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A B S T R A C T

Crystals of a new arsenic tungsten-molybdenum oxide, AsO[(W,Mo)O3]13, have been grown through vapour
phase transport at high temperature (1123 K). The crystal structure was investigated by combining electron and
single-crystal X-ray diffraction techniques, electron microprobe chemical analysis and X-ray absorption spec-
troscopy. Single-crystal XRD yielded the orthorhombic unit-cell parameters a ¼ 25.0895, b ¼ 7.3061, c ¼ 3.9089
Å. Although electron diffraction indicated a doubled translation along [001], superstructure reflections were
undetectable with X-ray diffraction so that only the average structure (sub-cell) was determined. The most reliable
structural model was obtained in the P222 space group (R1 ¼ 6.96%). It exhibits an octahedral framework which
forms six-octahedra thick perovskite slabs (PTB) alternated to single hexagonal tungsten bronze (HTB) modules,
indicating that the compound corresponds to a (6)-ITB phase. As3þ was found to be disordered on two off-centred,
symmetry-related sites into the hexagonal channels with the typical pyramidal AsO3 geometry. This is in
agreement with the results of the extended X-ray absorption fine structure that indicate an As–O bond distance of
1.77 Å. The ordered distribution of As within the tunnels, likely related to the doubling of periodicity along [001],
could not be determined.
1. Introduction

Tungsten bronze oxides (TBOs) are a large group of non-
stoichiometric compounds with general formula AxWO3 (0 < x � 1),
where A is a mono-, di-, or tri-valent cation hosted in the open cavities of
three-dimensional frameworks built upon corner-sharing of WO6 octa-
hedral units. In the last decades they have been extensively investigated
for their peculiar structures, compositional variability, and potential
applications. TBOs are recently gaining increasing interest as functional
materials for different applications: in catalytic reactions [1–5], in op-
toelectronic devices [6], as electrodes in supercapacitors [7,8], and for
the production of energy-saving window glasses [9–11].

Until 1953, only three structural types of the TBOs were known: the
perovskite (PTB) [12], the tetragonal (TTB) [13,14] and the hexagonal
(HTB) tungsten bronzes [15,16]. The fourth type, discovered only later
[17], can be considered as a merge of two of the aforementioned struc-
tural types (PTB and HTB) and therefore named intergrowth tungsten
della Terra, Universit�a degli Stud
djil).
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bronze (ITB).
In comparison to the other types of TBOs, ITB structures show a

greater structural variability related to different sequences of PTB and
HTB modules leading to a larger variety of chemical elements which can
be accommodated. Hussain et al. [17,18] proposed a convenient desig-
nation to classify the ITB structures into three main categories, denoted
as follows: (i) (n)-ITB (observed for n¼ 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 [17,
19–24]) when a single HTB slab alternates with PTB slabs of n rows of
MO6 octahedra (M: W, Mo, Nb, etc.); (ii) (1,n)-ITB (obtained with 2� n�
14 [25–29]) when the HTB module is double, i.e., comprises two rows of
hexagonal tunnels; (iii) (1,1,n)-ITB (obtained with 3 � n � 7 [30,31])
when the HTB module includes three rows of hexagonal tunnels. Indeed,
more notations are possible. Following the same reasoning, ITB struc-
tures containing four or five rows of hexagonal tunnels [25] have to be
denoted as (1,1,1,n)- or (1,1,1,1,n)-ITB phases, respectively.

A study on a series of several (n)-ITB molybdenum-bronze oxides,
with 2 � n � 5 and As3þ located in off-center positions inside the
i di Firenze, via G. La Pira 4, I-50121, Firenze, Italy.
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Table 1
EMPA data for the (6)-ITB compound.

Avg. 4 point analyses (wt.%) Range

WO3 69.78 68.98–70.20
MoO3 26.97 26.69–27.65
As2O3 3.40 3.36–3.45
Total 100.15 100.05–100.35

Norm. (Mo þ W) ¼ 13

W 8.01
Mo 4.99
As 0.91

Table 2
Crystallographic data, experimental details and structure refinement parameters
for the (6)-ITB compound AsO(W0.62Mo0.38O3)13.

