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Abstract: A new compound, Ks[(Mos;W; g)0411(PO,)s[(PgsMogs)
04], was synthesized via solid-state reaction and its crystal
structure was determined by single-crystal X-ray diffraction.
This compound crystallizes in the space group Pnma, with
a = 9.03604)A, b = 10.1603(4) A, ¢ = 26.153812) A and
V = 2401.14(18) A3, The structure consists of a corner-sharing
MOg-TO4 (M = Mo, W; T = P, Mo) polyhedral connection
arranged to form an ordered packing of ~14.9 A-thick layers
parallel to (001). The stacking of the layers forms trigonal,
tetragonal and hexagonal channels. XPS study reveals the
presence of W at the hexavalent state only, whereas Mo
appears as a mixed-valent species (Mo®*, Mo>* and Mo*").
Magnetic susceptibility reveals the occurrence of a relevant
antiferromagnetic coupling and is consistent with the
presence of reduced metal species as indicated by the XPS
results.
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1 Introduction

Transition metal phosphates are compounds with fasci-
nating architectures including monomers, chains, layers and
three-dimensional frameworks [1-4]. Generally, their
structures are characterized by a host-lattice that is con-
structed predominantly by PO, tetrahedra linked to other
coordination polyhedra such as MO, MOs and MOg
(M: transition metal with valence states ranging from +2 to
+6) [5-10]. Consequently, a great number of compounds
with different crystal structures can be envisioned both on
the basis of a different polyhedral assemblage and/or
incorporation of a variety of guest cations [11-13].

Molybdenum phosphates (MoPs) show various poly-
hedral connectivity with Mo in different oxidation states
(Mo™ [14], Mo** [15], Mo®" [16] or Mo®* [17, 18]) yielding to
several structural types (e.g., polyoxometalates [19], tung-
sten bronzes [20, 21] and Nasicon [22]).

Mixed-valent MoPs are also reported as glasses
(e.g., [23, 24]), thin films (e.g., [25]) and powder compounds
(e.g., [26]); only few, occurring as single crystals, have been
described from a structural point of view (e.g., Mo* /Mo**
[27] and Mo®*/Mo®* [28-30]).

Over the past two decades, mixed-valent MoPs have
gained an increasing interest as new cathode materials for
lithium- and sodium-ion bhatteries [31-34], being considered
as one of the promising candidates for affordable and
scalable energy storage [35]. MoPs are also used as support
in heterogeneous catalysis reactions [36-39]. MoPs with
mixed-valent character also possess redox properties that
make them potential catalysts for selective oxidation
reactions (e.g., partial oxidation of propane to acrolein
[40, 41], n-butane to maleic anhydride [42] and methanol to
formaldehyde [36]).

With the aim to synthesize new mixed-valent transition-
metal phosphates, we explored the system K-Mo(W)-P-0
and obtained a new compound which is here characterized.
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2 Experimental methods
2.1 Synthesis

The crystalline compound was prepared by a two steps solid-state
process. In the first step, a mixture of K,CO; (Merck, 99.0 %), MoO3
(Honeywell Fluka, 99.5 %), W05 (Sigma Aldrich, 99.99 %) and NH,H,PO,
(Merck, 99.99 %), in the molar ratios 3:5:2:4, was finely ground in an
agate mortar and then left in a ceramic crucible over 2 hinside a furnace
heated at 573 Kin air. After complete evaporation of H,0, CO, and NH3, 1
mole of metallic Mo was added to the powder product and mixed
thoroughly for 1h, ideally yielding nominal formula KgMogW,P,034. The
grounded powder was loaded in a silica tube and placed under a base
pressure of 10™*mbar to be torch sealed. The ampoule was then
deposited in a tubular furnace heated at 833K for 3 days to allow the
crystal growth via vapour-phase transport process. The temperature
gradient was 2.5 K/cm between the hot- and the cold-zones over a 10 cm
long ampoule. After the chemical reaction took place, the temperature of
the furnace was decreased at 60 K/h up to 473 K and finally quenched at
room temperature.

