was
applied (001 axis, ratio = 1.18). For absorption correc-

Table 1

Crystallographic data and details of the structure refinement for WOClI;

Formula

Crystal system; Space group
Temperature/K

Unit cell dimensions/z&

Unit cell Volume/z&3
Number of formula units
Calculated density/g/cm?
Radiation

Data collection range/*
Limiting indices

Step width/20°
Excluded regions/20°

Number of remaining data points
Preferred orientation correction

No. of reflections

No. of atomic parameters
Overall no. of parameters
Reliability factors

R,

Rup [%]

de

WOCl;

Tetragonal, P4,/mnm
295(2)

a = 10.6856(6)

¢ =3.8537(2)
440.02(7)

4

4.60

CuKo,; A = 1.540598 A, Ge(111)
monochromator
6.98<20<99.72

0<h<13, 0<k<9; 0</<4
0.02

8.28-8.56; 12.62-12.78;
13.70-14.58; 16.08-16.30;
16.84-17.10; 21.26-21.76;
23.00-23.22; 28.32-28.60
4490

March-Dollase, 00 1 axis,
ratio = 1.18

146

18

57

0.045
0.060
0.523

red. °/GooF W 1.701/1.30 (57 variables)

Standard deviations given in brackets refer to the last significant digit.

tion, a value of ur = 1.8 was chosen. The recorded and the
calculated diffractogram are given in Fig. 1 together with
the difference plot. Using the structural parameters of
NbOCl; (space group P42,m) as starting model for the
refinement, the initial agreement between measured and
calculated intensities was much poorer than in the case of
WOI;. In the course of the refinement, the W-W distance
shortened from 3.84 to 3.00 A and the W,Clg units became
virtually planar, so that the WOIj; type structure model
gained further confirmation. Crystallographic data and
details of the structure analyses are given in Table 1, the
positional parameters are given in Table 4.

2.3. X-ray single crystal structure analyses

All crystals were mounted in thin-walled glass capillaries,
which were sealed. Data were collected using a Enraf-
Nonius-Kappa-CCD  diffractometer using  graphite
monochromatized MoKo radiation. Low temperature
was maintained with a nitrogen-gas-flow cooling system
(Oxford Cryosystems). Temperatures were calibrated with
a micro-thermocouple mounted instead of a crystal. All
crystals were measured at ambient temperature, the crystal
of Tly o3 W-0,Clg] was measured additionally at 210 and
140 K. Due to the high absorption coefficients and the
anisotropic shape of the crystals a numerical absorption
correction with the aid of the program HABITUS [16] was
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Fig. 1. X-ray powder diffractogram of WOCI; with measured (black dots) and calculated intensities (grey line), theoretical reflection positions (black bars)

and difference curve (black line).

applied to all data sets. The optimization of the crystal
shape was performed by minimalization of the reliability
factor of averaging symmetry equivalent reflections.
Structure models were obtained by direct methods and
refined against F* using SHELX97 as implemented in the
WINGX program package [17,18]. Tables 2 and 3 contain
the crystallographic data and details of the structure
analyses, positional parameters are given in Table 4 and
selected bond lengths are given in Table 5.

2.4. Magnetic measurements

Magnetic susceptibilities were measured from 2 to 300 K
with fields from 1 to 5T with a PPMS (Physical Property
Measurement System; Quantum Design). Samples were
filled in gelatine capsules which were fixed in a gas tight
plastic container at the sample holder. After Zero Field
Cooling (ZFC) the appropriate field was applied and the
susceptibilities were measured. The data were corrected for
the susceptibility of the container material of the respective
diamagnetic corrections [19]. For Ag,s[W,0,Brg] the
diamagnetic correction amounts to 309 x 10~°cm?®/mol
composed of 0.8Ag" =19.2, 207 =24, 6Br~ =216,
W4 =26, W' =19, and for Hg, sJW,0,Brg] to 272 x
10~%cm?/mol composed of 0.5Hg>" = ~47, 20°~ = 24;
6CI~ = 156; W** = 26; W>* = 19, each given in terms of
—10~%cm?®/mol.

2.5. Electrical conductivity measurements

Conductivity measurements of Hg,(W,0,Cls] were
performed on a pellet (13 mm diameter) of grinded crystals
(Hg:W ratio 0.60(4):2, shown by EDX measurements) by
the four-probe technique. The specific conductivity was
found to be 0.053Q 'cm™' at room temperature and
0.016Q 'em™! at 135K. Due to the unknown influence of

grain boundary effects, reliable values for the specific
conductivity cannot be given. Attempts to obtain con-
ductivity data from individual crystals were unsuccessful
due to difficulties in contacting the extremely thin and
mechanically sensitive needle shaped crystals.