Crystal data

Chemical formula AsO(W0.62Mo0.38O3)13
Crystal system, space group Orthorhombic, P222 (#16)
Temperature (K) 293
a, b, c (Å) 25.0895(17), 7.3061(4),

3.9089(3)
V (Å3) 716.53(8)
Z 1
Radiation type MoKa (λ ¼ 0.71073 Å)
Crystal size (mm) 0.04 � 0.03 � 0.02

Data collection
Diffractometer Oxford Diffraction Xcalibur 3
Absorption correction Multi-scan
No. of measured, independent and observed [I >
2σ(I)] reflections

8116, 2517, 1476

Rint 0.071
(sinθ/λ)max (Å�1) 0.765

Refinement
R[F2 > 2σ(F2)], wR(F2), S 0.070, 0.205, 1.04
No. of parameters 79
No. of restraints 0
Δρmax, Δρmin (e Å�3) þ11.7, �6.8

Table 3
Fractional atomic coordinates and isotropic (*) or equivalent isotropic
displacement parameters (Å2) in the structure of the (6)-ITB compound.

Site x y z Ueq/Uiso

M1 0.07335(4) 0.2507(2) 0.4243(3) 0.0108(3)
M2 0.22044(4) 0.2476(2) 0.5743(3) 0.0104(3)
M3 0.36865(4) 0.2540(2) 0.4278(3) 0.0091(3)
M4 ½ 0 ½ 0.067(2)
As ½ 0.390(1) ½ 0.044(4)
O1 0.239(1) 0 ½ 0.04(1)*
O2 0.2994(8) 0.298(3) 0.486(5) 0.021(5)*
O3 0.2236(9) 0.252(3) 0.008(7) 0.037(6)*
O4 0 0.289(4) ½ 0.023(7)*
O5 0.3728(8) 0.245(3) 0.986(5) 0.030(5)*
O6 ½ 0 0 0.03(1)*
O7 0.393(1) ½ ½ 0.016(6)*
O8 0.0739(7) 0.249(3) 0.990(7) 0.035(6)*
O9 0.1497(7) 0.209(3) 0.503(5) 0.024(5)*
O10 0.4490(8) 0.185(3) 0.503(6) 0.025(5)*
O11 0.363(1) 0 ½ 0.029(8)*
O12 0.088(2) ½ ½ 0.05(1)*
O13 0.212(2) ½ ½ 0.07(1)*
O14 0.063(2) 0 ½ 0.07(1)*
O15 ½ 0.43(1) ½ 0.10(3)*

Note: s.o.f. are the following: M sites¼ 0.62Wþ 0.38Mo; As¼ 0.50 Asþ 0.50□;
O15 ¼ 0.50 O þ0.50 □
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hexagonal tunnels, was recently reported [24]. In the ensuing search of
new ITB phases in the As–W–Mo–O system, we recently obtained a new
2

compound, likely belonging to the ITB family, as inferred from a com-
parison of its unit-cell and those of the (n)-ITB previously studied (e.g.
Zakharov et al. [32], Iglesias et al. [33], Klingstedt et al. [34]). In
particular, analogies with the unit cell reported by Steadman et al. [19]
for the orthorhombic Sn4W24O76 compound, which was described in its
basic structural pattern and shows six-octahedra thick slabs, hinted at a
possible synthesis of a (6)-ITB structure, a member of the ITB family
lacking a full structural characterization.

To increase the knowledge of the (n)-ITB family, a structural study of
this compound was carried out combining X-ray and electron diffraction
data with electron microprobe analysis and X-ray absorption
spectroscopy.

2. Materials and experimental methods

2.1. Synthesis and sample identification

As2O3 (99.5%, Sigma-Aldrich), MoO3 (99.5%, Fluka), WO3 (99.99%,
Sigma-Aldrich) and W-metallic powder (99.9%, Alfa Aesar) were mixed,
in equimolar ratios, ground in an agate mortar and then charged in a
quartz ampoule to be torch-sealed under vacuum (base pressure P ¼
10�4 mbar). Crystals of the studied compound were grown through
vapour phase transport (VPT) method. The sealed tube (5 and 100 mm in
diameter and length, respectively) was placed in a horizontal two-zone
tubular furnace, heated initially at T ¼ 873 K, and left for 12 h. Subse-
quently, the temperature of the furnace was increased at the rate of 50 K/
h and kept for a week at T ¼ 1123 K, which fits the temperature range
(1073�1223 K) where the ITB compounds with W component are
observed to form. After the synthesis took place, the temperature of the
furnace was slowly decreased, cooled at 10 K/h down to T ¼ 673 K
followed by quenching at room temperature.

