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Summary

The presented thesis contains the characterization of layered tungstate compounds
of the Aurivillius- and Ruddlesden-Popper-type. Both structure types are part of the
extensive perovskite family. In the introduction a thorough review of the relevant
structure types, their similarities, differences and relationships is given. Especially
the distorted coordination spheres and temperature-dependent phase transitions in
the Aurivillius compounds are discussed.

The first part of the thesis deals with the Aurivillius-type bismuth tungstate
BioaWOg. It was studied by temperature dependent X-ray powder diffraction and
Raman spectroscopy supported by DSC.

The compound was studied in the 80K to 1100 K with a 10K resolution. The
structure models obtained from Rietveld refinement of the diffraction data suffered
from large uncertainties on the oxygen positions. An in-depth analysis of the co-
ordinations were performed nonetheless, to probe for trends in the data that show
correlations to the previously reported features and up until now undetected fea-
tures. The coordination spheres were analyzed by the minimal bounding ellipsoid
method. The approach consists of calculating the smallest ellipsoid that encom-
passes all ligand around a central atom. The trends in the obtained parameters
confirmed the literature results and gave hints to further structural instabilities in
the temperature range 250 K to 700 K.

In the second part, the structure of the Ruddlesden-Popper-type hydrotungstate
HoW207 has been investigated. The compound is known for over 20 years, and
although the general idea of the structure has been established from early on, the
compound received only little attention in the literature and no structure solution
was reported.

HoW, 07 is synthetically only accessible via a leaching synthesis from the parent
Aurivillius phase BigW20yg. Since the leaching synthesis results in a highly distor-
ted product and no single crystals of this compound are known, HoW2O7 defied a
structure solution.

The application of typical powder structure solution approaches turned out to
be futile. Some problems associated with the low amount of structural information
from X-ray diffraction were partially mitigated by experiments wit neutron radiation.
Further ancillary probes like Raman, FTIR and NMR spectroscopy were used to shed
light on structural peculiarities and aid the structure solution. From this compound
knowledge several structure models were produced and tested simultaneously against
neutron and X-ray data in a combined refinement approach. The obtained results
were analyzed with regard to a series of quantifiers of structural distortion and
compared to parent and related compounds as well as a recently published structure



Summary

solution of the compound. It became clear that the distorted nature of the sample
challenged the notion of a periodic structure and kept eluding a proper description
by standard diffraction.

To get further insight into formation of the distorted structures the leaching pro-
cess was investigated. In-situ Raman spectroscopy and total scattering experiments
were performed to describe the compound on the local range via PDF analysis. The
experiments confirmed that the structural integrity of the perovskite layer is kept
during the leching.
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Zusammenfassung

Die vorliegende Arbeit beschéftigt sich mit der Charakterisierung von Wolframat-
Schichtstrukturen vom Aurivillius- und Rudllesden-Popper-Typ. Beide Strukturty-
pen sind Teil der weitldufigen Perovskit-Strukturfamilie. In der Einleitung wird ein
griindlicher Uberblick in die relevanten Strukturen, ihre Gemeinsamkeiten, Unter-
schiede und Zusammenhéinge gegeben. Insbesondere werden die verzerrten Koor-
dinationssphéren und das temperaturabhingige Phasenverhalten der Aurivillius-
Verbindungen beleuchtet.

Das erste Teil der Arbeit beschéftigt sich mit dem Aurivllius-typ Bismuthwolf-
ramat BiaWQg. Dieses wurde mittels temperaturabhéngiger Rontgepulverbeugung
und Raman-Spektroskopie sowie Differential-Thermoanalyse untersucht.

Die Verbindung wurde im Temperaturbereich von 80 bis 1110 Kelvin mit 10 Kelvin
Auflésung untersucht.

Die Strukturmodelle, die durch die Rietveld-Verfeinerung der Beugungsdaten ge-
wonnen wurden, litten unter groflen Unsicherheiten in den Sauerstoffpositionen.
Dennoch wurde eine eingehende Analyse der Koordinationen durchgefithrt, um nach
Trends in den Daten zu suchen, die Korrelationen zu den zuvor berichteten Merk-
malen und bisher unentdeckten Merkmalen zeigen. Die Koordinationsspharen wur-
den mit der Methode des kleinsten umbhiillenden Ellipsoiden analysiert. Der Ansatz
besteht darin, das kleinste Ellipsoid zu berechnen, das alle Liganden um ein Zen-
tralatom umfasst. Die Trends in den erhaltenen Parametern bestétigten die Litera-
turergebnisse und gaben Hinweise auf weitere strukturelle Instabilitdten im Tempe-
raturbereich von 80 bis 1110 Kelvin

Im zweiten Teil der Arbeit wurde die Struktur des Ruddlesden-Popper-typ Hyd-
rowolframats HoWoO7 untersucht. Obwohl die Verbindung seit iiber zwanzig Jahren
bekannt ist die generelle Idee des strukturell Aufbaus bekannt war, erhielt es nur
wenig Beachtung in der Literatur und lief§ eine Strukturlésung vermissen.

HoW5O7 ist nur iiber eine sdurebasierte Auslaugreaktion aus dem Aurivillius-typ
BisW350g darstellbar. Da das Produkt der Synthese stark verzerrt und auch sonst
keine Einkristalle der Verbindung bekannt sind, hat es sich seither einer Stukturlo-
sung entzogen.

Die Anwendung typischer Pulverstrukturldsungsanséitze erwies sich als aussichts-
los. Einige Probleme, die mit der geringen Menge an strukturellen Informationen
aus der Rontgenbeugung verbunden sind, konnten teilweise durch Experimente mit
Neutronenstrahlung umgangen werden.

Weitere Hilfssonden wie Raman-, FTIR- und NMR-Spektroskopie wurden verwen-
det, um strukturelle Besonderheiten zu beleuchten und die Strukturlésung zu unter-
stiitzen. Aus diesem Wissen iiber Verbindungen wurden mehrere Strukturmodelle
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Summary

erstellt und gleichzeitig gegen Neutronen- und Rontgendaten in einem kombinierten
Verfeinerungsansatz getestet. Die erhaltenen Ergebnisse wurden im Hinblick auf ei-
ne Reihe von Verzerrungsmerkmalen analysiert und mit Ausgangs- und verwandten
Verbindungen sowie einer kiirzlich veroffentlichten Strukturlésung der Verbindung
verglichen.

Es wurde deutlich, dass die verzerrte Natur der Probe die Vorstellung einer peri-
odischen Struktur in Frage stellte und sich immer wieder einer korrekten Beschrei-
bung durch Standardbeugungsmethoden entzog.
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1 Introduction

1.1 Structural hierarchies of tungstates

When introducing the concept of atomic structures and internal arrangement of
solids to laymen, the picture of a regular three-dimensional (3D) grid of chemical
species is brought up at first. A highly symmetric, perfectly ordered closed packed Si
or cubic NaCl crystal usually serves as an example, wherein each main orthogonal
spatial direction shows exactly the same arrangement and properties. However,
nature offers vast possibilities to assemble atoms and to form solids.

This thesis deals with tungstate systems known for their structural diversity and
for showing atomic arrangements which are of low dimensionality, low symmetry
and/or low order. Starting with the concepts of well-ordered systems helps to un-
derstand those deviating from the perfect, simple state. Accordingly, we approach
the family of two-dimensional (2D) layered tungstates via the more regular 3D tung-
sten trioxide. After that, the peculiarities of the layered bismuth tungstates of the
Aurivillius family are introduced, followed by the closely related Ruddlesden-Popper
structures and the respective hydrotungstates. Finally, a short overview over further
related structures such as the tungsten bronzes is given.

Figure 1.1 gives a schematic overview over different structures and structural
motifs covered in this thesis.

1.1.1 Tungsten trioxide: the non-layered perovskite analogue

In the structure of the simple tungsten trioxide, tungsten is sixfold coordinated
with oxygen in an octahedral fashion (Figure 1.2c). Adjacent octahedra share their
oxygen atoms to form a three-dimensional network. At ambient conditions, the
WOs3 structure exhibits the thermodynamically stable ~-modification with mono-
clinic space group (SG) P21/n (No. 14) and lattice parameters a = 730.084(7) pm,
b = 753.889(7) pm, ¢ = 768.962(8) pm and S = 90.892(1)°. [1] The topology of the
corner-sharing octahedral network is similar to those of two related structure types:
the ReOs-type and the perovskite-type.