3. Results and discussion
3.1. Syntheses

In principle compounds of the general formula
M;_[W-0,X¢] (X=Cl, Br) can be obtained by three
different methods:

a. The thermal decomposition of WOCI; in the presence
of the appropriate metal chloride:

3WOCL; + M™Cl, — (M"™), ,[W20,Cls]~ + WOCl,
(M =X, TI, Pb) 1)

. Reduction of WOBr; with the appropriate metal in its
elemental state:

M +2WOX3 — (M"),,[W20:X6]” (M =Ag) (2)

c. Reduction of WOCI, by the appropriate metal in its

elemental state:
2WOCly 4 3M — (M""), ,[W,0,Clg]~ 4 2M"*Cl,
(M = Hg) 3)

The success of the syntheses using WOCI; depends
mainly on the way of its preparation. Only the product
obtained by reduction of WOCI, with Al showed the
desired reactivity. This material contains an amount of Al
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Crystallographic data and details of the structure refinement for Tl og[W>0,Clg] and Kg g4 W,0,Clg]

Formula

Crystal system; Space group
Temperature/K

Unit cell dimensions/;\

Unit cell volume//ﬂ\3
Number of formula units
Calculated density/g/cm?
Data collection range/®

Limiting indices
Absorption correction

Min./max. transmission

No. of reflections collected/unique
Rim

No. of parameters

Ratio data/parameters
Reliability factors

R(F)

R(IF)) (n(Fo)>40(F,))

WR(F?)

GooF

Final difference Fourier/e /A3

295(2)
a = 12.7050(4)
b = 3.7797(1)

¢ = 10.5651(3)
B = 107.840(1)
482.95(2)

5.617
4.0<20<55.0
—16<h<16
—4<k<4
—-13</<13
Numerical
u=42.01mm!
0.0656/0.7398
4912/637

3.78

37

17.2

0.0116
0.0111(624)
0.0256

1.091
+0.76/—0.63

Tlo.981(2)[W202Cle]
Monoclinic; C2/m

210(5)
a = 12.6664(4)
b = 3.7792(1)

¢ =10.5273(4)
p =107.656(1)
480.19(3)

2

5.649
3.4<20<54.9
—16<h<16
—4<k<4
—-13</<13
Numerical
u=4225mm™!
0.2699/0.7253
5391/632

3.65

37

17.1

0.0120
0.0112 (615)
0.0264

1.136
+0.61/—0.81

140(5)
a = 12.6377(6)
b =3.7791(2)

¢ = 10.5040(5)
B = 107.530(2)
478.36(4)

5.671
6.8<20<61.1
—-17<h<17
—5<k<5
—-14<i<14
Numerical
u=4241mm!
0.3084/0.7374
5629/779

4.46

37

21.1

0.0199
0.0188 (748)
0.0385

1.079
+1.71/—1.78

Ko.84)[W20,Clg]

Monoclinic; C2/m

295(2)
a=12.812(3)
b =3.7779(6)
¢ =10.196(3)
p =107.422(8)
470.92)

2

4.60
6.7<20<54.99
—14<h<15
—4<k<3
-9<i/<12
Numerical
u=2643mm™!
0.5766/0.9136
1010/477

6.47

37

12.0

0.0734
0.0443 (359)
0.0585
1.136
+1.75/-1.91

Standard deviations given in parentheses refer to the last significant digit.

Table 3
Crystallographic data and details of the structure refinement for Pbg ss[W,0,Clg], Hgo ss[W20,Clg] and Agg s[W,0,Brg]

Formula Pbg 540(3)[W202Clg] Hgo 55406 [W20:Clg] Ago.79012)[W202Br]

Crystal system; Space group Orthorhombic; Immm Monoclinic; C2/m Monoclinic; C2/m

Temperature/K 295(2) 295(2) 295(2)

Unit cell dimensions/;\ a=3.7659(1) a=12.8361(8) a = 13.7338(10)
b =9.8975(4) b =3.7622(3) b =3.7769(3)
¢ =12.1332(6) ¢ =10.2581(9) ¢ =10.7954(9)

B = 113.645(3) p=112.401(3)

Unit cell volume//&3 452.2(2) 453.8(7) S517.71(7)

Number of formula units 2 2 2

Calculated density/g/cm’ 5.33 5.22 6.33

Data collection range/° 6.7<20<58.2 6.54<20<54.96 6.2<20<60.2

Limiting indices —4<h<4 —16<h<16 —19<h<19
—13<k<13 —4<k<4 —5<k<S
—16</<16 —-13</<13 —15<I<15

Absorption correction Numerical Numerical Numerical
u=237.32mm™! u=23638mm™! u=46.78mm™!

min./max. transmission 0.1443/0.7343 0.0649/0.6485 0.0235/0.2255

No. of reflections collected/unique 4619/367 5243/601 7129/861

Rint 6.72 10.28 11.49

No. of parameters 24 38 39

Ratio data/parameters 15.3 15.8 22.1

Reliability factors

R(IF) 0.0247 0.0445 0.0453

R(|F)) (n(F,)>40(F,)) 0.0203 (334) 0.0363 (535) 0.0363 (791)