Dark blue crystals (~20mg with dimensions in the range
10-100 pm) formed in the cold zone of the ampoule, whereas a darker
sintered powder was found in the hot zone. Moreover, the excess of the
reagents was deposited as a black crust coating the internal wall of the
reaction tube.

2.2 Chemical composition

Semi-quantitative chemical analysis was performed by means of Energy
Dispersive X-ray Spectroscopy (EDS) on crystals dispersed on a carbon
tape and covered with a 40 nm graphite layer (Figure S1-a) using a ZEISS
EVO MA15 scanning electron microscope equipped with an OXFORD
INCA micro-analyser, operating with an accelerating voltage of 20 KV, a
current of 0.3 nA and a working distance of 10.0 mm.

The EDS analysis confirmed the presence of the intended elements
(Figure S1-b). The chemical composition (average of 5 spots) of the
crystal (belonging to the dark blue compounds) used for the structural
study in molar ratios is: K: 0.334, P: 0.260, Mo: 0.261 and W: 0.144.

2.3 Single crystal X-ray diffraction

X-ray diffraction data were collected at room temperature (T = 293 K) on
a dark blue crystal (hereafter K-MoWP) with an Oxford Diffraction
Xcalibur 3 diffractometer, equipped with a graphite monochromatized
Mo-Ka (A = 0.71073 A) radiation and a Sapphire CCD detector. Dataset
integration and empirical corrections were applied using the CrysAlis
PRO software [43]. A total of 8344 reflections were collected, yielding
3960 independent reflections in the mmm Laue group (R, = 0.062).
Reflections conditions (0kl: k + 1 = 2n + 1 and hkO: h = 2n + 1) were
consistent with both the space groups Pn2,a and Pnma. We attempted to
solve the structure in both space groups. However, the final solution was
successfully achieved in the centrosymmetric Pnma space group in
accordance with the statistical test on the distribution of |E| values
(I - 1] = 0.924).
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Table 1: Summary of crystal data, intensity measurement and structure
refinement parameters for Ks[(Mo3 ;W 8)O0111(PO4)3[(Po.sM0g 5)04].

Crystal data

Chemical formula Ks[(Mo3 ;W4 8)011]1(PO4)3[(Po.5sM0g 5)04]
M, 1427.98

Crystal system, space group  Orthorhombic, Pnma (no. 62)
Temperature (K) 293

Cell dimensions (A) a =9.0360(4)

b =10.1603(4)
€=26.1538(12)

V(R%) 2401.14(18)

Z 4

Radiation type — A (A) Mo Ka - 0.71073
Peac (g cm™) 3.950

g (mm™) 11.88

Crystal size (mm°) 0.06 x 0.08 x 0.10
Data collection

0 range (°)

F(000)

Index ranges

No. of measured, independent

and observed [F > 40(F)]

43-31.4

2618
-8<h<13;,-14<k<11;,-17<1<37
8344, 3960, 2784

reflections

Rint 0.062

(Sin 8/A) max (A7) 0.744
Refinement

RIF > 40(F)], WR(F?), S 0.051, 0.078, 1.02
No. of reflections 3960

No. of parameters 209

Largest diff. peak and hole -2.21;2.23

(e-A?)

The structure was solved by direct methods and then refined by
least-squares fitting based on |F?| using the SHELXTL program [44].
Mo(W), P and K atoms were initially located, whereas oxygen atoms
were found successively in the difference Fourier maps. Crystal data,
data collection and structure refinement details are summarized in
Table 1.

Scattering curves for neutral atoms were taken from the Interna-
tional Tables of Crystallography [45]. The occupancy of all the octahedral
(M), tetrahedral (T) and K sites was refined (Mo vs. W, P vs. Mo and K vs.
vacancy for M, T and K sites, respectively). K sites were found to be fully
occupied by potassium and their occupancy was then fixed. In the final
model, with anisotropic atomic displacement parameters for all the
atoms and no constraints, the residual value settled at R = 5.1 % for 2784
independent observed reflections [40(F) level] and 209 parameters, and
at R = 8.9 % for all 3960 independent reflections.