From the bottom of the reaction tube, two types of crystal (black and
violet in colour) were recovered. The chemical composition of both black
and violet crystals was preliminarily assessed on unpolished crystal
fragments by SEM/EDS using a ZEISS EVO MA15 scanning electron mi-
croscope equipped with an Oxford ULTIM MAX 40 mm2 EDS detector,
operating with an accelerating voltage of 15 kV and a current of 0.7 nA.
The EDS spectra indicate that the same elements (As, W, Mo and O)
characterize the two phases, but with different relative amounts; in
particular, the W/Mo ratio is higher in the black crystals. SEM images of
the two types of crystals are shown in Fig. S1 (see supporting information
file).

Unit-cell parameters for both types of crystals were determined using
a Bruker D8 Venture diffractometer equipped with a Photon II CCD de-
tector and graphite-monochromatized Mo Kα radiation. Unit-cell pa-
rameters for violet crystals are a ¼ 20.27, b ¼ 7.20, c ¼ 3.99 Å, α ¼ β ¼ γ
¼ 90�, quite similar to those found for (AsO)(MoO3)5 [24] and thus
indicating a (2)-ITB structure. On the other hand, the measured cell di-
mensions for the black crystal are a¼ 25.12, b¼ 7.32 and c¼ 3.91 Å, α¼
β ¼ γ ¼ 90�, thus pointing to a likely new (6)-ITB phase. For this reason,
the following experimental techniques and relative results deal with this
phase only.

The occurrence of two ITB structural types in the bulk sample is also
verified through powder diffraction analysis, see Fig. S2.

2.2. Electron microprobe analysis

Chemical composition was carried on selected crystals embedded in
epoxy resin, polished with diamond paste down to 0.25 μm and then
coated with a ~28 nm-thick graphite layer using a JEOL-JXA-8230 WD-
ED electron-probe microanalyzer (EMPA). Operating conditions were as
follows: 20 kV accelerating potential, 50 nA beam current, 1 μm beam
diameter and 15 s as counting time for each element. The quantitative
analysis was performed on the basis of intensity measurements of Lα1 X-
ray emission lines of W, Mo and As. W, Mo and GaAs were used as
standards. Raw data were corrected for matrix effects using the ΦρZ



Table 4
EXAFS multiparameter fit details.

Sample S02 N R (Å) σ2 (Å2) ΔE0 D.T. (K)

As–O Arsenolite 0.8(1) 3 1.79(1) 0.002(1) 2.9(1.4) 240(18)/276(19)
As–O (6)-ITB 0.9(1) 3 1.77(2) 0.0010(5) 2.9

Notes: S02 ¼ Many Body amplitude reduction factor, N ¼ path degeneracy, R ¼ path length, σ2 ¼ Debye-Waller factor, D.T ¼ Debye Temperature. Interatomic distances
for arsenolite shells higher than the first one vary within 0.01 Å (relative value) with respect to the model of Ballirano and Maras [46].

Fig. 1. Polyhedral representation of (a) unit-cell structure and (b) structural
model of the (6)-ITB AsO[(W,Mo)O3]13 compound down [001]. Oxygen atoms
are drawn as red circles, and the partially occupied As and O15 are depicted in
green/white and red/white, respectively. MO6 octahedra are given in blue. The
enlarged circular view (right) shows the hexagonal channel where As adopts the
typical pyramidal geometry. (c) Detail of the As–O configuration inside the
channel (view down [104]): average configuration (left) and possible ordering
scheme (right).

Table 5
Bond distances (Å) and distortion parameters in the structure of the (6)-ITB
compound.