WR(F?) 0.0399 0.0656 0.0767

GooF 1.080 1.127 1.133

Final difference Fourier/e_/A3 +1.48/-1.32 +1.74/-1.83 +3.49/-1.94

Standard deviations given in parentheses refer to the last significant digit.
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Table 4
Wyckoff positions, site symmetry, site occupation factors (SOF), positional coordinates, and equivalent isotropic displacement parameters ch/z&z of the
atoms in the structures of WOCI; and the M, _,[W,0,X¢s] compounds

Atom Wyckoff position SOF X y z UiSO/A2
and site symmetry
WOClk
W 4 m2m 0.09901(7) 0.09901(7) 0 0.0642(9)
O 4g m2m 0.0911(7) 0.0911(7) 12 0.041(8)
CI(1) 49 m2m 0.1257(3) —0.12572(3) 0 0.062(4)
Cl(2) 8i m 0.3140(3) 0.1017(4) 0 0.063(3)
Tlp.0s:/ W>0:Cls] (295K)
w 4i m 0.00407(1) 0 0.13710(1) 0.00999(8)
O 4 m 0.0037(2) 12 0.1355(3) 0.0125(6)
Cl(1) 4i m 0.15825(8) 0 0.05251(9) 0.0150(2)
Cl(2) 4 m 0.14237(9) 0 0.34940(10) 0.0219(2)
CI(3) 4i m —0.12787(9) 0 0.25700(10) 0.0195(2)
Tl 2d 2/m 0.9832(14) 0 12 1/2 0.04445(15)
Ko.54/ W20,Cls]
W 4 m 0.00376(7) 0 0.141521(8) 0.0136(3)
O 4i m 0.0033(11) 12 0.1391(12) 0.019(3)
CI(1) 4 m 0.1570(4) 0 0.0543(5) 0.0180(12)
Cl(2) 4i m 0.1402(5) 0 0.3601(5) 0.0247(13)
CI(3) 4 m —0.1259(5) 0 0.2690(5) 0.0261(13)
K 2d 2/m 0.84(2) 0 12 12 0.035(4)
Pby 55/ W>0:Cls]
w 4g m2m 0 0.14332(3) 0 0.01159(17)
O 4h  m2m 12 0.1435(6) 0 0.0124(13)
Cl(1) 4i mm2 0 0 0.15890(17) 0.0165(5)
Cl(2) 8 m 0 0.32237(16) 0.13281(13) 0.0209(4)
Pb 2¢ mmm 0.549(3) 12 12 0 0.0349(5)
Hgo5s[W20,Cls]
w 4i m 0.07588(5) 0 0.14603(6) 0.01648(18)
O 4 m 0.0748(7) 12 0.145009) 0.0125(16)
CI(1) 4 m 0.1275(3) 0 —0.0534(3) 0.0209(7)
Cl(2) 4 m 0.2763(3) 0 0.2833(4) 0.0296(8)
CI(3) 4i m 0.0616(3) 0 0.3722(3) 0.0316(8)
Hg 4 m 0.277(3) 0.2679(2) 0 0.5317(2) 0.0404(9)
Ago.s[ W20,Brs]
W 4 m 0.07102(4) 0 0.14359(5) 0.01509(18)
O 4 m 0.0691(6) 12 0.1391(8) 0.0141(15)
Br(1) 4 m 0.12832(9) 0 —0.05410(12) 0.0193(3)
Br(2) 4i m 0.2683(1) 0 0.28041(14) 0.0275(3)
Br(3) 4 m 0.05329(12) 0 0.36871(13) 0.0290(3)
Ag 4i m 0.395(6) 0.2654(3) 0 0.5323(3) 0.0563(15)

Standard deviations given in parentheses refer to the last significant digit.

Table 5
Selected bond lengths//i\ and M—M bond strengths in compounds with [M>0,Xs] and [M>0,X¢]™ strands (M = Nb, W; X = Cl, Br)
Compound M-O M-X(1) M-X(1)Y M-X(2) M-X(3) M-M Ad/d according
M-X(2y to Eq. (4)
WOCl, 1.9294(11) 2.399(5) 2.399(5) 2.288(5) 2.288(5) 2.990(4) 0.098
WOI; [5] 1.8831(6) 2.6975(12) 2.6975(12) 2.7300(13) 2.7300(13) 3.102(1) 0.192
Tlyos[W20,Clg]  1.8899(1) 2.3892(10) 2.3947(10) 2.3882(10) 2.3908(10) 2.8670(3) 0.152
Ko.sa[W20,Clg]  1.8891(3) 2.386(6) 2.401(4) 2.385(4) 2.396(6) 2.8590(2) 0.155
Pby ss[W>0,Clg]  1.8830(1) 2.3933(17) 2.3933(17) 2.3952(16) 2.3952(16) 2.8370(7) 0.162
Hgo5s[W20,Clg]  1.8812(2) 2.390(3) 2.393(3) 2.387(3) 2.400(3) 2.8441(11) 0.159
Agos[W,0,Brg]  1.8890(3) 2.5404(12) 2.5323(13) 2.5440(13) 2.5331(14) 2.9677(10) 0.173
Na[W,0,Brg] [9] 1.888(1) 2.537(2) 2.537(2) 2.525(2) 2.525(2) 2.9458(9) 0.177