Atomic coordinates, site occupancies and equivalent isotropic
displacement parameters are given in Table 2. The anisotropic
displacement parameters are listed in Table S1. Table S2 and Table 3
report the bond valence sums (calculated according to the parameters of
Brown and Altermatt [46]) and bond distances (along with distortion
parameters [47]), respectively. Further crystallographic data can be
obtained from the CIF deposited in the Cambridge Crystallographic Data
Centre, CCDC number: 2072198.
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Table 2: Atoms, Wyckoff positions, atomic coordinates, equivalent isotropic displacement parameters (A% and occupancy factors for Ks[(Mos W, g)

011](PO4)3[(Po.sM0g 5)O4]-

Atom Site X y z Ueq Occ.

T1(P/Mo) 4c 0.49449(18) 0.750000 0.53699(6) 0.0132(5) 0.464(6)/0.536(6)
T2(P) 4c 0.5654(3) 0.250000 0.85057(11) 0.0079(6) 1

T3(P) 8d 0.2271(2) —-0.01875(19) 0.79401(8) 0.0098(4) 1

M1(Mo/W) 4c 0.67011(6) 0.250000 0.63978(2) 0.00835(17) 0.301(6)/0.699(6)
M2(Mo/W) 8d 0.08025(6) —-0.07075(4) 0.67519(2) 0.00842(15) 0.671(5)/0.329(5)
M3(Mo/W) 8d 0.78112(6) —0.06836(5) 0.58257(2) 0.00925(17) 0.758(5)/0.242(5)
K1 4c 0.3850(3) 0.250000 0.73528(10) 0.0238(7) 1

K2 8d 0.3269(3) 0.06607(19) 0.57534(8) 0.0338(6) 1

K3 4c —-0.0493(3) 0.750000 0.79514(12) 0.0282(8) 1

K4 4c 0.4325(5) 0.250000 0.98440(14) 0.0515(11) 1

01 8d 0.6953(6) —0.0965(4) 0.6575(2) 0.0137(13) 1

02 4c 0.8142(9) 0.750000 0.5785(3) 0.0145(18) 1

03 4c 0.4793(9) 0.250000 0.6368(3) 0.0136(17) 1

04 4c 0.6084(10) 0.250000 0.9055(3) 0.022(2) 1

05 8d 0.1513(7) —0.0882(5) 0.7490(2) 0.0159(13) 1

06 8d 0.2510(7) —-0.1020(5) 0.6490(2) 0.0199(14) 1

07 4c 0.0227(9) 0.750000 0.6819(3) 0.0119(17) 1

08 8d -0.1075(6) —-0.0131(5) 0.7175(2) 0.0153(13) 1

09 8d -0.0316(6) —0.0448(4) 0.61660(19) 0.0124(12) 1

010 8d 0.1306(6) 0.1281(5) 0.6782(2) 0.0145(13) 1

011 8d 0.7112(7) 0.1145(5) 0.5969(2) 0.0178(14) 1

012 8d 0.8332(7) —0.0285(5) 0.5220(2) 0.0211(14) 1

013 8d 0.6648(6) 0.1222(5) 0.7006(2) 0.0131(12) 1

014 4c 0.3978(9) 0.250000 0.8422(3) 0.0175(19) 1

015 8d 0.5639(7) —-0.1108(5) 0.5654(2) 0.0225(15) 1

016 4c 0.5391(13) 0.750000 0.4788(4) 0.040(3) 1

017 4c 0.3158(12) 0.750000 0.5439(4) 0.043(3) 1

2.4 Powder X-ray diffraction

The sintered powder deposited in the hot zone was examined using
powder X-ray diffraction (PXRD) in the 26 range 5-70° with a Bruker D8
ADVANCE diffractometer operating with monochromatized Cu-Ka
radiation (A = 1.5406 A) in 6-20 scan, with a step size of 0.010° and a
scanning rate of 0.5 s/point.