Atom—O Bond distance (Å) Atom—O Bond distance (Å)

M1—O8 1.70(3) M3—O5 1.73(2)
M1—O14 1.873(7) M3—O2 1.78(2)
M1—O12 1.882(8) M3—O11 1.882(3)
M1—O4 1.885(4) M3—O7 1.922(9)
M1—O9 1.96(2) M3—O10 2.10(2)
M1—O8 2.21(3) M3—O5 2.18(2)
<M1—O> 1.920 <M3—O> 1.934
λ 1.024 λ 1.028
σ2 61.7 σ2 74.2

M2—O3 1.70(3) M4—O10 ( � 4) 1.86(2)
M2—O9 1.82(2) M4—O6 ( � 2) 1.9545(2)
M2—O13 1.877(5) <M4—O> 1.892
M2—O1 1.893(9) λ 1.002
M2—O2 2.04(2) σ2 3.7
M2—O3 2.21(3)
<M2—O> 1.923 As—O10 ( � 2) 1.97(2)
λ 1.028 As—O15 1.97(1)
σ2 69.6

Note: Distortion parameters (mean quadratic elongation λ and angular distortion
σ2) calculated according to Robinson et al. [48].
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method of the JEOL series of programs. On the basis of 13 octahedral
cations, the average chemical composition (Table 1), yields the formula
As0.91W8.01Mo4.99O39.
2.3. X-ray diffraction study

X-ray data collection was carried out by means of an Oxford
Diffraction Xcalibur 3 diffractometer equipped with a Sapphire 2 CCD
detector on a minute black crystal. Intensity integration and standard
Lorentz-polarization correction were performed with the CrysAlis RED
[35] software package. The program ABSPACK in CrysAlis RED [35] was
used for the absorption correction.

Unit-cell parameters are a ¼ 25.0895(17), b ¼ 7.3061(4), c ¼
3.9089(3) Å; α ¼ β ¼ γ ¼ 90.00�. A total of 8116 reflections was merged
in the mmm Laue class (Rint ¼ 0.071). No systematic extinctions were
observed. Attempts to solve the structure were then carried out in the
P222, Pmm2, Pm2m, P2mm and Pmmm space groups by means of SHELXS
3

[36]. Despite the statistics on normalized structure factors indicated a
centrosymmetric space group (|E2�1| ¼ 1.23), a reliable model was
obtained in the P222 space group. To check for possible higher symme-
try, the ADDSYM algorithm in the PLATON program [37] was used. No
additional symmetry with a plausible structural model was found.

Three independent metal sites (M1, M2, M3) were found at 4u and
one (M4) at 1f Wyckoff position. The site occupancy factor (s.o.f.) at the
octahedral M sites was refined using scattering curves (W vs. Mo) for
neutral atoms taken from the International Tables for Crystallography
[38]. Due to the high correlation values among occupancies of the four M
sites a unique free variable for all the M sites was refined. The crystal was
refined as a merohedral twin. Partially-occupied As site was found at the
2pWyckoff position, 0.80 Å away from the two-fold symmetry axis along
the [100] direction, suggesting a possible two-fold superstructure. Thus,
the occupancy of As was fixed to 0.50. An anisotropic model was adopted
for M and As while all the O atoms were kept isotropic (R1 ¼ 6.99% for
1476 reflections with Fo > 4σ(Fo)). The highest peaks on the ΔF map
were observed at ’0.7 Å from the M4 site. A further residual peak
(Wyckoff: 2o) was found and refined as half-occupied oxygen position,
thus completing the As coordination. Attempts to refine the average
structure in a lower symmetry (i.e. P2 space group) did not lead to define
the As ordering. Several crystals were then used to check for the presence
of superstructure reflections but no reliable supercells were observed.

Details on data collection and refinement are reported in Table 2.
Atomic coordinates and displacement parameters are given in Table 3.
Further structural details are provided in the CIF available from the
Cambridge Crystallographic Data Centre with CCDC number: 2232294.
2.4. Electron diffraction

To check the possible presence of superstructure reflections in the (6)-
ITB phase a transmission electron microscopy study was carried out.



Fig. 2. SAED pattern oriented along [010] of an or-
dered domain of the AsO[(W,Mo)O3]13 compound.
The sketch at the right-upper corner of the picture
shows the different unit-cell choices (direct space)
corresponding to those lined in the square detail
(yellow lined) of the SAED pattern (reciprocal space):
the P monoclinic (am ¼ 26.5, bm ¼ 7.3, cm ¼ 7.8 Å and
b ¼ 97.8�, in red) and the B-centred orthorhombic, or
pseudo-orthorhombic, (ao ¼ 52.5, bo ¼ 7.3 and co ¼
7.8 Å, in blue) supercells as observed by ED, together
with the orthorhombic subcell (a ¼ 25.0895, b ¼
7.3061, c ¼ 3.9089 Å, in pale green) as determined by
SC-XRD.
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Few selected crystals were crushed between microscope glass slides
and then transferred to a holey carbon-coated copper grid by gently
rubbing the grid onto the surface of the glass substrate. The grains were
analysed combining transmission electron microscopy (TEM), in-zone
selected-area electron diffraction (SAED) and 3D electron diffraction
(3D-ED) [39].