NbOCl; [3] 1.758(3)/2.203(3)  2.545 (2) 2.545(2) 2.274(2) 2.274(2) 3.911(2) ~0.148
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of some mol%. A laser ablation mass spectral analysis of
one of the products (K¢ g[W-,0,Clg]) showed that Al was
not incorporated. WOCI; prepared and purified by
chemical vapour transport [20] turned out to be unreactive
in these reactions. Yields are generally low and do not
exceed 10%. In all cases it was found to be advantageous to
press the educts to a pellet after grinding. The main
product is generally WOCI,, formed by disproportionation
of WOCI;. The quaternary products usually grow as
lustrous, black, needle-shaped crystals out of the pressed
pellet. Yields are better when using WOCl, as a starting
material according to method c yields. In the case of the
mercury containing compound yields close to 100% could
be obtained since volatile HgCl, is present in the gas phase
which makes chemical transport possible and the desired
product deposits on the cold end of the ampoule.

For the Tl containing compound a by-product could be
identified. Together with the black needles of
T1,_[W,0,Clg], the formation of yellow-brown crystals
was observed. They were identified as Tl,[WOCIs], which
crystallizes in the cubic system in the space group Fm3m
with the lattice constant a = 9.7978(3) A. The structure is
isotypic to Cs;[NbOCls] [21] and adopts the K,PtClg type
with the O atom and Cl atoms of the [WOCIs]*~ group
disordered over all six positions of the coordination
octahedron.

3.2. Crystal structure of WOCI;

WOCI; is a fibrous material which causes problems on
recording diffraction data. The long and extremely thin
crystals of WOCI; obtained by chemical vapour transport
are notoriously twinned and not suitable for single crystal
studies. Even for powder diffraction purposes this WOClI;
is not suitable since the fibres cannot be grinded. On filling
in capillaries or other sample holders the crystals take a
preferred orientation which seriously falsifies the diffrac-
tion diagrams. WOCI; obtained by reduction of WOCI, by
Al forms a dark-green loose mass. This material crystallizes
as fine needles which need not to be grinded. So we found
this material to be suitable for powder diffraction work
despite the fact that EDX analyses showed a certain Al
content in the samples up to 10mol%. The nature of this
impurity is not clear. In the diffractogram no strong
additional reflections were present, only some broad, weak
reflections with intensities close to the background were
observed and could be excluded from indexing and
refinement.

WOCI; crystallizes in the space group P4,/mnm with the
lattice constants a = 10.6856(6) A and ¢ = 3.8537(2) A. The
structure is isotypic to WOI; [5] and consists of pairs of
edge-sharing WO,Cl; octahedra, which are connected
via  oxygen bridges to form infinite strands
°[W204/,Cl4Cl, 5] along the c-axis (Fig. 2). The tungsten
atoms are in the pentavalent state and have the d'
configuration. The W-W distance within the edge sharing
octahedra was found to be 2.99 A, which is about 0.9 A

shorter than in the ® configurated NbOCI5. The tungsten
atoms are placed in the mirror plane perpendicular to the
c-axis together with the chlorine atoms, so planar W,Clg
units result. All atoms were refined with anisotropic
displacement factors. The displacement component of the
W atom in direction of the c-axis does not show any
unusual features which underlines that W actually is
located in the mirror plane. The W-O-W bridges are
equidistant but with an angle of 172.9(6)° not linear. In
contrast the structure of NbOCI; contains polar strands:
the niobium atoms are shifted out of the centres of the
NbO,Cl; octahedra towards one of the oxygen atoms,
therefore the Nb---O-Nb bridges along the strands are of
alternating lengths. The length of the c-axis of 3.95A
corresponds to the distance Nb---O-Nb, and is about 0.1 A
longer than in WOCI;.