The comparison between the experimental diffraction pattern
(Figure S3) and that calculated on the basis of the structural model
obtained from single-crystal data (Table 2) revealed some non-matching
peaks indicating the presence of modest amount of K(MoO,)(PO,)
(PDF 01-089-1570). The unit cell-parameters, peak shape (double-Voigt
approach), zero error, phase fractions and background parameters
(5 terms Chebychev background polynomial) were refined using Pawley
method [48] (R, = 9.20 %, Ry,p = 12.54 %, and S = 2.84).

2.5 X-ray photoelectron spectroscopy (XPS)

The XPS experiment was carried out using an ESCALAB 250Xi spec-
trometer (Thermo Fisher Scientific-UK) equipped with a mono-
chromatic Al-Ka source (hv = 1486.6eV) and a six-channeltron as
detection system. The apparatus works in an Ultra-High Vacuum (UHV)

system, where the base pressure of the analysis chamber during the
experiments was approximately 3.4 x 10~° mbar. An amount of ~4 mg of
dark blue crystals selected from the cold zone was ground in an agate
mortar (grain size down to about 20/30 um) and spread on a gold foil.
Electric contact between the sample and the apparatus was ensured by a
metallic clip. The binding energy (BE) scale was calibrated by posi-
tioning the Au 4f;, peak at BE = 84.0 eV with an accuracy of +0.1eV,
while the spectra were collected at pass energy of 50 eV. In order to
investigate the electronic structure of W and Mo, spectra were acquired
in the 31-45eV and 227-240 eV energy ranges. The detected area was
900 x 900 um? which was successively reduced down to few hundreds of
squared microns, in order to maximize the signal/background ratio
from the sample. The coverage was sufficient to hide the Au signal from
the underlying gold foil.

The experimental data were collected and processed by the
Avantage v.5 software (Thermo Fisher Scientific-UK). Shirley back-
ground subtraction and mixed Lorentzian/Gaussian peak shape (30 %)
were used for the peak fitting.

2.6 Magnetic susceptibility

Variable-temperature magnetic susceptibility measurements were
recorded with a Superconducting QUantum Interference Device
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Table 3: Bond distances (A) and polyhedra distortion parameters in the
structure of Ks[(Moz W, g)011](PO4)3[(Po.sM0g 5)04].

T10, 120, T30,

T1-015  1.716(6) x 2 T2-04  1.487(9) T3-01%  1.521(5)

T1-016  1.575(10)  T2-010  1.565(5)x 2 T3-05  1.533(6)

T1-017  1.625(10)  T2-014  1.530(9) T3-08"  1.526(6)

T3-013% 1.545(5)

<T1-0>  1.658(8) <T2-0>  1.537(7) <T3-0> 1.531(5)

A 1.0026 1 1.0025 A 1.0005

@ 1.67 @ 10.45 @ 1.86

M10s M20s M30,

M1-03  1.726(8) M2-05  2.043(6) M3-01  2.127(5)

M1-011  1.814(5)x2 M2-06  1.718(6) M3-02  1.8726(15)

M1-013  2.054(5) x 2 M2-07  1.902(2) M3-09"  1.927(5)

M1-014"  2.111(8) M2-08  2.109(5) M3-011 1.998(5)
M2-09  1.854(5) M3-012 1.703(6)
M2-010  2.073(5) M3-015  2.059(6)

<M1-0>  1.929(6) <M2-0>  1.949(5) <M3-0> 1.948(5)

A 1.0213 A 1.0163 A 1.0171

@ 53.82 @ 38.20 @ 41.37

K1-03  2.712(8) K2-016"" 2.638(8) K3-05'  2.729(6)

K1-014  2.799(8) K2-06  2.665(6) K3-05  2.729(6)

