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In the field of polyoxometalate (POM) chemistry, different heteroelements are integrated into the cage-
like structures, to obtain different structural types of so-called heteropolyanions (HPAs). While it is gener-
ally accepted, that some elements favor certain types of structure, a systematic study is still missing. In this
article, we present a systematic investigation of the influence of the group 15 elements nitrogen, phos-
phorous, arsenic, and antimony on the formation of different POM structure types. Our study is com-
prised of DFT calculations and corresponding experimental structural analysis. In this context, the DFT
study establishes the thermodynamics of formation of different coordination geometries with various het-
eroelements on two POM structure types, the Keggin and the Anderson—Evans structures. Our POM syn-
thesis experiments were performed at two different pH values (1 and 5) and resulted in a variety of hetero-
polytungstates, which were identified and characterized by elemental analysis as well as single crystal
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trend, showing that heavier elements lead to formation of different structure types than lighter elements.
These results signify a large step towards a better understanding of POM formation specifically with
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1. Introduction

Polyoxometalates (POMs) are a class of inorganic polyanionic
clusters, consisting of different transition metals (often Mo or
W in their highest oxidation states), which are connected via
oxo ligands.! A subclass of POMs are the so-called heteropolya-
nions (HPAs), which contain an additional heteroelement in
the center of their structure.”® Most of the HPA structures are
formed with group 15 elements, but structures with group 14
and 16 elements are also known.” *° However, some of those
HPAs tend to be less stable than others, making a detailed
study of those POMs difficult."* The most common structures
are formed with a tetrahedrally coordinated phosphorus(v)
atom such as the Keggin type [PM;,040]" or the Wells-
Dawson type [P,M;404,]" anions.>®*18
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respect to the choice of heteroelement.

In a typical Keggin-type structure the heteroelement X is tet-
rahedrally coordinated by four oxygen atoms. Each of these
oxygen atoms is part of a M3;O4; unit. All twelve octahedrally
coordinated metal atoms are bridged via oxo ligands resulting
in M-O-M motifs. On each metal atom is one terminally co-
ordinated oxo ligand with partial double bond character as
indicated by a shortened bond length.>'>'°"2! The stabilizing
effect caused by P(v) in the Keggin-type POMs goes so far that
a substitution of the addenda framework metal with other
elements such as vanadium(v), niobium(v), iron(m), manga-
nese(u), cobalt(u) etc. is possible without compromising the
structural integrity of the cluster,'> *>>12?

On the other hand, in the Anderson-Evans HPA structures,
the heteroelement is in an octahedral coordination geometry
of six oxo ligands. It is surrounded by six octahedrally co-
ordinated framework metal atoms with two terminally co-
ordinated oxo ligands on each metal atom. The oxo ligands of
the central XOg octahedron are connected to all six metal
atoms.?® The resulting Anderson-Evans structure is planar (a
isomer), with a disk-like appearance.”® A schematic representa-
tion of the both structure types is given in Fig. 1.

The difference in the preferred coordination number of the
heteroelements correlates with their atomic radii.>*° There
are two main coordination motifs found in POM chemistry:

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic representation of a Keggin (left) and a planar Anderson—Evans-type structure (right).

the tetrahedral (CN 4) and the octahedral geometry (CN 6),
whereby heavier elements (larger radii) prefer the octahedral
configuration and lighter elements (smaller radii) prefer the
tetrahedral configuration." This can be exemplarily seen when
comparing the oxides of phosphorus (P,040) and antimony
(Sb,Os). The pnictogen is coordinated tetrahedrally in the
former but octahedrally in the latter.*"*> In our here presented
study, we systematically investigated the influence of the group
15 elements nitrogen, phosphorus, arsenic, and antimony on
the formation of POM structures. To this end, we combined
suitable precursors of the group 15 elements with sodium
tungstate under conditions that lead to the formation of POMs
via polycondensation of the tungstate. Afterwards, we structu-
rally characterized the resulting products using single crystal
X-ray diffraction and vibrational spectroscopy. The results of
these heteroatom substitutions are complemented by Density

Functional Theory (DFT) calculations of the structural changes
and relative free energies of the Keggin and the Anderson-
Evans structures containing different elements of group 15.

2. Results and discussion

2.1. Thermodynamics of formation and structural
parameters upon inclusion of heteroatoms

DFT calculations were performed to probe the structural and
thermodynamic differences by exchanging the central group
15 atom of Keggin and Anderson-Evans type complexes (see
Fig. 2 and 3). The structural changes in POM (Keggin and
Anderson-Evans) structure upon exchanging the central
heteroatoms were characterized based on: (i) non-metal hetero-
atom-oxygen distance (X-O,), (ii) distance of oxygen co-

Keggin Heteroelement Substitution

®
° ° ° °
[NW,204]* [PW12040]* [ASW1,040% \  [SbW4,0,40]*
AGgqpy. [kJ/mol] 332.6 0.0 62.2 179.7
Molecular
Volume [A] 733 71 713 715
X-0, [A] 1.39 1.53 1.66 1.82
0,-W [A] 2.62 2.45 2.38 2.29