The distance of the tungsten atoms to the terminal Cl
atoms CI(2) is 2.29 A which is much shorter than the
distance to the bridging atoms CI(1) of 2.42 A. Compared
with NbOCI;, the difference in the W—Cl bond lengths
between terminal and bridging Cl atoms is slightly larger in
the niobium compound [3]. Other significant differences in
geometrical details in the structures of NbOCl; and WOCI,
are present in the CI-M-Cl angles. The angle

Fig. 2. Sections of the chains of edge-sharing [M>04/,Clg] groups in the
structures of NbOCI; (left) and WOCI; (right). Thermal ellipsoides are
drawn at the 50% probability level. Selected distances//& and angles/:
W-W' 2.992(2), W-0, W-0O' 1.9305(7), W-CI(1), W-CI(1') 2.417(4),

W-Cl(2), W-CI2%) 22973), O-W-O', W-O-W' 172.9(6),
CI(1)-W-CI(1")  103.53(14), CI(2)-W-CI(2") 88.6(2), W-CI(1)-W'
76.47(14). Symmetry operations: i = —x, —y, z; ii =y, x, —z; iil = X, y,

—1+z.
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CI(1)-W-CI(1) is larger than 90° and the angle W—CI(1)-W
is smaller than 90°, while in the structure of NbOCl; the
situation is vice versa. The same holds for the angle
Cl1(2)-W-CI(2), which is contracted in case of WOCI; and
enlarged in case of NbOCI;. These comparisons indicate
the presence of attractive M—-M forces in WOCI; and
repulsive M—M forces in NbOCl5.2

Schéfer and v. Schnering proposed an empirical law for
the interrelation between bond length and bond strength
for complexes with M—M bonds [22]. The relative shift of
the metal atoms out of the centres of the idealized edge
sharing coordination octahedral determines the bond
strength.

d(M - M)ideal - d(M - M)experimental

Ad/d =
/ d(M - M)ideal

(4)

The “ideal” M-M distance is defined by
dM — M)y, = d(M — X)v/2. The mean metal-halogen
distance M—X for WOCI; is d(M-X) = 2.344 A and the
experimental M-M distance is 2.99 A. One obtains
according to Eq. (4) a value for Ad/d = +0.098. The small
but positive value indicates a weak bond between the two
tungsten centres. For NbOCl; (d(M-X)=2.410 A,
d(M—M) = 3911 A) a value of Ad/d = —0.148 is obtained,
indicating repulsive interactions. The magnetic properties
of WOCI; has been measured by Crouch et al. [6]. The
magnetic moment decreases from 0.53 B.M. at 323K to
0.25 B.M. at 109K and diminishes strongly to 0.07 B.M.
when temperature is lowered to 79K. The magnetic
moment is much lower than expected for a single unpaired
electron. WOCI; is probably an antiferromagnet with a
Neél temperature above 323 K. At ambient temperature
strong spin pairing and a W-—W single bond is present.

The magnetic behaviour of WOI; is similar to that of
WOCI; (perr = 0.24 B.M. at 583K; 0.15 B.M. at 90 K), the
W-W distance is 3.11A, the respective angles Iicrmina—
W_Iterminala W_Ibridge_w and Ibridge_W_Ibridge are 84~509
70.2° and 109.8°. The distortions from rectangularity are
stronger than in the structure of WOCI;. It is unusual
that the W—Icimina bonds (2.730 A) are longer than the
W-Tprigge bonds (2.697 A).

Another compound containing pentavalent tungsten and
the structural feature of edge sharing double octahedra is
WCls [23] which is isotypic to a-NbCls [24]. Despite the
tungsten atoms have a d' configuration as in WOCI; no
W-W bond is present indicated by a long W—W distance of
3.814 A (0-NbCls: 3.962 and 3.969 A, B-NbCls: 3.988 A).
This is in line with the paramagnetic behaviour and the
magnetic moment, which was found to be pegr = 1.01 pg [25].

It was noted by Cotton et al.““...when two octahedra are joined
without distortion, on a common face or edge, the metal atoms make a
contact that is repulsive in the absence of M-M bond formation.
Therefore, if no bond is formed, the repulsion should lead to changes that
reflect the repulsive force: the (u—L)-M—(u—L) angles should decrease
while the M—(u—L)-M angles increase.” [32].

3.3. Crystal structures of Tly.og[ W>0,Cls] and
Ko.34/ W20:Cls]

Tly.95[W-0,Clg] and Ky g4[W-0,Cl¢] crystallize isotypi-
cally in the monoclinic space group C2/m. Table 2 contains
the crystallographic data. The structures are made up of
distorted WO,Cl,; octahedra which are connected via a
common edge of two Cl atoms forming W,04Clg units.
These units are connected via almost linear W-O-W
bridges of the trans positioned O atoms to infinite
CI,O[W204/2C16] strands running along the crystallographic
b-axis. A twofold symmetry axis is running through the
strands bisecting the common edge of the coordination
octahedra. Since the W atoms and all six Cl atoms are
located in mirror planes perpendicular to the b-axis the
strands have 2/m symmetry but the deviation from the ideal
mmm symmetry is small.