The binary compound rhenium trioxide (ReOg) crystallizes in a highly symmetric
primitive cubic unit cell with SG Pm3m (No. 221). [2, 3] The rhenium and oxygen
atoms forming the centers and corners of platonic octahedra (Figure 1.2a). This
structure motif is the ideal of the corner-sharing octahedra building scheme and
represents the high-symmetric and non-layered parental structure type for all crystal
structures covered in this thesis.
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Figure 1.1: Schematics of structure types covered in this thesis or related to those.

Structure of the perovskite type exhibit an atom in the center of the void spanned
by eight interconnected octahedra (Figure 1.2b). The chemical composition of these
perovskites is generally denoted as ABX3, with A as the void occupying species and B
and X forming the octahedra center and corners, respectively. The crystal chemistry
of perovskites is vast with numerous combinations of elements reported. [4] The
structural arrangement of combinations of A, B and X with different sized species
can be estimated from geometric considerations via the famous Goldschmidt relation

ratrp

N V2(ra +7x)

based on their respective ionic radii 7;. [5] The Goldschmidt tolerance factor ¢ serves
as a measure to estimate the stability and symmetry of the respective combinations.
Perovskite oxides, i.e. X is O%, exist within their stability range of ¢ from 0.71 to
~1.1 with £ = 1 representing the ideal cubic symmetry. For an extensive overview of
perovskites, related structures and the resulting properties the reader is referred to
the recent book of Tilley which gives an ecclectic introduction into the manifoldness
of this field. [6]

Due to their close correlation, the WOj3 structure is frequently described as a
distorted ReOs-type, where the distortion from the highly symmetric arrangement
is based on two mechanisms. Both distortive effects are also relevant factors for
the structures of the layered tungstates covered in this thesis as they apply for
perovskites in general.

The first mechanism concerns the local coordination shell of the tungsten atom,
which deviates from that of a platonic octahedron. The deviation is caused by an
off-centering of the tungsten atom in direction of mainly one of the edges and slightly
one adjacent face as well as a slight deformation of the oxygen ligand sphere. [1] This
lowering of local symmetry can be mostly attributed to the pseudo Jahn-Teller effect
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(a) The highly symmetric, primitive cubic (b) Ideal cubic ABX3 perovskite structure
crystal structure of ReOz (SG Pm3m), of SrTiOs (SG Pm3m), showing the ad-
consisting of corner-sharing platonic octa-  ditional 12-fold coordinated Sr atom in
hedra. between the corner-sharing TiOg octa-

hedra.

(¢) Room-temperature structure of the
WOz (SG P2;/n), also described
as distorted ReOs-type or A-deficient
perovskite-type.

Figure 1.2: Three-dimensional networks of octahedra in the perovskite and
perovskite-like structure types.
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(PJTE), also called second-order Jahn-Teller effect (SOJTE), with additional effects
playing a supportive role. Cations in d°-configuration, like W% are prone to this
type of distortion. [7]

One condition for distortion to occur due to PJTE is a sufficiently small gap
between the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). In the bulk WO3 case, it is the valence-conduction band
gap between the filled p-orbitals of the ligands and empty d-orbitals of the central
atom. If the electronic states are sufficiently close to each other and can engage in a
vibronic coupling, they fulfill the prerequisite of pseudo-degeneracy. An additional
symmetry breaking, e.g. out-off-center distortion, can lift this pseudo-degeneracy,
however, this distortion only occurs if it is ultimately more beneficial towards a
lower final total energy. [8] For the lower final energy the effect needs to outweigh
the usually counteracting intrinsic structural energy in highly symmetric, electronic-
ally non-degenerate systems, e.g. through a covalency gain due to enhanced orbital
overlap. [8] This is in contrast to the regular Jahn-Teller effect (JTE), which is
mainly electrostatically driven and where an actual degeneracy in the initial state of
a susceptible electronic configuration is present. Its subsequent lifting by symmetry
breaking towards a non-degenerate final state always leads to a lowering in total
energy of the system. [9]

The second mechanism is the deformation of the corner-hinged octahedral net-
work via compliant tilting/rotation of the octahedral axes away from the unit cell
axes. It is also one of the supportive effects determining the direction of the above-
mentioned off-centering distortion. Octahedral tilting in perovskite-like structures
is usually described in the Glazer notation comprised of three letters each with a
superscript. [10-12] Each pair describes the relative magnitude (letter) and direc-
tion/phase of rotation (superscript) of neighboring units with respect to the three
principal axes of a cubic aristotype, i.e. along the connections of the corner-sharing
network. The aristotypic ReO3 belongs to the “zero tilt” group a®a%a®, with the
triple a indicating the same magnitude of tilting for all directions, which actually is
zero as indicated by the 0 superscript. Indeed, in the high symmetry cubic rhenate
structure there is no tilting present in any direction.

The vy-modification of WO3 in SG P2; /n, that is thermodynamically stable at am-
bient conditions, belongs to the "three tilt” group a~b*e™ (or equivalently a™b~c™,
depending on cell choice). It exhibits different magnitudes of octahedral rotation
with respect to the cell axes (indicated by different letters), an in-phase rotation of
adjacent units about one axis (positive superscript, here the b-axis) and an anti-
phase behavior in the two other principal directions (negative superscript). [13, 14]
This tilting pattern is attributed to the absence of d-electrons in W5, contrary to
the rhenate case, where an additional electron is available due to the d' configur-
ation of ReS*. That electron fills the anti-bonding 7*-orbitals driving the system
towards orthogonality and stabilizes the cubic symmetry of the rhenate structure.

Due to the structural flexibility induced by these distortion mechanisms, the
WOj3 structure shows a pronounced polymorphism in the temperature range 0K
to 1200 K. [15] At least two low-temperature (LT) and four high-temperature (HT)
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phase transitions (PTs) with changes of space group symmetries and even further
LT PTs based on dielectric anomalies have been reported. [15-17] Each of the dif-
ferent polymorphs is characterized by different degrees of octahedral tilting and
out-off-center distortion. However, even with the usual tendency of structures ad-
opting higher symmetries with elevated temperatures, tungsten trioxide does not
seem to adopt a ReOs-like cubic high-temperature phase. [18] Interestingly though,
a cubic WOj3 modification has been reported in a metastable form, being synthet-
ically accessible only by subtle thermal decomposition of layered tungstate precurs-
ors. [19, 20] As can be expected from symmetry considerations, the reported cubic
lattice parameter of ~373 pm corresponds to about half of the y-modification’s lat-
tice parameters or roughly twice the typical WO-bond distance, i.e. the distance
between opposite octahedral corners.

Another consequence of the WO3 lattice’s flexibility is the possibility for accom-
modation of differently sized chemical species on its vacant A site, which will be
addressed later in subsection 1.1.4. As such, the classification as an A-deficient per-
ovskite is preferred by the author from a crystal-chemical standpoint instead of the
symmetry focused referral to the tungsten trioxide as being ReOgs-like. Accordingly,
throughout this thesis WO3 and the related layered tungstates discussed herein will
be denoted as being “perovskitic”.

On a side note, the structure of v-WOj3 is actually one of the first examples that
were confirmed with the Rietveld refinement analysis applied to data from neutron
powder diffraction. [21, 22] Both methods were also used extensively over the course
of the project to characterize the related layered tungstate compounds.

1.1.2 Aurivillius phases

With the concept of the perovskite as a 3D network of octahedra in mind, we
approach the related 2D layered tungstates by introducing the Aurivillius-type com-
pounds.

In 1949 the first of a series of publications by Aurivillius reported on the eponym-
ous family of compounds with the general formula of (BisO2)(A,—1B,03,41). [23—
25] Their building scheme consist of n corner-sharing octahedral layers stacked on
top of each other forming the perovskitic domains (A, 1B,03y,41)?  which are sep-
arated by fluorite-like (BipO2)?" layers. Some archetypal compounds of this class
are shown in Figure 1.3 as examples for different layer thicknesses n.