Fig. 2 Effect of different heteroatoms on thermodynamics and structures of Keggin complex formation. Characteristic structural parameters and
molecular volume are given. The thermodynamic stability (Gibbs energy of formation) are reported relative to the Keggin complex with phosphorous

as central heteroatom.
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Anderson-Evans Heteroelement Substitution

]

00 0 ¢ g o}': o oo

[AsWg0,]" [SbWg0,4]"
AGsqy, [kd/mol] 0.0 -163.4 292.5
oo | a
X-0, [A] 1.76 1.88 2.01
0,-W[A] 2.25 2.24 2.24

Fig. 3 Effect of different heteroatom substitutions on thermodynamics and structures of Anderson—Evans complex structures. Gibbs energies of
formation are given relative to the Anderson—Evans complex with phosphorous as heteroatom.

ordinated to the central non-metal atom and the neighboring
tungsten atoms (O,-W) and the molecular volume of the com-
plexes with optimized Keggin and Anderson-Evans type com-
plexes containing different non-metal heteroelements.

In the DFT optimized Keggin complex with nitrogen as
heteroatom, the X-O, bond distance is reduced by 0.14 A when
compared to the Keggin complex with phosphorous as central
non-metal heteroatom due to the smaller atomic radius of
nitrogen compared to phosphorous. This reduction in the
atomic radii also weakens the tungsten—-oxygen coordination
as the O,-W distance increases by 0.17 Ain [NW1,040]>" com-
pared to an O,-W distance in [PW;,040]°” Keggin complex.
The molecular volume expansion by 22 A® for the Keggin
complex, when phosphorous is substituted by nitrogen, shows
that non-metallic heteroatom exchange with an atom having
small atomic radius such as nitrogen, significantly affects the
shape of the Keggin complex (see Fig. 2). The expansion of
molecular volume by introducing smaller atoms seems to be
counterintuitive. The Gibbs energies of formation were calcu-
lated from isodesmic reactions of the Keggin and Anderson-
Evans complexes with their respective acids (hybrid DFT func-
tional, thermodynamic corrections plus solvation are included;
see ESIt). From DFT calculations, however, it can be shown
that the relative thermodynamics, here the Gibbs energy for
the formation, of a Keggin-type complex with nitrogen as
heteroatom is significantly higher (AG = 332 k] mol™") com-
pared to the Keggin complex with phosphorous as central non-
metal atom. This shows that the formation of a Keggin
complex with nitrogen as central heteroatom is structurally
and thermodynamically inaccessible.

However, when phosphorous is exchanged with the heavier
elements within group 15 such as arsenic (As) and antimony
(Sb), there is a very small change of a mere 2 and 4 A® in mole-
cular volume compared to the [PW;,0,4,]>~ complex. For both
As and Sb exchange, the elongation in X-O, bond distances
due to larger atomic radii is partially compensated by the
reduction in the O,-W distances, thus conserving the mole-
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cular volume of the resulting [AsW;,040]>” and [SbW,0,0]>~
complexes. Since the Gibbs energy of formation for the Keggin
complexes containing arsenic and antimony as non-metal
central heteroatoms is higher compared to the [PW;,0,4,]*",
the formation of Keggin complexes with As and Sb as hetero-
atoms is thermodynamically less favorable (see Fig. 2).

Despite several efforts, the optimization of an Anderson-
Evans type complex with nitrogen as the central non-metal
heteroatom, was not successful due to the small atomic radius
of the nitrogen atom. However, for atoms of group 15 with
larger atomic radii such as phosphorous, arsenic and anti-
mony, DFT calculations show that the formation of Anderson-
Evans complex with antimony as heteroatom is energetically
favored compared to the complexes with arsenic and phospho-
rous as heteroatoms. With the increase in the atomic radius
going down the group, the molecular volume increases by only
7 and 9 A® for the substitution of phosphorus with arsenic and
antimony, respectively. Similarly, the X-O, distance increases
however, the O,-W remains almost the same (see Fig. 3).

Our DFT calculations show that the formation of a Keggin-
type POM structure appears to be only favorable for elements
with small atomic radii and unfavorable for elements with
larger In contrast,
Anderson-Evans type structures are favored for elements with
larger atomic radii and less so for those with small radii. This
observation is in full agreement with inorganic structure con-
cepts and thus explained by the different coordination geome-
tries of the heteroelement in both structural motifs.>*** In the
Keggin structure, the coordination geometry for the heteroele-
ment is a tetrahedron (CN 4) and for the Anderson-Evans
structure an octahedron (CN 6).">?** The coordination geome-
try correlates with the atomic radius of the element of interest.
Ligands coordinating a central element tend to maximize the
distance between them due to the repulsion of their electron
shells. Therefore, for CN 4 the tetrahedral and for CN 6 the
octahedral coordination geometry is the most thermo-
dynamically favorable arrangement. The higher the atomic

radii. heteroatom substitutions for

This journal is © The Royal Society of Chemistry 2024
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radius of the element, the more ligands can be coordinated by
an element and the more the octahedral geometry is preferred.
Elements with a small atomic radius can coordinate fewer
ligands, resulting in a preference for the tetrahedral
geometry.>*?* Likewise, the Anderson-Evans structure with
large elements as heteroelements could be stabilized by adopt-
ing planarity. The planarity results in an opening for the intro-
duction of a heteroelement perpendicular to the plane upwards
and downwards, giving the heteroelement more space.