K1-013*  2.908(6) K2-04*  2.765(7) K3-06"  2.765(6)

K1-013*  2.908(6) K2-016""  2.638(8) K3-06*  2.765(6)

K1-08"1  2.945(5) K2-06  2.665(6) K3-08  3.192(6)

K1-08"  2.945(5) K2-04*  2.765(7) K3-01%  2.975(6)

K1-013  2.983(6) K3-014  2.975(6)

K1-013  2.983(6) K3-07  3.031(8)

K1-010  3.007(6) K3-08'  3.192(6)

K1-010'  3.007(6)

K4-04  2.606(9)

K4-017¢"  2.731(12)

K4-012%  2.973(6)

K4-012%  2.973(6)

K4-011%  3.228(7)

K4-011%  3.228(7)

K4-012" 3.242(7)

K4-012"V  3.242(7)

Symmetry codes are: (i) X, =y + 1/2, z; (i) x + 1/2, y, =z + 3/2; (i) x + 1, y, z;
(iv) —x + 3/2, -y, 2-1/2; (V) X, —y—-1/2, z; (Vi) —x + 1, y-1/2, =z + 1; (vii) =x + 1,
=Y, =z + 1; (Vi) x + 1/2, =y + 1/2, =z + 3/2; (ix) x=1/2, y, =z + 3/2; (X) x-1/2,
-y +1/2, -z + 3/2; (xi) x-1/2, =y-1/2, =z + 3/2; (xii) —x + 1/2, =y, 2+ 1/2;
(xiii) —x +3/2, y + 1/2, 2+ 1/2; (xiv) —x + 3/2, =y, 2 + 1/2; (xv) x-1, ¥, Z;
(xvi) =x + 1/2, —y, z-1/2.

(SQUID) susceptometer (MPMS Quantum Design) in the temperature
range 10-300 K at an applied magnetic field of 1.0 T. Measurements were
performed on finely ground powder sample (deposited in the hot-zone
of the reaction tube): 69.2 mg were used for the investigation. Magnetic
data were corrected for the sample holder and diamagnetic contribution
estimated from Pascal’s constants [49]. Least-squares fitting of the
experimental curves was done with the Curie-Weiss equation.
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3 Results and discussion
3.1 Crystal structure description

The crystal-chemical formula of K-MoWP derived from the
structural refinement, in good agreement with EDS data, is
Ks[(Mo3,W; 8)011](PO4)3[(PgsM0g5)04], whose charge bal-
ance requires that a small amount of the transition-metal
cations is not hexavalent. This compound crystallizes in
the Pnma space group with a novel crystal structure.
The asymmetric unit includes three octahedral sites
(M1, M2 and M3), three tetrahedral sites (T1, T2 and T3) and
four high-coordinated sites (K1, K2, K3 and K4). As shown in
Figure 1, corner-sharing MOg-TO, chains running along [010]
are arranged to form complex bundles having elliptic sec-
tions where K" cations are hosted. The major axes of the
elliptic sections are oriented along [201] (blue) and along
[-201] (red) and appear as a herringbone packing when
projected down [010]. The projection along [100] (Figure 2)
shows an ordered packing of ~14.9 A-thick polyhedral layers
related to each other through the a-glide plane perpendic-
ular to [001]. The polyhedral connection inside the layers
results in trigonal, tetragonal and two different types of
hexagonal channels.

T2 and T3 are fully occupied by P and show typical
average ""P-O distances (1.537 and 1.531 A, respectively). On
the other hand, the refined site scattering at the T1 site yields
a mean electron number of 29.5 and a bond-valence sum of

Figure 1: Polyhedral representation of the structure of Ks[(Mo3,W; g)
0411(PO4)3[(Po.sM0g 5)04] along the b-axis. The projection shows elliptic
sections with major axes oriented along [201] (blue) and along [-201]
(red), adopting a herringbone packing. Note that the extremities of the
polyhedral bundles (light-green tetrahedra) are far apart along the b-axis
(see Figure 2). Green: MOg octahedra, light-green: T10, tetrahedra,
pink: T20,4 and T30, tetrahedra, light blue spheres: K*. Oxygen atoms are
omitted for clarity.
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14.873 A