Members of the Aurivillius family usually show a (pseudo-)tetragonal or ortho-
rhombic crystal symmetry at ambient conditions. [26] They tend to adapt space
groups A2;am (non-standard setting of C'mc2;, No. 36) for even and B2eb (non-
standard setting of Aea2, No. 41 [cited with former nomenclature B2cb in refer-
ence]) for odd values of n, both related to a (hypothetical) tetragonal aristotype in
I4/mmm (No. 139). [27]

The non-standard space group settings are related to the stacking direction usually
being assigned as the crystallographic c-axis with the thickness of the perovskite
slab dictating the c lattice parameter. Individual neighboring perovskite layers are
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Figure 1.3: Examples of Aurivillius-type structures with n = 1 to 3 showing the
typical alternating sequence of perovskite-type layers intergrown with fluorite-like
BiO-layers. (left) n = 1 BisNbOsF (ICSD152994, I4/mmm, No. 139), an oxy-
fluoride with ligand site disorder and average aristotype symmetry. Note also the
fairly regular Bi coordination. (center) n = 2 BisCaNbyOg(ICSD36108, A21am,
No. 36), note the common partial mixing of Bi on the A-site and vice versa,
related to Bi as the A-site cation in (right) n = 3 BiyTizO012 (ICSD152994, Aba2,
No. 41).

shifted against each other by a shift vector of s = (a+ b)/2, i.e. diagonally by half
the lattice vectors in the ab-plane.

The range of n starts from n = 1 for a single perovskitic layer and can reach
up to n = 5 for the higher-order Aurivillius phases, while the respective pure per-
ovskite ultimately can be thought of as the n = co end member of the series. The
perovskite-like slab generally shares the features of the perovskite system, however,
its chemical variability is slightly reduced in the Aurivillius phases. Here, the range
for the Goldschmidt tolerance factor ¢ is negatively correlated to the layer thickness
n and furthermore limited to combinations which form interfaces spatially commen-
surate to the bismuth oxide layer. Otherwise, the internal strain would get too high
preventing the formation of stable structures. [27, 28]

The bismuth-oxygen coordination in the fluorite-like interlayer is sometimes de-
scribed as an asymmetrically distorted antiprism. One hemisphere can be described
as a fairly regular square pyramid with four of the central oxygen atoms in the
fluorite layer as the basal plane and Bi forming the apex. The other hemisphere
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towards the perovskite layer does not adhere to a strictly regular pyramidal bond-
ing scheme, thus challenging the idea of an antiprism. The notion of an antiprism
stems from a hypothetical bonding scheme with the apical oxygen atoms of the four
closest neighbor perovskite octahedra. Depending strongly on the nature of the per-
ovskite block and its octahedral rotation pattern the distance distribution between
Bi and the octahedra apices can become severely disparate. Another factor influen-
cing the geometry is the stereochemical activity of the bismuth 6s lone-pair. [29] The
presence of a lone-pair is not a strict prerequisite as recent publications report on
partial substitution of interlayer bismuth with iso-, aliovalent and also non-lone-pair
cations, e.g. with Pb?", Ca?™ or La3*". [4, p. 45] This interlayer flexibility partially
lifts above-mentioned limitations of the structural stability with regard to chemical
compositions of the perovskite block. [30] As such, the bismuth oxide interlayer has
somewhat lost in significance as the family defining feature, which now could more
generally be thought of as an intergrowth of fluorite- and perovskite-type.

In addition to the chemical complexity, another dimension is introduced by the
system’s ability to form intergrowths of different perovskite slabs A and B with
distinct sizes (na # ng) and/or composition. [31]

The n = 1 bismuth tungstate Bi;WOQg

One of the simplest representatives of the Aurivillius group of compounds is the
n = 1 member v-BisWOg, also known under the mineral name russellite. The crys-
tal structure consists of single layers of corner-sharing WOg-octahedra separated by
the Aurivillius-typical bismuth oxide layers, depicted in Figure 1.4. The symmetry
of this structure has been the subject of considerable debate. Amongst other pos-
sibilities it has been described in the Aurivillius-typical space group B2eb by Wolfe,
Newnahm and Kay (given as B2cb). [32] However, later determination by Knight
assigned the orthorhombic space group Pca2; (No. 29). [33, 34] To stay in the
usual scheme in Aurivillius phases of assigning the stacking direction to the c-axis
and the polar axis to the a-axis, the non-standard setting P2,ab is used within this
thesis. With orthogonal lattice parameters of a = 545.84(2) pm, b = 543.73(2) pm
and ¢ = 1643.02(5) pm the unit cell is relatively close to be tetragonal. This relates
to the aforementioned hypothetical aristotype in I4/mmm with a tetragonal lattice
parameter ar =~ (ao + bo)/(2v/2) = 385.22pm. This is comparable to the cubic
tungsten trioxide with ac ~ 373 pm and illustrates the close relationship of Bis WOy
and WOj3 as the n = 1 and n = oo members of the Aurivillius family, respectively.
As in the non-layered WO3, the perovskite-like tungsten oxide layer exhibits a
distorted WOg4 octahedron. In contrast to WQOg, the presence of the bismuth inter-
layer and the stereochemical activity of its lone electron pair provides an additional
mechanism contributing to the distortion in the system. The bismuth oxide layer
externally acts on inter- and to some extent also the intra-octahedral distortion of
the WO-layer, which in the pure tungstate case in subsection 1.1.1 was referred to
as a supportive effect. Halasyamani refers to these contributions as primary and, in
this case of a heteroatomic influence, secondary distortive effects, respectively. [35]
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The WOg octahedra in BisWOg show an off-centering of the tungsten atom, at-
tributed to the d°-related SOJTE of WO as well as pronounced octahedral tilting
influenced by the BiO-layer. Notably, Halasyamani points out that the direction
of this off-centering is governed by the supportive or secondary distortive effect of
the bismuth lone-pair. [35] In this compound, the WO bond-lengths, the related
off-centering of the tungsten atom and deviations of the octahedral ligand sphere
from a platonic body are comparable to those of tungsten trioxide. [36]

The tilting of the WOg-octahedra can be described in terms of the Glazer nota-
tion, however, due to the layered nature of the structure it is not strictly applicable.
The notation is with respect to the tetragonal aristotype in I4/mmm, whose prin-
cipal axes run through the corner connection points, e.g. along the [110], [110] and
[001] viewing directions of the P2iab structure. Within the plane of the corner-
sharing layer, the octahedra are rotated anti-phase by the same amount in both
directions. [37] There are no directly connected octahedra in c-direction, however,
considering the in-phase rotation of octahedra in neighboring sheets the classification
isa~a " ct.

As mentioned above, the anion hemisphere around bismuth towards the perovskite
block is distorted and especially in BiosWOg differs strongly from a hypothetical reg-
ular antiprism. The coordination around both Bi positions are shown in Figure 1.5
depicting the distorted antiprismatic BiOg polyhedra and respective distances. Ad-
ditionally, the distance to the respective closest oxygen atom O4/05 in the corner-
sharing WO network is given for both Bi positions. Notably, the two long distanced
oxygen atoms of both antiprisms are significantly farther away than O4/05 in the
perovskite layer. Even O4/05 are outside of what would be considered the first
coordination sphere. [38]

Knight attributed the asymmetry of the antiprismatic Bi-O environments, and
thus also the related octahedral tilting in the perovskite layer, to electrostatic re-
pulsion between the Bi lone electron pairs and oxygen anions. [33] The distorted
antiprism pinacoids with the respective two short and two long Bi-O distances would
thus be a result of a repulsive interaction in the picture of the valence structure elec-
tron pair repulsion (VSEPR) model. [38] This interpretation was doubted recently
by Okudera et al. [36] The maxima of residual electron density found in the structure
are interpretable as the lone pairs of the Bi ions. Both maxima are situated almost
normal to the layer plane above the Bi atom and in that point along ¢ towards the
perovskite blocks and not towards the long distanced oxygen atoms. [36] The dis-
tances from the Bi** cation to maxima of the electron density is less than ~100 pm
(gauged from their positions relative to the oxygen layers in [36, Fig. 3|), which is
in line with the reported distances of 98 pm [39] and 65.9 pm [40].