These trends are also confirmed by our experimental obser-
vations: using different group 15 elements together with
sodium tungstate, we performed typical POM synthesis pro-
cedures at pH values 1 and 5, which are typical for the syn-
thesis of Keggin- and Anderson-type POMs repectively.*>°
Nitric acid was used as precursor for N(v), phosphoric acid for
P(v), arsenic(m) oxide for As(v) and potassium hexahydroxoan-
timonate for Sb(v). Arsenic(m) oxide was oxidized in situ with
hydrogen peroxide to the required As(v) species. The obtained
products were desalinated using our previously reported nano-
filtration technique**” and the powder samples were then
recrystallized to identify the resulting structure by single-
crystal X-ray diffraction (scXRD). Detailed experimental pro-
cedures are provided in our ESL¥

2.2. Experimental synthesis and characterization of
heteroelement incoproration

2.2.1. Incorporation of nitrogen as a heteroelement. The
product resulting from the combination of nitric acid and
sodium tungstate at pH 5 was identified as paradodecatung-
state B [W1,040]°” anion (Fig. 4).%*

It is composed of four corner-linked WOg triads, with the
linking of the triads resulting in a large cavity inside the struc-
ture. Important bond lengths of our investigated structural

Fig. 4 Solid-state structure of the anion [W;,040]®” determined by
scXRD. Polyhedra representation above and atom model bottom. The
compound was crystallized in the triclinic space group P1 (2). Ry: 4.74%,
WR>: 9.47%, Rini: 4.76%, GooF: 1.078. Color code: blue: metal atoms (W),
red: oxygen atoms. The .cif file is available in the CCDC database.
Deposition number: 2293850.1

This journal is © The Royal Society of Chemistry 2024
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motifs are summarized in Table 1. In order to confirm the
structure of the bulk product, the material was characterized
by vibrational spectroscopy (Fig. 5 and 6). Typical vibrational
bands of POM structures include the terminal oxygen-metal
vibrational bands W=0 in the range of 800-1000 cm ", and
different types of W-O-W vibrational modes below
900 cm~~.**™** From comparison of the experimental and cal-
culated spectra for the above described structure, the following
vibrational assignments can be made: in the IR spectrum of
Nag[W;,040] the peaks appearing at 944 and 930 cm™" agree
well with the small peaks at 912 and 903 cm™" in the DFT
calculated IR spectrum that corresponds to the asymmetric
W=0, stretches. The peak at 955, 882 and 878 cm™ " in the
experimental spectrum differs by only 13, 9 and 7 cm™" (968,

Table 1 Assignment of peak positions in IR and Raman spectra of
[W120401%~

1

Peak position/cm™ Assignment®

96” O~W-0 (out-of-plane)

109° W=0 wagging (out-of-plane)

1337 O-W-O twist (out of plane)

161° O~W-O (in-plane)

217° W-0O-W bend along vertex (out-of-plane)
238° W-0O-W bend along vertex (in-plane)
3117 W=O0 scissoring (in-plane)

360° W=0 bend (out-of-plane)

6382 W-O-W stretch (asymmetric)

656

740° W-0O-W stretch along vertex (symmetric)
847¢

878" , W=0, stretch (symmetric)

892%

912? W=0; stretch (asymmetric)

930°

944

955¢ W=0O0 stretch (symmetric)

965”

¢ FTIR. ® Raman. ° Based on computations.

WO, (pH 1)

[W,,0,,]% (DFT)

[W12040] & (pH 5)

T T T T

1000 900 800 700 600 500

Wavenumber [cm™!]

Fig. 5 IR spectra of the [W;,040/%~ anion determined in the solid-state
(bottom) and DFT calculated (middle). Spectrum of WO3 (top).
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[W1,0,0]* (DFT)

[W1204o]8_ (pHS)

T T T T T

200 400 600 800 1000
Raman Shift [em™]

1200

Fig. 6 Raman spectra of the [W;,0401%~ anion determined in the solid-
state (bottom) and DFT calculated (top).

891 and 871 cm™') from the calculated spectrum and belongs
to symmetric W=O, bond stretches. Similarly, the broad peak
at 847 cm™' in the experimental spectrum can be assigned to
the peaks appearing at 853 and 829 cm™ " in the calculated
spectrum of Nag[W;,04], where both peaks corresponds to a
symmetric W-O-W distortion along the vertex. A peak
740 cm™ " in the experimental spectrum appears at 732 cm™ " in
the calculated spectrum and corresponds to the asymmetric
W-O-W bond stretch. Finally, peaks at 638 cm™" in the experi-
mental spectrum and 652 cm™' (calculated) refer to asym-
metric W-O-W stretches. Overall, the comparison of the calcu-
lated and experimental vibrational spectra leads to the con-
clusion that the isolated paradodecatungstate is the main
product of this reaction. Critical spectral peak positions from
IR and Raman are summarized in Table 1.