In the structure refinement of Tlyog[W,0,Clg] the
occupation factor of the Tl atom showed a small but
significant under-occupation. The respective values of the
occupation factors obtained from the low temperature data
collected at 210 and 140 K were 0.9815(14) and 0.979(2),
together with the value obtained at 295K data an averaged
value of 0.981(2) is obtained. Two additionally examined
crystals from different reaction batches showed a full
occupation but the overall data quality was much poorer.
For Kgg4W>0,Clg] the under-occupation of the K site is
much more pronounced. Electron beam stimulated X-ray
emission spectroscopy on several different crystals showed
a constant K:W ratio of 0.40(3):1 and no variation of this
ratio along the needle axes of the crystals could be detected.
The occupation factor of the K atom converged in the
structure refinement to a value of 0.84(2) in good
agreement with the EDX analysis.

The LO[W204/2C16] strands are negatively charged. One
has to assume that the valence of the tungsten atoms
balances the charges. Since the two W atoms in each strand
are crystallographically equivalent by a twofold axis they
are of mixed valence and only an averaged oxidation state
for the W atoms can be given. So Tl 9g[W,0,Clg] contains
formally W' *°! and K, g4/ W»0,Clg] contains W 4%,

The éO[WZOWClg] substructure in both compounds is
equivalent to the double strands in the structure of WOCI;
but some significant bond length differences are present.
Both, the W-W and the W-O bond are shortened by 0.1
and 0.04 A indicating a stronger W—W bond in the
quaternary compounds. The bonds between the tungsten
atoms and the terminal chlorine CI(2) and CI(3) atoms are
elongated by 0.1A as a consequence of the electrostatic
potential of the TI" and K" cations which influence only
these Cl atoms. The TI" and K™ cations are coordinated
by eight terminal Cl(2) and Cl(3) atoms in form of a
distorted cube. The respective distances are for
Tlo os[W>0,Clg] 4 x 3.3375(9) A (CI(2)) and 4 x 3.2010(9)
(CIR3) A, for KgsaW»0,Clg] 4 x3.219(5)A (Cl(2)) and
4 x3.073(4) (Cl(3))A. The cations are located between the
LO[W204/2C16] strands and connect the strands to layers in
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the b—c plane (Fig. 3). The ionic radius of K" (1.65 A) is
slightly smaller than the radius of T1" (1.73 A) [26]. The
lattice constant b, which corresponds to the direction of the
one-dimensional W,04,,Clg strands, has the same length in
both compounds. The smaller size of the K ion leads to a
significant shortening of the c-axis, which represents the
direction perpendicular to the strands, by 3.5% with
respect to the Tl containing compound.

The thermal motion of the thallium atom in the structure
of Tly o3| W-0,Clg] determined on the basis of diffraction
data collected at ambient temperature is relatively large as
can be seen by a voluminous displacement ellipsoid, which
has its strongest eclongation perpendicular to the layers
(Fig. 3). We determined the crystal structure additionally at
210 and 140 K, but no phase transition or ordering of the
Tl atom on closely neighboured sites was observed. A
comparison of the lattice constants shows that the b-axis is
almost invariant on lowering the temperature while the a-
and c-axes each shrink by about 0.5% between 295 and
140K. Fig. 4 shows the temperature dependence of the
coefficients of the principal axes R(i) of the thermal
displacement of the Tl atom in the structure of

Tly 05l W,0,Cl¢]

Tl og[ W-0,Clg]. While the components R(2) and R(3)
can be extrapolated linearly to values of about zero at 0 K
and thus indicate regular thermal behaviour, the compo-
nent R(1), pointing mainly along the a-axis, shows a non-
linear dependence on temperature, possibly caused by
anharmonic vibration contributions.

3.4. Crystal structure of Pby ss| W>0,Cls]

Pby 55fW,0,Clg] crystallizes in the orthorhombic space
group Immm and is isostructural to Na[W,0,Br¢] [10]. The
structure refinement showed the site of the Pb atom to be
under-occupied with a factor of 0.549(3), which is in good
agreement with the Pb:W ratio of 0.45(2):2 obtained by
EDX analysis. The structure contains }X)[W204/2C16]_
strands connected by Pb> " ions to layers in the a—b plane
(Fig. 3). Due to the orthorhombic symmetry the W,04,,Clg
double octahedra have mmm symmetry with the conse-
quence that the two different terminal Cl atoms in the
structures of Tl and K analogue are here symmetrically
equivalent. The W—O-W bridges are almost linear. The Pb
atoms are coordinated by eight Cl atoms. The coordination

Fig. 3. The crystal structures of Tl 95[W>0,Clg], Pbg s5[W>0,Clg] and Hgg ss[W,0,Clg], each depicted in a view along the W,0,Clg strands (left) and
sections of two neighboured strands showing the coordination of the cations (right). The displacement ellipsoids represent a probability level of the atoms

of 70%.
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Fig. 4. Temperature dependence of the principal axes R(i)//a%2 of the
thermal displacement of the Tl atom in the structure of Tlg 9g[W,0,Clg].
The displacement coefficients of the components R(2) and R(3) can be
extrapolated linearly to values close to zero at 0 K, while the coefficients of
the component R(1) can only be extrapolated to zero at 0 K assuming a
non-linear function. A linear extrapolation is also drawn with a dotted
line.