The results of Stoltzfus et al. also show that the 6s lone-pair of Bi** is not as
localized as found at other lone-pair active ions due to relativistic contraction. [41]
Furthermore, the report illustrates that the lone-pair stereoactivity in bismuth and
the respective distortion is also a result of the SOJTE. The interaction of the lone
Bi 65 with O 2p leads to a pseudo-degenerate state, that is again lifted by further
mixing with vacant p-orbitals of bismuth, similar as for the distortion in WO3 de-
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Figure 1.4: Structure of the n = 1 member 7-BiaWOg (P21ab, No. 29), also called
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Figure 1.5: Severely distorted antiprismatic coordination sphere around the two Bi
positions in BiaWQg. The distances to bridging oxygens in the WO-layer show
comparable lengths.
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scribed above. Most notably, Stoltzfus et al. argue that the energies of systems
with distorted and symmetric Bi environments are energetically competitive. [41]
External influences are hence important for the occurrence of a SOJTE and direc-
tion of the distortions, as has been described above. Subtle interactions, e.g. with
anions at farther distance or higher order coordination shells, can play minor but
significant roles in the overall bonding situation, as has been described for other
lone-pair stereoactive elements. [38]

The role of the bismuth bonding environment was also studied theoretically by ab
initio calculations. [42] The study revealed the strong influence of the bonds within
the fluorite-type BiO-layer on the stabilization of the ferroelectric structure and the
interaction of Bi 6s with O 2p states with regard to the lone pair activity. [42]

The uneven bonding situation and affiliated tilting thus can not be explained by
the lone pair alone in terms of simple electrostatic repulsion. However, it is part of
a cooperative distortion due to the SOJTE and m-bonding in conjunction with the
distortive forces in the WO-layer. [35]

High-energy X-ray total scattering and pair distribution function (PDF) ana-
lysis of BioWOg revealed a deviation from the previously reported average structure
model in the BiO-environment. [43] The deviation was attributed to a slight shifting
of bismuth atoms in stacking direction and a resulting difference in the coherence
length between the BiO- and WO- layers. The thermal behavior of this shifting is
closely coupled to the Bi atoms atomic displacement parameter (ADP). The disorder
vanishes at the phase transition at approx. 993 K, where both bismuth positions of
the room-temperature (RT) phase become crystallographically indistinct. [43]

In general, the temperature-dependent polymorphism of BioWOQg is quite rich.
Several phase transitions have been reported with various degrees of structural
changes. As the distortion in the tungsten and bismuth polyhedra introduces po-
larity even minute structural changes have major impact on properties such as spin
ordering, i.e. prevalent ferroelectricity.

In the low temperature region, a phase transition exists below 200K indicated
by appearance of additional shoulders on some Bragg reflections at lower temperat-
ures. [44] Rietveld refinement of the room-temperature structure in P21ab to data
from those measurements are less satisfactorial, albeit changes in the average struc-
ture could not be extracted unambiguously by the authors. [44] In their respective
PDF analysis of the local structure, however, a peak splitting in the region of BiO-
WO-interlayer correlations was identified and attributed to a shifting of bismuth
atoms. [44]

Displacement of Bi along the stacking direction also causes a phase transition
at 288 K indicated by an anomalous thermal behavior of reflections at about @ =
80.0nm~! and drastic changes in permittivity. [45] However, the average structure
and symmetry was not reported to be significantly affected.

The v-BiaWOg phase is stable up to the intermediate temperature region at about
933 K where a subtle phase transition exists as detected by differential thermal ana-
lysis (DTA)[46], X-ray diffraction (XRD)[47], neutron powder diffraction (NPD)[34],
differential scanning calorimetry (DSC) and permittivity measurements [47, 48]. It
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was identified to be displacive and of ferroelectric-ferroelectric type. The higher
temperature phase is also of orthorhombic symmetry, however, in space group B2eb
(No. 41), which is actually typical for odd-n Aurivillius-type compounds. [49] The
symmetry changes due to a gradual loss of the octahedral rotation about the c-axis
with increasing temperature. This as resulting in the checkerbox arrangement where
only the tilt about the a-axis remains, as can be seen in Figure 1.6.

With further increasing temperature the a-axis tilt also reduces, however, does
not vanish completely before the next set of two phase transitions in the high-
temperature regime. [34] Dielectric measurements showed the first at 1203 K where
a change from ferro- to paraelectric type occurs with a predicted higher temperature
symmetry of F'mmm. [48] At only slightly higher temperatures, i.e. 1233 K, another,
more drastic phase transition takes place. [46, 47] Unusual for high-temperature
phases, the symmetry lowers in a reconstructive fashion from orthorhombic B2eb
or Fmmm to monoclinic A2/m (non-standard setting of C2/m, No. 12, again to
conform with the stacking direction in ¢). Theoretical calculations have shown the
hypothetical aristotypic tetragonal I4/mmm polymorph to be significantly higher
in energy and thus unfavorable compared to the monoclinic structure. [37] Unique
amongst the Aurivillius and other related phases, during the phase transition the 2D
corner-sharing architecture of the WO-sheet disbands. Instead, quasi-one-dimensional
ribbons of edge-sharing WO-octahedra dimers linked by their apices form as visu-
alized in Figure 1.7. [34] While polarity still exists locally due to off-centering of
the metal atoms within their respective oxygen environments, it is mutually can-
celed out and the structure is net paraelectric. The ribbon-like structural feature is
also present in the Big_,Ln, WOg(~ 0.3 < x <~ 1.3, Ln= most of the lanthanides)
group of compounds at ambient conditions. [50] Other interesting features are the
heating/cooling rate dependence of the phase transition onset and the large hys-
teresis of Curie temperature T, of about 100 K between heating and cooling. [48,
51]

The sequence of reported temperature-induced phase transitions (adapted from
[52]) can be described as follows:

~', HT | >1233K | A2/m (No. 12) | Z = 4 | paraelectric | -

" 1 1233K to 1203K | Frnmm (No. 69) | Z = 4 | paraelectric | symmetry only
predicted [48]

", IT | 1203K to 933K | B2eb (No. 41) | Z = 4 | ferroelectric | -

v, LT | 933K to 288K | P2;ab (No. 29) | Z =4 | ferroelectric | -

~"" 1288 K to ~200K | P21ab (No. 29) | Z = 4 | ferroelectric | identified by dielectric
and high-Q intensity anomalies [45]

~" < ~200K | P21ab (No. 29) | Z = 4 | ferroelectric | symmetry tentative,
identified by reflection splitting and local structure analysis [44]

It has to be noted that this bismuth tungstate is isomorphic to BiMoOQOg, also
known as koechlinite. In fact, the structure of the molybdenum compound served
as the starting model for structure refinement by Knight. [49] It exhibits the same
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Figure 1.6: Structure of 4"~ or IT-phase of BiasWOg (B2eb, No. 41) stable within
temperature range of 1203 K to 933 K showing the loss of octahedral rotation
around the c-axis.

Figure 1.7: Structure of 7'~ or HT-phase of BiasWOg (A2/m, No. 12) stable above
1233 K, note the perovskite-like arrangement broken into dimeric chains.
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octahedral tilting and a comparable temperature-dependent behavior, however, with
different phase transition temperatures. [46-48] Furthermore, solid solution between
these compounds have been reported. [53, 54]

The n = 2 bismuth tungstate Bi;W;0g

Extension of the perovskite block with a second layer of tungsten oxide octahedra
results in BiaW2Oyg, the n = 2 member of the Aurivillius-type bismuth tungstate
(see Figure 1.8). An important feature of this compound is the empty void spanned
by four adjacent octahedra within the perovskite-like WO-block. Similar to WO3
being referred to as an A-site deficient perovskite, BiaW2QOg represents an A-site
deficient analog of the Aurivillius phases. In fact, it is the only known structure of
this type.

The first structural description of BioW5Og as a layered compound and member
of the Aurivillius family was reported by Watanabe and Goto. [55, 56] Based on
their powder XRD and electron microscopy results they assigned the space group
Pna2; (No. 33) which was confirmed only after 20 years later by a structure de-
termination from single crystal XRD by [57] However, recently over the course of
this project two reports were published independently that redetermined the struc-
ture to actually be of higher symmetry in centrosymmetric spacegroup Pnab (No.
60, non-standard setting of Pbcn). [52, 58] The lattice parameters were determined
to be a = 543.349(7) pm, b = 541.326(7) pm and ¢ = 2369.02(3) pm. The a and b
lattice parameter, again close to each other with a hypothetical tetragonal lattice
parameter ar =~ 383.491 pm, are slightly smaller than those of the BisWQOg. The
c lattice parameter differs by 726.00(6) pm between the n = 1 to n = 2 member.
This difference is about two times the size of a WO-octahedron or roughly two times
ar, illustrating the concept of the lattice parameters being direct functions of the
perovskite block size.