Performing the same reaction at a pH of 1, which should
usually lead to the formation of a Keggin-type structure,
resulted in the formation of tungsten oxide, which was identi-
fied by powder X-ray diffraction (Fig. 7). The oxides formed
were identified as a mixture of different phases of the tungsten
oxides WO; and W30, using comparative data from measure-
ments of commercial WO; and from the ICSD database,
with only two WO; and one W;3049 phase being used for
visualization.

The fact that the N(v) atom is not part of the POM structure
shows that nitrogen is not a suitable heteroelement for the for-
mation of heteropolyanions. This result is consistent with the
particularly high relative energy of the hypothetical
[NW1,040]°” anion in our DFT calculations and the absence of
a convergence in DFT calculations for the hypothetical
[NWO,4]"~. NO;~ is known for its trigonal-planar geometry™*
and a NO4*>~ analogous to the phosphate anion PO,>~ does not
exist. To the best of our knowledge there is no structural motif
known in which N(v) is coordinated octahedrally.*® Therefore,
the formation of a Keggin- or Anderson-Evans-structure is
excluded for geometrical reasons. From our previous work on

458 | Dalton Trans., 2024, 53, 454-466
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[ W0, (reference, ICSD 00-005-0393)
WO, (reference, ICSD 00-001-0486)
WO, (reference, ICSD 00-002-0310)
[ Sb,0; (reference, ICSD 00-001-0154)
—— WO, (commercial)

tungsten oxide sample with heteroelement N
tungsten oxide sample with heteroelement Sb

N NPV
__J‘LU_JL_AMM_MLMMA.

Loy hI‘I“IMJIHIIUIJI M Ll.llll

T T T T

10 20 30 40 50 60 70 80 90
Position [°2Theta]

Fig. 7 Powder XRD of the different tungsten oxide samples obtained
from the reaction mixtures in comparison with different solid-state
phases of WO3, W1g049, Sb,05 and commercially available WO3.

Keggin structures, we know that the diameter of the PO,*~
tetrahedron in the center of the Keggin structure is approxi-
mately 3.074 A.*?> To estimate the size of a hypothesized NO,*~
anion, we measured the dimensions of a tetramethyl-
ammonium cation (CCDC database deposition number:
1916596), since the carbon atom is similar in size to the
oxygen atom. This would give an approximate size of 2.984 A
for a hypothetical NO,>~ tetrahedron, which is smaller than
the PO,>” tetrahedron and presumably too small to act as the
center of a Keggin-type structure.

2.2.2. Incorporation of phosphorus as a heteroelement.
Analogous experiments were performed using H3;PO,. As
expected, at pH 1, H;PO, and Na,WO, form the well-known
Keggin-type phosphotungstate Naz[PW;,0,,], which was
identified by FT-IR (Fig. 8) and *'P-NMR spectroscopy as
shown in Fig. S2 (ESIt).>>*0™*8

In agreement with our previous published study, the *'P
NMR peak for Nas[PW;,04] was found at —15.3 ppm.>*> The
big peak at ~0 ppm is a result of the excess H;PO, used during
the experimental procedure.

At a pH value of 5, we unexpectedly obtained a polyoxoa-
nion with the composition [P,W4055]">~ (Fig. 9).*° For this
structure type, we were not able to find a .cif file in the CCDC/
ICSD database.

The structure is composed of two oppositely oriented hemi-
spheres connected by two central tetrahedrally coordinated
P(v) atoms. Both are composed of seven WO¢ octahedra, which
are held together by a central PO,>” tetrahedron. In total, this
structure motif consists of 14 WO, octahedra and four PO,*~
tetrahedra, resulting in the final 4 : 14 P: W ratio.>°

The IR and Raman spectra of the bulk material (Fig. 8 and
10) show the typical vibrational bands of the [P;W4055]"*~
anion. In addition to the different types of W=0 and W-O-W
vibrational bands, the P-O band is found as a split band in
the IR spectrum at 1080 and 1037 cm ™. This can be explained
by considering the solid-state structure in Fig. 9 which has two

This journal is © The Royal Society of Chemistry 2024
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[PW,,0,0* (PH 1)

[P,W,05]'* (DFT)

[P,W,,05]'* (pH 5)

[PW,,0,,]* (pH 1)

Mo

[P,W,,05.]'> (DFT)

[P,W,,055]' (pH 5)

T T T T T T T T

1100 1000 900 800 700 600 500
Wavenumber [cm']
Fig. 8 IR spectra of the [P4;W140s5]'>~ anion determined in the solid-

state (bottom) and DFT calculated (middle). Spectrum of [PW350,40]*~
(top).