5.51 v.u. indicating the presence of a heavier, high-valent
cation tentatively corresponding to either about 0.50 Mo®*
(ionic radius 0.41 A [50]) or 0.25 W®* (ionic radius 0.42 A [50])
substituting for P. However, the <T1-0> distance (1.658 A) fits
better with 50 % incorporation of Mo®* rather than 25 % W*".
Despite the difference in size between Mo®* and P**, no
evidence of splitting of either T1 or the coordinated oxygen
atoms was observed on the AF Fourier map. Nonetheless,
some positional disorder can be inferred by the large
anisotropic displacement parameters of 016 and 017,
which are not shared with any octahedral cation
(Table S1, Figure S2). The P « Mo substitution has been
observed earlier in the langbeinite-related structures
K;M>*,(P0O,),(M00,) where P> and Mo®* coexist in the 2:1
ratio in a tetrahedron exhibiting a mean bond distance
of 1.58 A [51].

M1, M2 and M3 octahedra are occupied by molybde-
num and tungsten with variable proportions (Table 2). All
MOg octahedra are rather distorted, as indicated by the
wide range of variation in bond distances and distortion
parameters (see Table 3). According to Domenges et al. [52],
the spread of M-0O bonds in W-bronzes is ascribed to the
corner sharing between M-octahedra and PO,-tetrahedra,
leading to a lengthening of the P-O-M linkage. Therefore,
the higher the positive charge in the octahedron, the
stronger the distortion. Thus, the highest quadratic
elongation (1) value shown by M1 suggests that hexavalent
cations are mainly ordered at this site. Accordingly, M1 is
the smallest octahedron in the structure (<M1-0> =1.929 A).

M. Goudjil et al.: A novel layered Mo-mixed valent phosphate = 337

a Figure 2: Structural sketch of Ks[(Mos ;W g)
0411(PO4)3[(Po.sM0g 5)O4] : @) view along [100]
showing a layered packing along the c-axis.
This view shows a repeating sequence of two
types of pseudo-hexagonal channels along the
b-axis. In the first type (yellow), the polyhedral
connection leads to pseudo-hexagonal
channels of the type potassium titanium
phosphate KTiPOs (KTP). In the second one
(blue), the polyhedra are assembled to form
pseudo-hexagonal channels similar to those
observed in the monophosphate tungsten
bronzes with hexagonal channels (MPTBh).
Fragments of the KTP b) and MPTBh c) crystal
structures projected along [010]. K and O
atoms are omitted for clarity.

MPTBh

On the other hand, the lower A values of M2 and M3
(see Table 3), associated with longer mean bond distances
[<M2-0> = 1.949; <M3-0> = 1.948 A], could be explained by
the presence of lower-valence cations. The local MOg
environments and bond lengths are shown in Figure 3.

The coordination spheres of potassium cations depicted
in Figure S2 were determined on the basis of the maximum
gap of K-0 distances. K1 displays a 10-fold coordination with
bond distances in the range 2.712(8)-3.007(6) A. K2 is sur-
rounded by 6 oxygen atoms with distances ranging from
2.638(8) to 2.952(6) A; however, taking into account the
threshold value (3.33 A) suggested by Donnay and Allmann
[53] for K-O bonds, two additional bonds [K2—-010 = 3.285(6)
and K2-017 = 3.316(4) A] lead to a 6+2 coordination. K3
and K4 have 9- and 10-fold coordination, respectively, with
bond lengths ranging between 2.729(6)-3.192(6)A and
2.606(9)-3.242(7) A.