The centrosymmetric nature of the structure and apparent absence of ferroelec-
tricity is in strong contrast to the n = 1 compound BioWOg and other Aurivillius
phases, where this property is frequently encountered. One of the main reasons
for ferroelectricity in the n = 1 bismuth tungstate, i.e. polar WOg-polyhedra due
to off-centering of the tungsten atom, is also present in the n = 2 member with
comparable magnitude. However, the direction of the off-centering between the two
individual octahedral layers per perovskite block is antiparallel thus cancelling each
other out and resulting in no net polarity. [58] The WO bond lengths in BigW2Og
are comparable to BiasWOg and WO3. The tilting pattern in BioW2Og is slightly
different to both related compounds, as no in-phase tilting can be found in any
direction. The in-plane tilting, again with respect to the Aurivillius aristotype in
I4/mmm, is anti-phase in both directions and thus similar to the n = 1 compound.
The two stacked octahedra per sheet, however, are also rotated in an anti-phase
manner in c-direction, hence, the tilting is described as a a"¢c™.

DFT calculations show the off-centering, i.e. polar distortion modes, is the main
energy gain factor for structure stabilization in BiaW2Og as well as for WO3, how-
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ever, for BiyWOg the energy gain of tilting is comparable. [58] This is supported
by pressure- and temperature-dependent Raman measurements indicating a higher
similarity of BiWsOg and WO3 with respect to the WO environment and its phonon
modes. [59, 60] This illustrates the increased rigidity and ”3D character” of the ex-
tended perovskite sheet. [52]

The bismuth coordination closely resembles that of BiaWOg, also forming a highly
anisotropic square antiprisma with on one side a fairly regular pinacoid as part of the
BiO-layer and on the other side an irregular pinacoid towards the perovskite layer,
as previously described. Also, the distance to one oxygen atom of the WO-network,
i.e. 04, is shorter than to two of the latter pinacoid’s oxygen atoms, analogous to
the n = 1 structure(see Figure 1.9).

Although the role of the bismuth lone pair has not been studied in detail for
Bia W30y, it is reasonable to assume that the same underlying principles working
in BiasWOQOg are also in effect in this structure. Theoretically calculated distances
of the lone pair to the Bi*T cation by Pirovano et al. suggest a slightly reduced
lone pair of separation of only 51.6 pm (65.9 pm in BiasWOg). [40] Unfortunately, no
information about the localization of residual electron densities were reported from
the single-crystal (SC)-XRD experiments in [52].

The thermal behavior in BisW9Og exhibits no known drastic phase transition
related to the average symmetry, however, the compound has also been less extens-
ively studied than n = 1 member. In general, for the low temperature region no
structural changes have been reported and only minute ones in the high-temperature
range. Tian et al. reports on presumed local changes identified by their influence on
the materials dielectric permittivity at around 293 K while no features shows in LT-
DSC. [52] Furthermore, their data of specific heat and dielectric permittivity give
hints to the existence of a phase transition somewhere in the range 883 K to 1013 K,
whose origin could not be identified with certainty. [52] The most prominent features
in specific heat and dielectric permittivity data speak for the existence of a second-
order phase transition at ~1063 K which is assumed to lead to a high-temperature
ferroelectric structure. [52] Peculiarities of some bands in high-temperature Raman
measurements in combination with results from pressure-dependent Raman studies
support the existence of a second-order phase transition at that temperature lead-
ing to a lowering of symmetry. [59, 60] Upon further heating the compound melts
incongruently around 1153 K to 1163 K. [55]

The known temperature-dependent phase transitions (adapted from [52]) can be
summarized as follows:

- | >1163K | - | - | - | incongruent melting

B' | 1163K to ~1063 K | orthorhombic | Z = 4 | ferroelectric (assumed) | -

B"| ~1063 K to ~1013 K | orthorhombic, probably Pnab (No. 60) | Z = 4 | paraelec-
tric | first dielectric anomalies occur as low as 883 K

B | ~1013K to ~293K | Pnab (No. 60) | Z = 4 | paraelectric | -

" | < ~293K | orthorhombic | Z = 4 | paraelectric | -
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Figure 1.8: Structure of the n = 2 member BiaW2Og (Pnab, No. 60). Note the
empty void in between the WOg-octahedra classifying the compound as the only
known A-site deficient Aurivillius-phase.
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Figure 1.9: Severely distorted antiprismatic coordination sphere around the Bi po-
sition in BisW2Qg, with the comparable distance to one of the bridging oxygen
atoms in the WO-layer.
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Figure 1.10: Examples of Ruddlesden-Popper-type strontium titanate structures
with n = 1 to 3 showing a rock-salt-like intergrowth between the perovskite-like
layers.

For the sake of completeness, it also has to be noted that a compositional Mo
analog BioMooQOyg exists as well. In contrast to the n =1 W-Mo homologes it is not
isomorphic thus not belonging to the Aurivillius-type family as it rather features
BizOs chains, Mo tetrahedra and single Bi atoms bound to the latter. [61]

1.1.3 Ruddlesden-Popper phases

Another family of layered perovskites owes its name to the publications by Ruddles-
den and Popper from 1957 and 1958. [62, 63] In those the authors described a series
of compounds with the general formula A’5A,, 1B, X3,41-

BXg octahedra form the known perovskite-typical corner-sharing framework of
variable thickness n. The structure of the n = 1 members of the series is also known
as KoNiFy-type. Members with n > 2 exhibit the 12-fold coordinated A position
in between four adjacent octahedra and the n = oo member, again, is the classic
perovskite structure.

Ruddlesden-Popper (RP) compounds, and especially the oxide members, i.e. X=0,
are closely related to and share many features with the Aurivillius phases. They show
the same (a + b)/2 shift between adjacent blocks (see Figure 1.10) and similarly a
tetragonal aristotype in SG I4/mmm (No. 139).

Instead of the mostly covalent fluorite-like BisO2%* interlayer known from the
Aurivillius phases the RP structures exhibit rock-salt-type A’O layers between the
perovskite blocks, which are considered to be mostly ionic.

Stable oxide structures up to n = 3 have been synthesized via classic methods, i.e.
solid state syntheses[64], however, higher order members seem to be synthetically
challenging due to incongruent melting behavior and marginal energy gains towards
increasing n. [65, 66] Epitaxial techniques have been applied to produce high-quality
structures with higher n, e.g. Sry,+17Ti,03,—1 with n =1 to 5, 10. [67]
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The chemical variability of the perovskite is retained in the RP phases and toler-
ance limits based on ionic radii similar to the Goldschmidt factor have been proposed
for these phases as well. [65, 68]

The anionic lattice bears possibilities for substitutions, e.g. in oxyhalides, or for
substoichiometric compounds, e.g. oxygen deficiencies., which can spark unusual
physical phenomena, for instance famously shown in the high-7,. superconducting
cuprates. [69]

The rock-salt interlayer introduces another rich dimension of chemical complex-
ity since the A and A’ species are not required to be the same. Both position are
occupied mostly by alkali, alkaline earth or rare earth elements, depending on com-
position and oxidation states within the perovskite part, and introduction of mixed
occupation on these sites is a frequently encountered way of influencing the physical
properties. Due to the ionic character of the interlayer the A’-species is suscept-
ible to ion-exchange reactions and thus chemically highly variable. [70] Redox-active
exchange reactions have been reported in which aliovalent substitution results in a
respective altered valences in the perovskite block. The A’ species can also be ex-
changed with ionic molecules, e.g. with long alkylic tails, enabling organic-inorganic
intergrowth and chemical exfoliation of the perovskite sheets. [71] Several RP-phases
with various compositions intercalate water in to the interlayer depending on factors
like size of A’ oxygen defect density and valence of B cation. [72, and refs. therein]

A plethora of combinations exist with regard to chemical species, defects, fur-
ther intergrowth patterns and and deviant polyhedral motifs and a comprehensive
description is beyond the scope of this thesis. A glimpse of the structural and com-
positional variability of the Ruddlesden-Popper phases can be found in [65] and
[73].