Fig. 9 Solid-state structure of the anion [P4W140s5]*>~ determined by
scXRD. Polyhedra representation above and atom model bottom. The
compound was crystallized in the triclinic space group P1 (2). Ry: 2.83%,
WR5: 7.19%, Rint: 7.53%, GooF: 1.076. Color code: blue: metal atoms (W),
red: oxygen atoms, purple: phosphorous. The .cif file is available in the
CCDC database. Deposition number: 2293849.}

different types of P-O tetrahedra: two PO, tetrahedra in the
center of each hemisphere and two PO, tetrahedra connecting
the hemispheres. The agreement between calculated and
experimental IR spectra is excellent and allows a spectral
assignment of peaks which correspond to symmetric and anti-
symmetric P-O bond stretches for all four phosphates groups,
respectively (1005 and 1071 cm™'). The peaks at 1104 and
1142 cm™" belong to the P-O bond stretches in the phosphates
connecting two hemispheres and the central PO,>” tetrahedra,
respectively. The peak corresponding to vibration of the term-
inal W=0, bonds appears at 941 and 862 cm™" in the calcu-
lated spectrum and can be found at 950 and 856 cm ™" respect-

ively, in the experimental spectrum. The peak at 800 cm™" in

This journal is © The Royal Society of Chemistry 2024

T T T T T T T

200 400 600 800 1000
Raman Shift [cm™]

1200

Fig. 10 Raman spectra of the [W1,040l% anion determined in the
solid-state (bottom) and DFT calculated (middle). Spectrum of
[PW120401* (top).

the experimental spectrum match well with calculated peaks at
851, 835 and 827 cm™* and refer to the W-O-W bond stretches
along the vertex. The broad peak at 713 in the calculated spec-
trum appears at 760 cm™ " in the calculated IR spectrum and
corresponds the W-O-W bond vibrations along the edge.

In summary, the calculated and experimental spectra
match the structure of the isolated single crystal, confirming
the structure of the bulk material. Important IR and Raman
peak positions are summarized in Table 2.

2.2.3. Incorporation of arsenic as a heteroelement. In
order to perform the same experiments with As, we oxidized
arsenic(ur) oxide to arsenic(v) acid (H3AsO,) in situ, using
hydrogen peroxide. At both pH values (1 and 5) the resulting
product was identified as the tri-lacunary Keggin anion
[AsW,05,4]°7, in which As(v) is in a tetrahedral coordination as
shown in Fig. 11.>°'** The single crystal was obtained from
the experiment at pH 5, but the bulk products were shown to
be identical by vibrational spectroscopy (Fig. 12). Additionally,

Table 2 Assignment of peak positions in IR and Raman spectra of
[P4W14056]""

Peak position/cm™ Assignment®

100° O=W=0, rock (symmetric)
145° O—W=0O0 rock (asymmetric)
216° P=0=W twist (out-of-plane)
373° O=W=0 scissoring (in-plane)
507° W=0=W bend (in-plane)
713¢ W-0-W (edge)

800“ W-O-W (vertex)

856 W=0 stretch (symmetric)
950

964Z P-O stretch (symmetric)

983

1037¢

1080

@ FTIR. ® Raman. ¢ From calculations.

Dalton Trans., 2024, 53, 454-466 | 459
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Fig. 11 Solid-state structure of the anion [AsWyOz4]°~ determined by
ScXRD resulting from the experiment with As(v). Two [AsWoOsz4]°~
anions are bridged by coordinating via six sodium cations. Polyhedral
representation left and atom model right. The compound was crystal-
lized in the triclinic space group P1 (2). Ry: 4.23%, WR,: 10.71%, Rinc:
6.65%, GooF: 1.115. Color code: brown: arsenic (As), blue: metal atoms
(W), red: oxygen atoms and turquoise: sodium cations. The .cif file is
available in the CCDC database. Deposition number: 2293851.}

the composition was

(ICP-OES, Table S3, ESIY).
In the solid-state structure, two [AsWoOsz4]"~

joined by six sodium cations. Here, the terminal oxo ligands of

confirmed by elemental analysis
units are

the vacancy positions are coordinating to the sodium cations.
The crystallographic dataset shows that the diameter of
a tetrahedrally coordinated AsO,*~ is 3.377 A (literature:
3.295 A*%), which is significantly larger than the PO,*” tetra-
hedron (3.085 A, CCDC deposition number 2177881).* These
observations are in agreement with our DFT calculations in
which the Keggin-type structure [AsW;,040)°" also has a
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significantly higher relative energy of formation than the
classical Keggin-type structure [PW;,04,]>". A Keggin anion
[AsW,0,40]>” has been reported previously but has been
characterized as unstable.’>” Presumably, the larger AsO,*~
tetrahedron is too bulky to comfortably fit in the Keggin struc-
ture, leading to the formation of the tri-lacunary Keggin units
which provide more space. This can specifically be observed
when comparing the O-O distances of the O atoms coordinat-
ing to Na' in the [AsW,03,]°~ dimer (4.121 A) with the corres-
ponding distances of bridging O atoms in the [PW;,0,0]>~
Keggin ion (2.753 A).*® The Na* ions saturate the open coordi-
nation sites on the lacunary O atoms, leading to the observed
coordination dimer. The bond length between the lacunar O
and Na' ions is 2.830 A which exceeds the sum of the respect-
ive covalent radii (Na: 1.55 A and O: 0.63 A = 2.18 A). This
suggests a weak bonding interaction. The distance is compar-
able to the O-Na distance between a Keggin-type anion and its
Na' counterions (2.986 A), which we observed in a recently
published crystal structure of Nag[PV3;Mo0y0,] (deposition
number 2205007).>!