3.2 XPS characterization

The neutrality of Ks[(Mo3;W1.8)011](PO4)3[(Pg5M0g5)04]
requires a total positive charge of 31.5 for 5.5 (Mo, W) atoms
p.fu,, thus implying a mixed-valence state for Mo and/or W
(mean oxidation number of +5.73). XPS measurements show
the spin orbit splitting characteristic of Mo 3d (Mo 3ds;,—Mo
3dsp in Figure 4a) and W 4f levels (W 4f5p,—W 4f;, in
Figure 4b). Mo 3d and W 4f spectrum structure can be
deconvoluted by means of multi-curve fitting. Shirley
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Figure 3: MOg octahedra environments and bond lengths.

background subtraction and mixed Lorentzian/Gaussian
(Voigt) peak shape (30 %) were used for the peak fitting. The
best fit for molybdenum was obtained by considering 6
fitting curves, i.e. three different doublets which can be
connected to the presence of a different oxidation state for
Mo [54, 55]: (i) 229.0 (Mo 3ds) and 232.1 eV (Mo 3ds;,) (Mo™,
green line in Figure 4a); (i) 231.5 and 234.6 eV (Mo™, blue);
(iii) 232.7 and 235.8 eV (Mo®", orange). The identification of
the various oxidation states was accomplished by measuring
the relative shift of the Mo 3d core level peaks with respect to
the non-reduced (Mo®") form, obtaining a good agreement
with the values available in literature [56]. The relative
abundance of the three oxidation states estimated on the
basis of the proportion among the areas of the three
components are 64 % (+6) for Mo®", 30 % (+3) for Mo>* and

DE GRUYTER

6% (+1) for Mo*". Given the surficial character of the tech-
nique (up to a maximum of 5 nm in depth), the information
on Mo oxidation states obtained from XPS might not be
representative of the Mo speciation in the bulk; nonetheless,
the presence of Mo>* and Mo** even on the surface of the
grains indicates that a significant amount of Mo must be
present at its penta- and/or tetra-valent state also in the bulk.
Tungsten W 4f core level spectrum was fitted by one doublet
with peaks positioned at 35.3 eV (W f;,) and 37.4 eV (W fp)
(Figure 4b). The overlapped contributions arising from W 5p,
Mo 4p and K 3s were properly considered. The doublet was
ascribed to W®* [57], and no reduced tungsten species was
observed.

3.3 Magnetic properties

The evolution of the molar susceptibility (y,,) and its recip-
rocal curve (y, ") versus temperature obtained upon anal-
ysis of the powder sample is shown in Figure 5. The data
exhibit a conventional linear behaviour in the high-
temperature regime (150-300 K), whereas the apparent
deviation from the linearity observed at T < 150 K marks the
occurrence of relevant antiferromagnetic (AF) interactions
among paramagnetic ions.

The high-temperature regime was modelled through a
linear regression with the law y,, = C\/(T — 6), to obtain an
esteem of the Curie (Cy) and Weiss (0) constant values. Cy
and 6 values were determined to be 0.236 emu-K.mol™
and —321K, respectively. The effective magnetic moment,
Uesr, calculated from the Curie constant above 150 Kis 1.37 ug.
From these experimental evidences, the presence of an
aliquot of low-valent molybdenum ions can be inferred.
Since the second phase, K(M00,)(PO,), revealed by the XRPD
investigation of the bulk microcrystalline powder, is
diamagnetic (Mo ions are uniquely hexavalent d°) as
reported by Lsnyak et al. [58], the paramagnetic ions
reasonably result only from the K-MoWP phase.