polyhedron has mmm symmetry and represents an only
slightly distorted cube with eight equal Pb—Cl distances of
3.039(1)1&. A cube-shaped coordination environment is
rarely found for halogeno plumbates and has been
described only for PbF, [27]. With an occupation factor
of 0.55 approximately every second Pb site is occupied
giving the W atoms the oxidation number +4.45. Since the
Pb ions carry two charges it is very unlikely that direct
neighboured sites are occupied by Pb>* with a distance of
only 3.766 A (the length of the a-axis). Thus, an alternating
occupation of every second site is most probable. The
superstructure reflections one can expect from this occupa-
tion were not observed in the diffraction diagrams. What
can be understood by the assumption is that within every
column of face sharing PbClg cubes along the «-axis
ordering is present but there is no coherence between these
columns which are widely separated in the crystal.

3.5. Crystal structure of Hgg 55/ W>0,Cls]

Hg( s5s]W>,0,Cl¢] belongs to the monoclinic system and
crystallizes in the space group C2/m. The basic building
blocks in this structure are the one-dimensional
LO[W204/2C16] strands and Hg>" ions coordinated by the
terminal Cl atoms of the negatively charged W,04,Clg
groups. The occupation factor of the Hg atom refined to
0.277(3) which is in excellent agreement with the Hg:W
ratio of 0.53(6):2 found by EDX analysis. The oxidation
state +4.45 for the W atoms is identical to the Pb
containing compound. A profound structural difference
exists to the monoclinically crystallizing congeners
Tngg[WzOzClﬁ] and K0_84[W202C16]. Neighboured strands
which are bound together by Hg ions to a layer are not
located at the same height with respect to the W,Clg plane
as observed for the Tl and K containing compounds but
are alternating shifted in the direction of the strands by one

W-0 unit (Fig. 3). This strongly influences the coordina-
tion environment of the Hg atoms which do not have a
cuboidal but rather a trigonal-prismatic coordination by
six Cl atoms. The Hg-Cl distances (2.492(6), 2.594(5),
2 x 2.752(4), 2 x 2.885(4) A) are separated in two groups of
two short and four longer weak bonds indicating the
distortion of the trigonal prism. Due to the low occupation
factor of the Hg site only about one quarter of the Hg sites
are actually occupied. The centres of gravity of neigh-
boured trigonal prisms are only 1.983 A apart. So it is
impossible that directly neighboured positions are occupied
by Hg?* ions. Also the presence of Hg(I) can be ruled out.
Since the distances between the Hg positions are shorter
than the Hg-Hg distance in Hg3 " these dumb-bells cannot
fit into the cavities and no Hg3 " molecules are present in
the structure.

3.6. Crystal structure of Agp.s[ W>O,Brgs]

Ago 74l W>0,Brg] was reported in 1998 by Perrin et al. to
crystallize in the triclinic space group P1 [11]. The
application of the transformation (120, 100, 111) converts
the reported cell to a monoclinic cell with the lattice
constants a = 13.696; b =3.766; c¢=10.769 1&; o=
90.111°% B =112.445° 7y =89.963°. This cell is perfectly
in line with the monoclinic crystallizing compounds
reported in this work. Additionally, a search for missing
symmetry showed that the symmetry of the arrangement of
the atoms in the transformed cell belongs to the space
group C2/m with very small deviations. So we redeter-
mined the crystal structure and found that Ag;_.
[W>0,Br¢] in fact belongs to the monoclinic system. The
structure is isotypic to Hggs5sfW»0,Clg] and contains
éo[W204/2Br6] strands which are isostructural to the Cl
containing strands except the significant longer W-W bond
of 2.968 A, which corresponds to the W-W bond in
Na[W,0,Brg] (2.946A [10]) but is shorter than the W-W
bond in WOI, (3.103A [5]). The occupation factor of the
Ag atom refined to 0.395(6) which is in good agreement
with the Ag:W ratio found by EDX analyses of averaged
0.75:2.

3.7. Magnetic properties of Agop.s[ W>O>BrsJand
Hyy.55[ W>0:Cls]

Crystals of Agg[W,0,Brg] were measured applying
three magnetic fields (1, 3 and 5T). The 3 and 5T data
are nearly identical. Because of the slight field dependence,
in Fig. 5 the 5T data are represented. The reason of the
slight field dependence is probably a small ferromagnetic
impurity. Crystals of Hgg 55]W»0,Clg] were measured only
at 1 T, therefore a field dependence is not known. No Curie
or Curie-Weiss type paramagnetism is observed. Instead
the molar susceptibilities are actually temperature inde-
pendent. The observed temperature independent Pauli
paramagnetism for both compounds is small and varies
only slightly around 300 x 10 ®cm®mol ' but is obviously
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present. Even if the estimation of the diamagnetic
increments was largely erroneous, the molar susceptibilities
are staying positive.