Vibrational spectroscopy of the products obtained at pH 1
and pH 5 confirm that they are identical. Additionally, the
vibrational spectra were simulated based on the above-
described structure (Fig. 12 and 13). The spectra exhibit peaks
at 928 cm™" (929 cm ™ in the calculated spectrum) that corres-
pond to symmetric W=O0, bond stretch. The experimental IR
peaks at 855 and 866 cm ™" appears at 859 and 869 cm™" in the
calculated spectrum belonging to the asymmetric W=0, bond
stretch and asymmetric As=O bond vibration, respectively.
The peak at 803 cm™" (797 ecm™" in the calculated spectrum)
can be assigned to the As-O-W and (W-O-W)yerex bond
vibrations, and the peak at 729 cm™ (calculated 723 cm™)
corresponding to W-O-W bond vibrations along the edge of
the octahedra. The peak at 763 cm™" in the calculated spec-
trum corresponds to the (W-O-W)pigging bond vibrations.
Additionally, a small shoulder peak appears at 837 cm™" in the

[ASW9034]94 (PH D)

[AsW,0,,]” (DFT)

[AsW,40,,]% (pH 5)

[ASW9034]9- (PH 1)

[AsW,0,,]* (DFT)

[AsW,0,,]” (pH 5)

T T T T

1000 900 800 700 600 500

Wavenumber [cm!]

Fig. 12 IR spectra of the [AsWsO3,4]°~ anion (pH 5 and 1) determined in
the solid-state (bottom/top) and DFT calculated (middle).
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T T T T T T T T T

200 400 600 800 1000
Raman Shift [cm™]

1200

Fig. 13 Raman spectra of the [AsWoOs34]° anion (pH 5 and 1) deter-
mined in the solid-state (bottom and top) and DFT calculated (middle).
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calculated spectrum, which belongs to an asymmetric W-O-As
bond stretching vibration. Critical IR and Raman spectral peak
positions and their assignments are summarized in Table 3.

2.2.4. Incorporation of antimony as a heteroelement.
Finally, we performed the same experiments using potassium
hexahydroxoantimonate(v) as an antimony precursor, which
has been reported previously as a precursor for incorporating
Sb(v) into a POM structure.*®

At the pH value of 5, we observed the formation of the
Anderson-Evans-type anion [SbWy0,,]"", which was first
identified by singly crystal XRD (Fig. 14).

This structure type consists of six WO, octahedra surround-
ing one central SbOs octahedron. The bond length between Sb
and O (Sb-0,), was measured as 1.984 A, slightly longer than
the distance between the W and the bridging O atoms (W-Oy,)
of 1.941 A. This is the longest heteroatom-oxygen distance

Table 3 Assignment of IR and Raman spectral peak positions of
[AsW034]°~

View Article Online
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reported in this work, which is consistent with the increasing
radii of the heteroatoms®® that consequently leads to a larger
coordination number. These observations are also in agree-
ment with our above presented quantum chemical calcu-
lations, indicating that the formation of the Anderson-Evans
structure is energetically favored for Sb(v).

Again, the bulk material was characterized by vibrational
spectroscopy (Fig. 15 and 16). Few peaks can be assigned to
the Anderson-Evans structure based on previous literature.*®
To fully assign the vibrational bands, the IR and Raman
spectra of [SbW0,,]"~ were calculated on the basis of the
above described structure using computational methods.

Going from lower to higher wavenumbers, the peaks
appearing at 435 and 470 cm™" in the calculated spectrum
(experimental 419 cm™") correspond to anti-symmetric degen-
erate bending and anti-symmetric degenerate stretching Sb-O

WO, (pH 1)

1

Peak position/cm™ Assignment®

262° O=W=0 rock (in-plane)
3520 O~W=0 scissoring (in-plane)
566° W-O-W along edge (symmetric)
729¢
803“ As-O-W stretch
W-O-W (vertex)
865" W=0O0, stretch (symmetric)
866 As=O0 stretch (asymmetric)
888"
929¢ W=0, stretch (symmetric)
954°

4FTIR. ? Raman. ¢ From calculations.

Fig. 14 Solid-state structure of the anion [SbW¢O,4l”~ determined by
scXRD. Polyhedra representation above and atom model bottom. The
compound was crystallized in the triclinic space group P1 (2). Ry: 2.54%,
WR>: 6.89%, Rint: 5.45%, GooF: 1.136. Color code: blue: metal atoms (W),
red: oxygen atoms. The .cif file is available in the CCDC database.
Deposition number: 2293848.1

This journal is © The Royal Society of Chemistry 2024

[SbW,0,,]” (DFT)

[SbW,0,,]” (pH 5)

T T T T T T T T

1100 1000 900 800 700 600 500 400
Wavenumber [cm™']
Fig. 15 IR spectra of the [SbW¢O,4l”~ anion determined in the solid-

state (bottom) and DFT calculated (middle). Spectrum of WO3 (top).