The negative and relatively high value [59, 60] of
the Weiss constant suggests the occurrence of relevant
antiferromagnetic interactions among neighbouring
paramagnetic ions. This latter indication is compatible
with the occurrence of reduced Mo species (e.g., Mo®*, Mo*
as revealed by XPS) in neighbouring M sites. Also the
non-linear trend of the ' shown in the inset to Figure 5
is attributable to the occurrence of local AF coupling
among neighbouring paramagnetic species (via exchange
or super-exchange interactions), as e.g. in diluted magnetic
semiconductors [61].
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Figure 4: High resolution XPS core level spectrum of Mo 3d a) and W 4f b) levels and their spin orbit splitting. The curve fitting of the spin orbit doublets
are traced in different colours. Background subtraction is also indicated. a) Molybdenum is present in three different oxidation states (6+, 5+ and 4+),
whose peak area was 19,495 CPS x eV, 9174 CPS x eV and 1938 CPS x eV, respectively. For each doublet, only the Mo 3ds,, component is marked by a label.
b) Tungsten was detected uniquely in its (6+) oxidation state (only doublet W fs,,—W f7, is visible). The overlapped contributions arising from W 5p, Mo 4p
and K 3s are also indicated. See text for the list of peak centre positions and energy difference of doublets.
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Figure 5: Magnetic susceptibility data as function of temperature for the
molybdenum phosphate compound, Curie-Weiss fit (inset) with Curie
constant Gy = 0.236 emu-K-mol™ (effective moment, yeq = 1.37 ig) and
Weiss constant 6 = —321K.

3.4 Relationships with other structural types

The view of the crystal structure along [100] depicted in
Figure 2 shows a repeating sequence of two types of pseudo-
hexagonal channels along the b-axis. The first type (yellow in
Figure 2), with mean diameter of 5.00 A, resembles those
found in potassium titanium phosphate KTiPOs (KTP [62], see
Figure 2a), although the linkage along [001] in K-MoWP is

interrupted by missing tetrahedral sites, thus determining a
layered packing. Thus, the stoichiometry of the KTP-like
slab is [KMP,;30s]. It is worth mentioning that in the KTP
structure, TiOg octahedra are linked via common oxygen
vertices forming cis-trans helical chains. Furthermore, only
cis-linkage of the metal-oxygen chains is detected for KTP
closely related structures, such as K,NiWO0,(PO,), [63],
K,;MgWO,(PO,), [64] and KM" 35N, 6,POs (M™: Mn, Co) [65].
In contrast, the framework of K-MoWP presents dissimi-
larity in the linkage of the MOg octahedral chains that
follows a complex cis-cis-trans principle. In the second type
of hexagonal channels (blue in Figure 2a), having a mean
diameter of 4.96 A, the polyhedral assemblage is similar to
that observed in the monophosphate tungsten bronzes with
hexagonal channels (MPTBh [66], as shown in Figure 2b).

4 Conclusions

The new K-MoWP compound, synthesized via vapour phase
transport, exhibits a layered crystal structure based on
octahedra (Mo, W) and tetrahedra (P, Mo) sharing their
corners and generating wide cavities where K* ions are
located.

XPS and magnetic susceptibility measurements,
together with charge balance requirements, indicate the
presence of a mixed-valent character for Mo (i.e. 6+, 5+ and
4+) ions whereas W occurs uniquely in 6+ oxidation state.
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This is also in agreement with what expected from the syn-
thesis method where metallic Mo® was added to other M®*0,
oxidized components.

According to the structure refinement results, the total
number of Mo (in all its oxidation states) and W is 3.7 and 1.8
(apfu.), respectively. Assuming that tetrahedral Mo is hex-
avalent only, the resulting average Mo valence in octahedral
sites must be about 5.5. If we tentatively extrapolate the XPS
results to the whole bulk material, the following formula for
K-MoWP can be proposed: Ks[(Mo®"; sM0™";;Mo0*"(,W®*; 5)
011](PO4)5[(M0® 5P 5)O4l.

This compound exhibits both mixed occupancy
(Mo, W) and mixed valence (Mo®", Mo®*, and Mo*") in
octahedral sites; the occurrence of similar conditions has
also been observed in Mo/W mixed-oxides [67, 68]. Mo—-W
bronzes showing these characteristics can be seen as
paradigmatic structures for the study of the absorption
optical properties related to the presence of homo/hetero-
charge transfer phenomena in intervalence systems
(IVCT: intervalence charge transfer).
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