The n = 1 hydrotungstate H,WQ,

Reports on WO-based RP phases are rare. Considering the most frequent oxidation
state of +6 for the tungsten atom only monovalent cations are viable options for the
interlayer species.

Compositional alkali metal candidates (i.e. A’ = Li,Na, K, Rb and Cs) crystallize
in other structure types and all show tetrahedrally coordinated tungsten. [74-77]

However, within the class of hydrotungstates, or "tungstic acids”, RP-like struc-
tures have been reported.

The structure of the compound HoWOQ,, also known as tungstite or with the
formula WOj3 - H2O, is comprised of layers of corner-sharing WOg octahedra, similar
to the n = 1 Aurivillius phase BioWOg albeit with two protons in the interlayer
instead of BipO2?T, and in that represents a n = 1 RP phase. [78]

Scheele already synthesized tungstite in 1781 during his analysis of the min-
eral with formula CaWQO, named "tungsten” (literally meaning "heavy stone”) in
Swedish. [79] The mineral later was named scheelite in his honors, however, the
name stuck as the English and French name for element W. [80]

Similar to what Scheele performed, frequently applied synthesis routes are the
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combination of sodium tungstate solutions with strong acids, e.g. HCl or HNOg, to
form the bright yellow compound with a platelet morphology.[81, 82]

Indications of a layered structure for tungstite were already reported in 1959 but
a structure determination was not reported until 1984 enabled by the availability of
naturally occurring single crystals. [78, 81]

The results by Szymanski and Roberts confirmed the layered building scheme and
assigned an orthorhombic symmetry in space group Pnma (No. 62). [78] A different
setting, i.e. Pmcn is used within this thesis to conform with the layer stacking
direction along the crystallographic c-axis and is depicted in Figure 1.11.

However, a recent study combining different neutron scattering techniques and ab
initio calculations suggest a structure with lower symmetry in space group P21212;
(No. 19) as shown in Figure 1.12. [83] Lalik et al. argue that the structure model in
Pmen is actually unstable, especially with regard to the hydrogen positions. [83] The
accuracy of these positions determined from the X-ray single crystal diffraction and
data refinement by Szymanski and Roberts can be questioned considering the low
scattering contributions of hydrogen. Szymanski and Roberts themselves state that
a refinement of the positions were not feasible, instead the positions were deduced
based on a difference synthesis. [78]

The reported lattice parameters are a = 524.90(20) pm, b = 513.30(20) pm, ¢ =
1071.1(5) pm for the Pmecn model and a = 524.86(6) pm, b = 514.74(5) pm, ¢ =
1065.37(10) pm in case of the P21212; model. While a and b are comparable there
is a slight difference in the c lattice parameter. This difference might be based on
the different measurement temperatures, i.e RT vs. 1.5 K, or an effect of the sample
form, i.e. single crystal vs. powder.

As can be expected from the previously discussed tungstates the perovskite layer
exhibits significant distortions. The octahedral rotation of the different proposed
models with respect to the I4/mmm aristotype can be described in the Glazer
notation as a~a~c® for the model in Pmen and a~a" ¢~ for the model in P2,2;2;.
The latter features an additional rotation of the octahedra around the axis parallel
to the stacking direction.

The bonds to the equatorial oxygen atoms shared between the adjacent octa-
hedra are comparable to those found in the non-layered WQO3. The apical bonding
situation, however, differs strongly from the compounds discussed so far, which is
related to the peculiarities of the interlayer.

HoWO, violates the more rigorous definition of Ruddlesden-Popper-type com-
pounds of exhibiting a rock-salt-type interlayer due to what can be considered a
cooperative distortion of the proton positions. Firstly, the protons are not located
in the typical ninefold oxygen coordination, i.e with about equal distances, known
from other RP phases but are closely attached to only the apical/terminal oxygens.
Secondly, the protons are not uniformly distributed, i.e. forming a hydroxy-motif on
every terminal oxygen, but instead aggregate in pairs forming an aqua-motif. Freed-
man as well as Szymanski and Roberts point out that the latter property renders
the common nomenclature of a "tungstic acid” incorrect and argue for tungstic oxid
hydrate or aquatungsten oxide as the valid names, respectively. [78, 81] The term
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Figure 1.11: Structure of the n = 1 RP-like hydrotungstate HoWQO4 in SG Pmcn
(No. 62). [78]
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Figure 1.12: Structure of the n = 1 RP-like hydrotungstate HoWO4 in SG P21212
(No. 19). [83]
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hydrotungstate is used throughout this thesis and the formula HoWOy, is preferred
over the elsewhere frequently used WO3 - H50 in order to highlight the structural
aqua-motif as opposed to intercalated water (see below).

The aggregation of protons in the aqua-motif fashion results in a distinctively
elongated WO bond to the hydrogen bearing apical oxygen atom, as can be seen from
Figure 1.12. This reduced bonding contribution of the aqua-motif is compensated
by a stronger attraction of the opposite apical oxygen, i.e. formation of a higher-
order or even double bond and a respective short bond length. [84] This feature is
referred to as the long-bond-short-bond motif in latter parts of this thesis. Therefore,
the off-centering of the W atom is towards an octahedral corner/apex and in that
contrasting the shift towards an edge or face prevalent in the the other discussed
tungstates. The two different apices carry opposite partial charges, with the aqua-
motif and double bonded oxygen being partially positive and negatively charged,
respectively Every other octahedron is flipped upside-down compared to the adjacent
WOs5(0OH3) octahedra, which can be interpreted as means reduce the electrostatic
repulsion and lower the energy of the system. Neighboring perovskite sheets are
held together only by weak interactions between their apical functions, like hydrogen
bonds and van-der-Waals (vdW) forces. [83] This loose bonding of adjacent layers is
in contrast to the significantly stronger ionic and covalent bonds in other RP- and
Aurivillius phases, respectively. While the structure model in Pmecn suggest linear
chains of hydrogen bonds along the crystallographic b-axis, the recent study by Lalik
et al. employed MD simulations revealing an hydrogen bonding network similar to
that of confined water in single walled carbon nanotubes. [78, 83]

An interesting feature of the interlayer is the possibility to host additional water
molecules with an according increase in the cell dimensions and distance between
the perovskite layers giving HoWO, - xH20, also known as hydrotungstite. [85] It
has been shown that additional water molecules in the interlayer lead to changes in
the electrochemical response and an improved proton conduction behavior. [86, 87]

The compound dehydrates upon heating and intercalated water is driven from the
interlayer at temperatures over 323 K, even in aqueous media. [81, 85] Subsequently,
above ~423 K the perovskite sheets condensate by removal of the aqua-motif, loss
of the layer shifting and linking of the sheets to give the n = oo 3D connected
A-site deficient perovskite structure of WQOs. As previously mentioned, a cubic
WOj3 polymorph is reported as a metastable intermediate present in the dehydration
process at around ~573 K. [20]

The isomorphism of the n = 1 Aurivillius compounds BiaMOg (M=Mo, W) is also
encountered in the related protonated Ruddlesden-Popper with the hydromolybdate
showing the same layered structure and octahedral distortions. Due to the similarity
of powder diffraction patterns isomorphism with the respective Mo compounds was
hypothesized from early on. [85, 88] Indeed, the layered hydromolybdates again was
the first to be described and served as a reference for the structure solution of the
tungstate homologue. [78, 89
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The n = 2 hydrotungstate HoW,07

Extension of the perovskite sheet by another octahedral layer gives the n = 2 com-
pound HyW5Or. While this extension is theoretically straightforward, synthesis and
analysis of this compounds provides severe complications.