[SbW,0,,]”" (DFT)

[SbW(0,,]" (pH5)

T T T T T T

200 400 600 800 1000
Raman Shift [em™]

1200

Fig. 16 Raman spectra of the [SbWgO,4]’~ anion determined in the
solid-state (bottom) and DFT calculated (top).
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bonds. The peak at 523 cm™' in the experimental spectrum
shifts by 13 cm™" and thus appears at 510 cm™" in the calcu-
lated spectrum and shows symmetric degenerate stretching of
Sb-O bonds. The small peak at 590 cm™" in the calculated
spectrum correlates with the experimental peak at 585 cm™*
and refers to asymmetric of Sb-O bonds stretch. The large
peak at 674 cm™ ' in the calculated spectrum (experimental
727 cm™ ') shows the O-W-O bond stretch along the vertex.
The peaks at 865 and 945 cm ™" in the experimental spectrum
appear at 869 and 914 cm™' in the calculated spectrum and
belong to the anti-symmetric and symmetric W=0O, bond
stretches, respectively. In summary, the vibrational spectra
confirm the Anderson-Evans structure for the bulk material.
The assignment of IR and Raman spectral peaks is summar-
ized in Table 4.

The same experiment was also performed at a pH value of
1, which however yielded a mixture of tungsten oxide (WO;)
and antimony(v) oxide Sb,0s, which were identified by powder
X-ray diffraction (Fig. 7).

Table 4 Assignment of IR and Raman spectral peak positions of
[SbWO241"~

Peak position/cm™ Assignment®
3520 O==Sb=0 scissoring
419° Sb-0 (bending)

Sb-O (stretching)
523¢ Sb-O scissoring (in-plane)
553% W=0=W bending
585¢ Sb-0 stretch (asymmetric)
7274 O-W-O (vertex)
865 W=0 (anti-symmetric)
945¢ W=0O0, (symmetric)

4FTIR. » Raman. ¢ From calculations.
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2.2.5. Comparative summary. In summary, we observed
several different structure types being formed by the combi-
nation of group 15 precursors with sodium tungstate (Fig. 17).
Selected structural features are summarized in Table 5.

The experimental results are summarized in Fig. 17. From
these results in combination with our computational studies,
we conclude that the formation of the different structure types
depends not only on the pH value, but is also highly depen-
dent of the atomic radius of the heteroelement involved.

In agreement with our computational and experimental
results, N(v) is too small (0.16 A)** for both coordination
motifs, furthermore it forms the planar NO;™ ion instead of a
tetrahedral NO,>~ ion. Therefore, the thermodynamically pre-
ferred structure type of tungstate at pH 5 is formed without a
heteroatom. In the strongly acidic medium (pH 1), decompo-
sition of the paradodecatungstate B anion to the tungsten
oxide was observed, which can be explained by an instability
caused by the absence of a heteroatom. P(v) (0.38 A)** forms a
tetrahedral PO,*~ structural motif, which in agreement with
the DFT calculations leads to the formation of a Keggin anion
in highly acidic media (pH 1). At higher pH values (5) the
Keggin structure of [PW;,040]>” becomes unstable and the
[P,W1,054]">” anion is formed instead, which still contains tet-
rahedrally coordinated P atoms. Mechanistically, the latter
structure is probably formed via the former structure via a
Keggin-lacunary intermediate, which is known to form in
more basic media, as the lower proton concentration leads to
dissociation of individual metal-oxygen polyhedra from the
POM cluster.>® As(v) (atomic radius of 0.46 A)** is known to
prefer the tetrahedral coordination geometry (e.g in
H3As0,4),** but the Keggin formation seems to be more
difficult due to the, compared to P(v), high atomic radius and
subsequent larger heteroatom polyhedron. Thus, the for-
mation of the open lacunary Keggin structure seems to be
thermodynamically preferred. This structure is further stabil-

-

HNO%*@ —’

ISP 30.974

-
HgASO4 _’

Ig[s%a(bHé)G];\

e

by
9.12 7.877.80 5.50

-

Fig. 17 Formation of different POM structure types in dependence of the heteroelement and pH value.
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Table 5 Selected bond lengths in single-crystal structures (comparison to the calculated values)

Bond length [A]

[W1,040]%~ [P,W14055]">~ [ASWo034]°~ [SbWe0,4]"~ Sum of covalent radii’®
P-0O, n.a. 1.537 (1.524) n.a. n.a. 1.74
As-O, n.a. n.a. 1.683 (1.678) n.a. 1.84
Sb-0, n.a. n.a. n.a. 1.984 (2.01) 2.03
0,-W n.a. 2.262 (2.33) 2.370 (2.373) 2.224 (2.243) 2.00
W-0, 1.935 (1.971) 1.879 (1.869) 1.943 (1.939) 1.941 (1.951) 2.00
W-O, 2.236 (2.172) 2.131 (2.195) 2.00
W=0, 1.742 (1.743) 1.738 (1.737) 1.742 (1.754) 1.748 (1.765) 2.00
ONa 2.410 2.370 2.878 (2.491) n.a. 2.18
Na-Ow 2.419 2.395 2.583 2.406 2.18

n.a.: not applicable.