3.8. Electrical conductivity of Hgg ss[ W>0,Cls]

The conductivity of a pressed powder sample of
Hgg 55/W-,0,Clg] obtained by a four-probe measurement
applying direct current was 0.053Q 'cm™! at room
temperature and 0.016 Q" cm™" at 135K (Fig. 6). Reliable
specific conductivity values cannot be given since the
contribution of grain boundary effects on the resistance of
the sample is unknown. Sintering of the pellet was not
possible due to the temperature sensitivity of the com-
pound.

An Arrhenius plot of —In(o) against 1000/7 (Fig. 6,
inset) shows a temperature dependence for the activation
energy of the conduction process. Between ambient
temperature down to 235K the conductivity linearly
decreases with temperature and an activation energy of
0.03 eV is obtained. At lower temperatures, the compound
shows a diminishing gap which is typical for a variable
range hopping (VRH) mechanism of the conductivity.
Probably the conductivity occurs only along the one-
dimensional strands. The percolation threshold for such a
system is 100%, so all bonds in the strands have to be
intact for showing the “‘theoretical”’—probably metallic—
conductivity. Since the measurement was done on a
pellet of grinded crystals disrupting of the strands and
lattice distortions as a result of mechanical bending of the
crystals leads to an activation energy for the conduction
process to appear. So a final decision whether the
conductivity is semi-conducting or metallic cannot be
made. Similar effects were observed in case of the
Krogmann’s salts [28].
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Fig. 5. Temperature dependence of the molar susceptibilities of Aggg
[W,0,Brg] and Hg 5s]W,0,Clg] in an external magnetic field of Hy = 5
and 1T, respectively.
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Fig. 6. Temperature dependence of the electrical conductivity for
Hgo.s5[W20,Clg] in the temperature range 295-135K. From the linear
part of the Arrhenius plot (inset) an activation energy of 0.03eV is
obtained.

4. Conclusion

Tungsten oxide trihalides WOCI; and WOBr; show a
particular reactivity to form non-stoichiometric quaternary
compounds M;_,[W,0,X,] with monovalent and divalent
cations M. The structures of the respective compounds
with M =Na™ [10], Ag® [11], K*, TI", Pb*" and Hg*"
are closely related despite they are not isotypic and show
specific differences which are mainly triggered by the
coordination demands of the cations. As a common
structural ~ feature the  one-dimensional  strands
;[W204/2X4X2/2] from which WOCI; and WOBr; [29]
are made up are present in all structures. A different
relative arrangement of these strands is present and makes
the structures of TI" /K™ different from those of Na™/
Pb>" and of Hg’*/Ag™. A short W-W bond is another
common feature, shorter than the bond in WOCI;. The
application of Eq. (4) to all representatives shows clearly
that a W—W bond is present with an increment Ad/d two
times higher in comparison to WOCI; (Table 5) [30]. The
compounds are all of mixed valence, the tungsten atoms
having an oxidation state between +4 and +5. Since the
two W atoms of the dimeric units are in all cases
crystallographically identical, a Robin-Day class-III
mixed-valence [31] has to be assumed with no barrier to
electron transfer between the two centres. The partial
reduction of W(V) to the mixed valence (IV/V) state
contracts significantly the W—O bonds along the strands
from 1.93 A in WOCI; to 1.88 A. Since no paramagnetism
was detected, one has to assume that the additional
electrons are delocalized, probably along the ~-W-O-W-
bonds. The high electrical conductivity and the very low
energies for the thermal electron activation characterizes
the compounds of the M;_,[W,0,X¢] family as one-
dimensional semi-metals or even metals.



J. Beck et al. | Journal of Solid State Chemistry 179 (2006) 2298-2309 2309

We started our work with the systematic exploration of
the reactivity of WOCI;. In a forthcoming article we will
report on further investigations with special emphasis on
the Cu containing representatives.

5. Supporting information

The crystallographic files in cif format have been
deposited with the FIZ Karlsruhe under the CSD numbers
416393 for WOCI;, 416392/416391/416390 for Tlyog
[W,0,Clg] at 293/210/140K, 416388 for Kg g W,0,Clg],
416389 for Pbyss[W,0,Clgl, 416387 for Hgg 55{W-0,Clg],
416386 for Agyg[W,0,Br¢]. The data may be obtained free of
charge by contacting the FIZ Karlsruhe via Fax at Intl. +49
7247 808 666 or via E-mail at crysdata@fiz-karlsruhe.de.
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