The synthesis of this compound was first described by Schaak and Mallouk in
2002 and shortly thereafter independently by Kudo, Ohkawa et al. [90, 91] It is pro-
duced from the Aurivillius-type BioW3Og as parent material by selective leaching
of the bismuth interlayer with hydrochloric acid. The perovskite layers presumably
are only affected little and stay virtually unaltered, based on the transmission elec-
tron microscopy (TEM) observation of locally similar layering patterns of educt and
product as well as absence of dissolved tungsten species in the reaction fluid. [91]
This method and reaction class of chemie douce (”soft chemistry”) topochemical con-
version are frequently employed in the synthesis of metastable compounds due to the
low thermal energies involved preventing the formation of only thermodynamically
stable products. [92] There is only one other report known to the author claiming a
different synthesis route for the double layer hydrotungstate by simple mixing of HCI
acidified aqueous sodium tungstate and strontium chloride solutions. [93] However,
the as such produced sample was reported to be of extremely low crystallinity and
identification as the n = 2 compound was based on a single broad reflection. [93]

A particularly interesting feature of this structural concept is the empty void in
between four adjacent octahedra. This makes it the rare case of an A-site deficient
Ruddlesden-Popper phase. Surprisingly and despite the fact that the general struc-
tural concept has been established from early on, no further structural investigations
to determine the symmetry and a complete structure model have been found to suc-
cessfully reach a state beyond ”preliminary” before the start of this project. The
chemie douce synthesis route produces only powders and the problems associated
with a structure solution from these are attributed to a low crystallinity and/or
small average crystallite sizes as a result of leaching induced disorder. Similarly, de-
velopment of a structure model for the n = 1 hydrotungstate from diffraction data
was also not successful until a naturally grown single crystal of sufficient quality was
available. [78] Especially in weakly bonded systems like the layered hydrotungstates
plausible disorder schemes are numerous, e.g layer shifting, rotations, variations in
the interlayer distance, condensation to locally increased n, dislocations, local per-
foration etc. The longer range, relative turbostratic disorder in a set of layers , e.g.
vie shifting and rotation, pose considerable difficulties for a successful data inter-
pretation, even when in a first order approximation local defects are discarded and
a known structure is assumed to be regular laterally in individual layers, e.g. in this
case the perovskite-like arrangement. [94] Sophisticated PDF modelling techniques
are capable to estimate the magnitude of these disorder schemes but require access
to high-quality data, as have been shown for different layered perovskite phases
produced by leaching syntheses. [95] The need for PDF analysis for a meaningful
description was also identified in this study as the peculiarities of this compound
turned out to be intangible by classic powder structure solution procedures.
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Only very recently in 2021, during the course of this project, a study by Wang, Sun
et al. has been published in which a conclusive structure model for this compound is
proposed. [96] The structure model in monoclinic space group P2;/n (No. 14, unique
axis ¢, cell choice 2) was generated by density-functional theory (DFT) calculations
and checked independently against X-ray diffraction data as well as neutron total
scattering based PDF data. [96] A representation of the PDF refined model is given
in Figure 1.13. However, for the sake of aligning the stacking direction along ¢, the
model was transformed to the space group setting with unique axis b, cell choice 2,
which is used throughout this thesis.

The lattice parameters are a = 514.9(5) pm, b = 524.8(5) pm, ¢ = 1850.0(20) pm,
B = 89.40(10)° for the model refined against neutron PDF data (up to 4nm real
space range). [96] The X-ray powder diffraction (XPD) refined model has lattice
parameters of a = 515(22) pm, b = 524.30(30) pm, ¢ = 1859(15) pm, 8 = 89.4(21)°
with quite large uncertainties on a, ¢, and 3, possibly due to correlation of these in
the refinement. [96]

While being switched by the space group symmetry, the corresponding in-plane
lattice parameters a and b of the single and double layer hydrotungstates are almost
identical. The c lattice parameter differs by ~786 pm between the n =1 ton = 2
member, depending on the choice of the respective structure models. This differ-
ence is significantly larger compared to the value of 726.00(6) pm for the bismuth
tungstates, i.e. the individual octahedral layers are thicker in the hydrotungstates.
Additionally taking the leaching induced reduction in a and b from bismuth to hydro-
tungstate into account indicates a relaxation in the perovskite-like arrangement due
to the removal of the bismuthyl layer. [91] The fact that this "off-switching” of the
bismuthyl layer results in significant changes in the perovskite layer is a fascinating
experimental support of and completely in line with the previously discussed strong
influence of the BiO-environment (see subsection 1.1.2). The relaxation probably
is a strain reduction by octahedral rotation and partial un-tilting. Some degree of
tilting remains, however, resulting in a classification of a~a~ ¢~ with regard to the
hypothetical I4/mmm aristotype, which is ultimately not surprising considering the
given tilting in WOs3.

As known from the n = 1 member, also in this model the terminal aqua-function
leads to the long-bond-short-bond motif. Notably, this motif is further transferred
into the second octahedral layer via the shared apical oxygen (see Figure 1.13) An
in-depth analysis of the coordination environment of this model refined to our data
and a comparison with other structure model candidates is given in section 4.3.

Similar to the n = 1 HoWOy4 - xH50, the possibility to host additional interlayer
water is also given in the n = 2 hydrotungstate. [91] Heating to 393 K removes any
present interlayer water and subsequently at temperatures above 473 K dehydration
to WO3 takes place. [91]

Finally regarding the similarities to the molybdates, no report on a n = 2 hydro-
molybdate homologue is known to the author as is the case with the n = 2 Aurivillius
compound.
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1.1.4 Related structural motifs
Other forms of tungsten trioxide(-hydrate)

The motif of corner-sharing octahedra can also be found in a hexagonal WOsg;,
which is synthetically accessible via a hydrated precursor structure. [98] This or-
thorhombic precursor WQOsg - % H5O is produced by hydrothermally and is character-
ized by staggered layers of hexagonal rings. [97] Similar to the other hydrotungstates
the water molecule is bound in a WO5(H20)-octahedra with long-bond-short-bond-
motif and points into the empty space of next layers’ six-membered ring. It offers an
interesting thermal behavior as upon mild heating, i.e. to ~623 K, it first yields a su-
permetastable h-WO3 from in which the staggering is conserved, however, the water
molecules reversibly leave the structure leading to some only five-fold coordinated
tungsten atoms. [100] Further heating to ~663 K irreversibly transform the struc-
ture to the metastable h-WOQOs3 by removal of the staggering and alignment of the
hexagonal rings to tunnels along [001] (see Figure 1.14), however, not by layer shift-
ing but in a reconstructive fashion involving nucleation and growth of the hexagonal
phase. [100, 101] Finally, above ~773 K the hexagonal structure transforms to the
stable monoclinic WOs3. [100]

Closely related are the cubic pyrochlore polymorphs of WO3 and the correspond-
ing hydrotungstate with composition WOs3 - 0.5 HoO. [99] They are synthesized dir-
ectly hydrothermally or via ion exchange of other tungsten pyrochlores (A20), W20Og
(A =Cs,Rb,NHy) with nitric acid, however, the latter route is prone to form layered
perovskite-like HoWOy - xH20 side product. [99, 102] The pyrochlore-like structures
feature hexagonal rings of corner-sharing WO octahedra albeit these rings do not
form staggered layers like above but interconnected tetrahedral cages with a cent-
ral void, which host the water molecule in case of the hydrotungstate (see Fig-
ure 1.14). [102] Heating to above 373 K removes the water from its cage in a zeolite-
like fashion, i.e. this is reversible in ambient humidity. [101] Further heating also
leads to a transformation to perovskite-like monoclinic WOs3. [99]

Tungsten bronzes

The perovskite-like WO3 was described as A-site deficient so far, however, it is in
fact able to accommodate guest species in those interstitial cuboctahedral voids
within the network of WO-polyhedra. These intercalation compounds form the
family of the perovskite-type tungsten bronze (PTB), owing the "bronze” part of
their name to their drastically changed electro-optic properties reminiscent to those
of metals and alloys, i.e. metallic conductivity, coloration and luster. Probably the
most prominent member of this family is the sodium tungsten bronze Na, WO3, first
described by Wahler in 1824. [103]

The general formula is given by A, WO3 and apart from sodium numerous other
intercalates, e.g. mostly alkali, transition metals and lanthanides, have been invest-
igated with various amounts x. [104, 105]

Depending on the size and amount of the A species other structure types than
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Figure 1.13: Structure of n = 2 RP hydrotungstate HoWO7 from neutron PDF
refinement up to 4nm real space range. [96]

', R

Figure 1.14: Related structural motifs with corner-sharing WO-octahedra. (left) Or-
thorhombic WOs3 - % H,0 (ICSD15514, Fmm2, No. 42) characterized by staggered
layers of hexagonal rings and WO35(H20)-octahedra with the water molecule
pointing in the void of the six-ring (positions of the hydrogen atoms were not
reported and added manually by the author). [97] (center) h-WO3 (ICSD32001,
P6/mmm, No. 191) with aligned hexagonal rings forming tunnels along [001]. [98]
(right) Cubic pyrochlore-type WO3 - 0.5 HoO (ICSD202875, Fd3m, No. 227) fea-
turing water filled interconnected tetrahedral cages formed by hexagonal rings
(hydrogen positions not reported). [99]
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PTB are known to form, for instance, the hexagonal tungsten bronze (HTB) family is
based on the hexagonal tungsten trioxide as the host and mixtures of their respective
structural motifs also known, i.e. intergrowth tungsten bronze (ITB). [101, 106]

The property changes are attributed to the donation of the intercalate’s electrons
into the unoccupied 5d-orbitals of tungsten giving rise to metallic conductivity above
a certain stoichiometric threshold. [104] Filling of these orbitals has a stabilizing
effect with regard to WO bond angles of 180° and thus generally is driving the
structure towards cubicity with increasing intercalate concentration. [13, 104] The
same phenomenon has been described above in the comparison of tilting behavior
between the trioxides of tungsten and rhenium.