Conventional TEM, SAED and 3D-ED analyses were performed at
room temperature with a JEOL JEM-F200 Multipurpose TEM, working at
200 kV and equipped with a Schottky field emission gun (FEG). TEM data
were acquired by a Gatan RIO-16 CMOS camera. Diffraction data were
recorded at room temperature by an ASI Cheetah hybrid-pixel detector
working in sequential mode at 24bit. 3D-ED data were collected in
sequential steps of 1�, with a nano-beam of about 40 nm obtained by
inserting a 10 μm condenser aperture. The beam was precessed by a
NanoMEGAS Topspin device, with a precession semi-angle kept at 1�.
Exposure time for each 3D-ED pattern was 1 s. Camera length for both
3D-ED and SAED was 250 mm, equivalent in the direct space to a
maximum resolution of about 0.75 Å. 3D-ED data were analysed using
the software PETS2 [40].

SAED and 3D-ED revealed extra reflections that double the period-
icity along the c axis, giving rise to a B-centred orthorhombic, or pseudo-
orthorhombic, unit cell with a¼ 52.5, b¼ 7.3, c¼ 7.8 Å, α¼ γ ¼ 90�, β ’
90.7�. The corresponding primitive lattice results in a monoclinic unit
cell (a ¼ 26.5, b ¼ 7.3, c ¼ 7.8 Å and β ’ 97.8�). Nevertheless, due to the
high error in cell angle determination intrinsic to the technique as well as
the presence of diffuse scattering which considerably affects reflection
intensities, it was not possible to discriminate with confidence between
monoclinic or orthorhombic symmetry.

2.5. X-ray absorption spectroscopy (XAS)

X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) were carried out on a 1.3 cm pellet
made of 50 mg of cellulose and ca. 7 mg of powder (sufficient to keep the
total absorption μ < 1.5 at both measured absorption edges) of (6)-ITB
crystals selected under the optical microscope. The experiment was
performed at BM08 “LISA” CRG beamline at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France [41]. Data were collected
4

at As K-edge (11866.7 eV) and W LIII-edge (10206.7 eV). The sample was
measured at room temperature using a pair of Si (111) flat crystals.
Higher harmonics rejection was obtained through Si coated collima-
ting/focusing mirrors (with Ecutoff ~15 keV). Spectra of GaAs, metallic
tungsten (W), arsenolite (As2O3) and tungsten trioxide (WO3) were also
measured for comparison.

Standard procedures for raw data treatment [42] and merge of mul-
tiple spectra were followed using the software ATHENA [43]. For the
EXAFS fits of arsenolite and the (6)-ITB compound, model atomic clusters
centred on the absorber atom were obtained by ATOMS [44]; theoretical
amplitude and phase functions were generated using the FEFF8 code [45]
starting from the coordinates reported by Ballirano and Maras [46].
EXAFS spectra were fitted through ARTEMIS [43] on the basis of the
model of Ballirano andMaras [46] in the Fourier-Transform (FT) space [k
range 3–14 Å�1 and 2.5�7.3 Å�1 for arsenolite and (6)-ITB, respec-
tively]. Fit results are reported in Table 4. For arsenolite, coordination
shells higher than the first one were satisfactorily fitted using two relative
parameters for interatomic distances and the correlated Debye model
[47] was used to compute the Debye-Waller factor for each path
employing a total of two variables. EXAFS fit of As first coordination shell
in the (6)-ITB compound was performed by fixingΔE0 to 2.9 eV, based on
the results of arsenolite.

3. Results and discussion

The structural formula derived from the refinement, AsO(MO3)13
with M ¼ (W0.62Mo0.38), well matches the chemical data (Table 1).

The model obtained exhibits an octahedral framework consisting of
an alternation of single HTB modules and six octahedra-thick PTB slabs,
thus confirming that the obtained W-rich oxide corresponds to a (6)-ITB
phase (Fig. 1).