ized by the formation of a coordination dimer, in which two
[ASWo03,4]°” units are held together by six alkali ions. The
stability of this structure is sufficiently high, that its formation
is unaffected by the different pH values. In contrast, Sb(v)
(0.60 A) preferentially forms octahedral motifs (coordination
number 6).** As predicted by DFT calculations, the addition of
Sb(v) leads to the formation of an Anderson-Evans type POM
at pH 5 in which all metal atoms, including the central hetero-
atom, are coordinated octahedrally. Outside of the pH range in
which Anderson-Evans structures are stable, the respective
oxides (WO3, Sb,05) are formed.

3. Experimental procedures

Detailed synthetic procedures can be found in the ESL.{

The arsenic(v) solution was prepared by dissolving arsenic
(m) oxide in a mixture of a 30% solution of hydrogen peroxide
(30 mL) and water (30 mL) under reflux for two hours.

The antimony(v) solution was prepared by refluxing potass-
ium hexahydroxoantimonate(v) in water (100 mL) for one
hour.

In a general procedure sodium tungstate dihydrate was dis-
solved in water or added to the respective As(v)/Sb(v) solution.
The start volume of the reaction mixture was always 100 mL of
an aqueous solution. For the experiments with the heteroele-
ments N(v) and P(v) a 4 M solution of nitric acid or 25 wt%
phosphoric acid solution in water was added to the aqueous
sodium tungstate solution. The pH value was adjusted to 5 or
1 using a 37% solution of hydrochloric acid in water and the
solution was concentrated under reduced pressure (85 °C, 200
to 0 mbar). All compounds were purified according to our pre-
vious published dialysis approach.>'*”

Further characterization of all POMs by compositional ana-
lysis (ICP-OES) and thermogravimetric analysis, (TGA) is
shown in the ESI, Table S3.1 *'P-NMR spectroscopy was done
for Na;,[P,W140s55] and Naz[PW;,04] and is presented in
Fig. S1 and S2.f UV-Vis measurements were performed for all
POMs and the data were analyzed according to the Lambert-
Beer’s law as shown in Tables S5, S6 and Fig. S3-S8 (ESIf).
Precise analytical characterization of the anion [PW12040]3_

This journal is © The Royal Society of Chemistry 2024

was done in our previously published study, therefore we do
not present further characterization of this compound here.
Computational details can be found in the ESL

4. Conclusion

In this work, we present a combined computational and
experimental study on the influence of different group 15
elements on the formation of various POM structures. Our
DFT calculations suggest that the formation of a Keggin-type
structure is preferred for elements with small atomic radii
(such as P) and unlikely for elements with large radii (such as
Sb). The trend is reversed for the formation of the Anderson-
Evans structure. Our crystallographic and spectroscopic data
are in agreement with the computational results. For P(v), the
Keggin anion [PW;,04,]>~ was formed in strongly acidic (pH 1)
media vs. the formation of [P,W;,054]">~ at pH 5. Here, P(v)
was found to be tetrahedrally coordinated in both structural
motifs. As(v) also prefers tetrahedral coordination motifs, but
the larger As(v) atom radius causes stress on the confined
Keggin structure, resulting in the formation of lacunary struc-
tures such as the [AsWy034]°" anion. In agreement with the
calculations, the formation of the Anderson-Evans anion
[SbW40,,]"~ was observed at pH 5 using Sb(v). In contrast,
decomposition of the anion to oxidic materials was observed
at pH 1. In agreement with the computational data, the small
N(v) atom is an outlier due to its small atomic radius, and the
anomaly of forming a tri-coordinate oxoanion (NO;™). As a
result, it is not involved in the formation of POM structures.
This can be seen in the relative thermodynamics of formation,
which gave the highest relative energy (compared to
[PW1,040]>7) for the hypothetical [NW;,0,]’" anion, while
structural optimization for the [NW40,,]’~ anion was not
successful.

All compounds were characterized by additional spectro-
scopic methods in the solid-state and in aqueous solution. An
assignment of the different vibrational bands to the vibrational
modes was possible using DFT calculated peak positions. The
data obtained are of particular interest for the less common
structure types such as the lacunar-based motifs [AsWoO03,4]°",
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[P,W14055]">7, and even the Anderson-Evans structure
[SbWe0,4]"". In contrast to the Keggin structure, where the
P-O vibrational band is observed in the range 1000 to
1100 cm™', the various As-O-W vibrational bands in the
lacunar-based structural motifs are found at 837 and
797 cm™'. For the Anderson-Evans structure, the different
types of Sb-O vibrational bands were found at 435, 470, 510
and 590 cm ™.

The results presented here contribute to the understanding
and control of POM formation, in particular, the formation of
different structure types as a function of heteroelement and
pH. From the results presented here, a clear trend can be
observed for the group 15 elements P(v), As(v) and Sb(v),
whereas N(v) is incompatible for POM chemistry.
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