In detail, the PTB slabs are formed by three corner-sharing indepen-
dent MO6 octahedra. The M1, M2 and M3 cations are off-centred in the
octahedra thus leading to high distortion parameters (σ2: 61.7�74.2; λ:
1.024�1.028; Robinson et al. [48]). The HTB slab contains M4 (Wyckoff
position: 1f), which lies in the equatorial centre of a more regular (σ2 ¼
3.7, λ ¼ 1.002) and smaller octahedron (see Table 5).

The As atom, exhibiting a high value of the displacement parameters



Fig. 3. Normalized As K- (a) and W LIII-edge (b) XANES spectra of AsO[(W,Mo)O3]13 and model compounds; adamite data are taken from George et al. [51]. EXAFS
(c) and EXAFS Fourier-Transform (d) of AsO[(W,Mo)O3]13 and arsenolite. Spectra were acquired in transmission mode with a fixed 5 eV step in the pre-edge region,
0.25 eV step around the edge and a k step of 0.05 Å�1. The maximum k of 8 Å�1 for As K-edge spectra is due to the presence of W LI edge at 12099.8 eV. The main As
absorption edge of AsO[(W,Mo)O3]13 lies at energy values intermediate between those of adamite (As5þ) and GaAs, at the same value of arsenolite (As2O3) thus clearly
indicating that As is present as As3þ. The W LIII-edges of AsO[(W,Mo)O3]13 and WO3 lie at the same energy position, indicating that W in the sample is hexavalent.

Table 6
Bond valence sums for AsO[(W,Mo)O3]13.

M1 M2 M3 M4 ½As
P

O

O1 1.01�2→ 2.02
O2 0.66 1.40 2.06
O3 1.77, 0.40 2.17
O4 1.03�2→ 2.06
O5 1.62, 0.44 2.06
O6 ↓�2 0.84�2→ 1.68
O7 0.93�2→ 1.86
O8 1.77, 0.40 2.17
O9 0.83 1.24 2.07
O10 0.55 ↓�41.10 ↓�20.31(0.52)a 1.99(2.21)a

O11 1.04�2→ 2.08
O12 1.04�2→ 2.08
O13 1.05�2→ 2.10
O14 1.06�2→ 2.12

½O15 0.62(1.05)a 0.62(1.05)a

BVS 6.13 6.13 5.98 6.08 1.24(1.57)a

Note: M ¼ 0.62 W þ 0.38 Mo; As ¼ 0.5 As3þ þ 0.5□. Bond strengths are calculated as s ¼ exp[(Ro–R)/B]; Ro and B parameters for As, Mo, W are taken from Brown and
Altermatt [57], Zocchi [58] and Hong et al. [59], respectively. Values are weighted on the basis of their site occupancy factors.

a Bond strengths calculated considering <As–O> ¼ 1.77(2) Å as obtained by EXAFS.
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with the maximum axis along [001], lies on two symmetry-related, half-
occupied sites off-centred in the hexagonal channels at 1.97 Å from two
O10 and two half-occupied O15 atoms (see Fig. 1.a,b). The observed
offset of As and O15 from the two-fold [100] axis is probably related to
the occurrence of the superstructure reflections along [001], as indicated
by the TEM investigation (Fig. 2).

A possible ordering scheme could imply an As—□—As—□ sequence
(□ stands for vacancy) along [001]. Analogously, a concomitant
O15—□—O15—□ pattern should occur, thus forming the typical py-
ramidal AsO3 group geometry (Fig. 1.c). This model is in agreement with
XANES and EXAFS results (Fig. 3.a, c, d) which indicate that As is present
as As3þ, bonded to three oxygen atoms at 1.77(2) Å. This value is very
close to that reported by Majzlan et al. [49] and Bowell et al. [50], i.e.
1.782 Å, who reviewed all As3þ-bearing minerals, and seems more
realistic than that observed by single-crystal X-ray diffraction (SC-XRD)
data (1.97 Å). This is because the latter is likely affected by the “average”
character of the obtained structural model. Indeed, the bond valence sum
(BVS) on the As atom closely matches the expected value (1.5 for
half-occupied As3þ) when the distance obtained by EXAFS is considered
(Table 6). A quite similar geometry was also observed for As cations in
the previously reported (2)-ITB (As2O)(MoO3)10 compound [24].

Among the M sites, the largest anisotropic displacement ellipsoid,
showing an oblate geometry in the (100) plane, is observed for M4 which
shares the O10–O10 edge with the AsO3 group. Nonetheless, the
observed high residual electron density peaks are located away fromM1,
M2 and M3 octahedral cations along [001], suggesting a possible minor
deviation of their position in the superstructure with respect to the
average model.

AxWO3 (with A being Hþ, Naþ or Kþ and x-content �0.3) oxides are
known to be mixed-valence compounds, since the insertion of guest
cations is charge-balanced by a partial reduction of the W high valence
state (þ6) into the lower (þ5) and/or (þ4) states (e.g. Refs. [52–55]).

Here, the As3þ content observed from both EMPA and SC-XRD data
amounts approximately to 0.07�0.08 atoms per (W,Mo)O3 group. The
described compound is therefore likely bearing mixed-valent metal cat-
ions. According to XAS data, all W is hexavalent (Fig. 3b), thus implying
that Mo is the only mixed-valent metal.

Given the similarity of Mo5þ, Mo6þ and W6þ ionic radii (0.61, 0.59,
0.60 Å, respectively [56]), it is hard to assign a cation distribution among
the individual octahedral sites either on the basis of their mean distances
(<M—O> ¼ 1.920, 1.923, 1.934 and 1.892 Å for M1, M2, M3 and M4
sites, respectively) or their bond-valence sums (6.13, 6.13, 5.98, 6.08
v.u., respectively). Due to the exponential character of the bond
strength-bond distance relation, the extremely strong distortion of octa-
hedra (Table 5) is likely the reason of the discrepancies observed for
some BVS values (Table 6). The bond valence sum for O6 (1.68 v.u.) is
relatively low but not surprising for O-atoms belonging to strongly
asymmetric polyhedra. The bond valence sum of the half-occupied O15
(0.62) is actually low but when we consider the average As–O bond
distance derived from EXAFS a value close to 1.0 is obtained, which
perfectly matches the half-occupancy of this oxygen site.

4. Conclusions

The present study allows the unveiling of an up to now not well-
defined member of the (n)-ITB family, namely a new (6)-ITB member
characterized by an alternation of single HTB slabs and PTB slabs made of
six layers of octahedra. To the best of our knowledge, the only previously
reported TBO resembling a (6)-ITB phase is the orthorhombic Sn4W24O76
compound described by Steadman et al. [19].

The unit cell of that compound (a¼ 50.11, b¼ 7.372 and c¼ 3.895 Å)
is related to the one found for the (6)-ITB studied here via the doubling of
the unit cell occurring along [100] rather than along [001]. The struc-
tural model they proposed, however, was roughly refined (R ¼ 19%;
atomic coordinates not provided) and exhibits some differences with
respect to AsO[(W0.62Mo0.38)O3]13. The six-octahedra thick PTB slabs
6

appear similar, even though the stacking of PTB and HTB slabs in AsO
[(W0.62Mo0.38)O3]13 leads to an alternation along [010] of flattened and
regular hexagonal channels where M4 and As occur, respectively (Fig. 1),
whereas in Sn4W24O76, a sequence of equally flattened hexagonal
channels hosting Sn is realized. Sn atoms appear in fact to be square-
coordinated due to the lack of two apical oxygens (O6 of our model).
Thus, the TBO studied by Steadman et al. [19] could be more properly
described with the structural formula [Sn0.25(W3.0Sn0.25)O9.50□0.25]8.

The present SC-XRD study, supported by the results of the XAS
measurements, yielded an orthorhombic average structural model which
lacks the long-range order determination for the extra-framework atoms
(1 As and 1 O atom located inside the hexagonal tunnel), although a
possible ordering scheme along [001] is hypothesized on the basis of the
electron diffraction analysis, which clearly shows a doubling of the c unit-
cell parameter. As a matter of fact, in analogy with what observed for (n)-
ITB compounds [24,32,34,60], an ordering doubling the a unit-cell
parameter was expected since the increase of the thickness of the PTB
slab with n should determine a sequential lengthening of the a parameter
by ~7.4 Å from lower to upper (n)-ITB member. Notwithstanding, no
sign of doubling along [100] was observed, either by SC-XRD or ED
techniques.
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