The hydrogen bronze differs in several ways from other bronzes with e.g. Li or
Na. Generally the A cation in A, WOs3 sits in the center of the cuboctahedral void
limiting the value of x to one. However, in case of the hydrogen tungsten bronze
Ho.5 WOj3 the protons were found to bind closely to the framework oxygens producing
hydroxo-functionalities. [107] DFT calculations showed the formation of aqua-motifs
on bridging atoms to be energetically less favorable, theoretically increasing the limit
of intercalated hydrogens to the number of bridging oxygen atoms vacant for the
formation of hydroxyl-groups. [108] This is in line with positions and transport mech-
anisms of additional protons in the bronzoid-analogues of the hydrotungstates. [86,
96, 109]

Further related structures

The low energy barriers between different tungstate polymorphs allow for easy intro-
duction of shear planes, columnar rotations, tricluster or channels and an extensive
overview of further related tungstate structures and their crystal chemistry is given
by Tilley. [110]

For more information on how the previously mentioned structure types relate
to and are located in the dendritic hierarchy of other perovskite-like structures the
reader is referred to the comprehensive review by Aleksandrov and Beznosikov. [111]

Techniques for chemical modifications and transitions between different (layered)
perovskite-like structure families have been reviewed and summarized by Schaak
and Mallouk. [70]

1.2 Properties of layered tungstates

The properties of tungsten oxides have been studied for a many years and a few of
the most prominent fields of application are electrochromism[112-114], photocata-
lysis[115, 116], superconductivity[117-119]. Many of these are based on the structure
type, particle morphology and/or some kind of intercalation/vacancies. Especially
the layered hydrotungstate have proven to be a versatile basis for property tuning
in the tungsten oxide system.

Property investigations on the hydrotungstates are mostly concerned with HoWOy
while publications on HoWsO7; are less abundant. Relevant studies often focus on
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their use as precursor material for different tungstate morphologies[120] like plate-
lets[121, 122], nanosheets[90] , -belts[123], -tubes[124, 125], -rods[126] and snow-
flakes[127], often via intercalation of organic molecules of variable length into the
interlayer and subsequent exfoliation of the perovskite layers[128]. The properties
of WOs3-like nanomaterials are an extensively studied topic and a broad range of
applications have been identified. [120, 129]

Focusing on the non-exfoliated, bulk hydrotungstates some of the already men-
tioned general properties, such as ionic conductivity and associated electrochromism,
as well as some highly peculiar ones, i.e. pseudocapacitance, have been found. The
n = 1 hydrotungstate HoWQO, behaves similar to 3D the tungsten bronzes upon in-
tercalation of Li[130] and H[131]. In fact, the achieved fast protonic charge/discharge
rates and the inertness of the structure classify as pseudocapacitive storage beha-
vior, i.e. redox reaction with only electrostatic instead of chemical-covalent bonding,
like in batteries. [86] Interestingly, the transport mechanisms differ and efficiencies
in HoWO4 without interlayer water are lower compared to WO3 or HoWOQO4 - xH20O
with interlayer water. [109, 132] HoWOy, - xH20O furthermore features photocatalytic
activity for water oxidation under visible light. [133] Bronzoid behavior and asso-
ciated chromism upon proton insertion have also been demonstrated for the n = 2
member HoW,O7 with charge capacities exceeding those of the single layer hydro-
tungstate. [96] Photocatalytic studies are not known to the author but a respective
activity seem to be highly probable due to the close correlation between the hydro-
tungstates. Again, the lack of studies targeted at the n = 2 compound is remarkable
and future investigations offer high potential for further findings.

Also in the bulk Aurivillius-type bismuth tungstates a range of intriguing proper-
ties have been found and studied for prospective application. BiosWOg is well known
to for its oxygen ionic conductivity[47, 134] and for exhibiting ferroelectricity[36,
51]. BiaW2Oyg lacks ferroelectricity as previously discussed, however, the possibility
for antiferroelectricity has been proposed although experimentally not achieved so
far. [58] Chromism of the usually white bismuth tungstates can also be observed,
e.g. ultraviolet (UV)-light induced and thermally reversible in the n = 1 member
or electrochemically for both. [135, 136] Light absorption in the visible range makes
them also interesting for photocatalytic applications, such as for the decomposition
of organic dyes[137, 138] or for water splitting[139-141].

Structural and chemical modifications of layered tungstates thus is an extensive
playground and offers many possibilities to tune the resulting properties. This makes
the in-depth structural characterization of these compounds an essential waypoint
to have a baseline for further modifications.

1.3 Intention of this research

The here presented studies are aiming to shed light on the structural peculiarities
of layered tungstate materials.
Firstly, the thorough thermal characterization of the widely known visible-light
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photocatalyst BioWOg by means of temperature-dependent X-ray diffraction, Ra-
man spectroscopy and DSC. A focus lies on the distortion analysis of the coordination
spheres and relation to previously reported phase transitions.

Secondly, structural elucidation of the until now rather unexplored n = 2 hy-
drotungstate HoWoOr7 - xHoO with the initial goal of finding a reasonable average
structure model. Over the course of the project additionally the question gained
importance how the previously reported defects actually form and whether possible
ways of improving structural quality can be identified. A deeper understanding
of defects and structural distortions in this compound is crucial for tuning of its
synthesis conditions and the materials properties. With regard to the intercalation
possibilities of the vacant A-site the n = 2 hydrotungstate HoWsO7 - xHoO is highly
interesting for potential applications in a wide range of fields, e.g. electric and/or
ionic conduction as well as storage, photocatalysis or chromic devices.
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2.1 Synthesis

2.1.1 Awrivillius-type Bi,W,03,,.3

The samples of the composition BisW,O3,13 with n = 1 and 2 were prepared
by standard solid state synthesis techniques, following the report of Schaak and
Mallouk. [90]

Stoichiometric mixtures of BiaO3 (Alfa Aesar, > 99%) and WO3 (Sigma Aldrich,
> 99%) powders were ground under acetone in an agate mortar to achieve homo-
geneous distribution of the metals. The mixtures were placed in alumina crucibles
and heated uncovered at 1073 K for 48 h with a heating rate of 5 K min~! in a muffle
furnace (Carbolite CWF 1200). At roughly half of reaction time, samples were taken
out of the furnace for an intermittent grinding under acetone.

The yellowish green starting mixtures resulted in bright white powders after re-
action.

2.1.2 Ruddlesden-Popper-type H,W,0;

For the synthesis of HoWoO7 Aurivillius-type BiaW5Og precursors were prepared
as described above. Usually, 1g of precursor material was suspended in 200 mL of
6 mol L~! hydrochloric acid and stirred at room temperature for 48h in a closed
reaction vessel. The canary yellow precipitate was washed/sonicated three times
with 20 mL fresh acid to remove the BiOCI side product and dried in a drying oven
at 393 K.

The leaching procedure was adjusted for preparation of deuterated samples for
neutron powder diffraction. All steps were performed under dry nitrogen atmo-
spheres applying typical Schlenk techniques. Empty reaction vessels were heated
to remove surface bound water and were assembled in hot state. A total of 10g of
target compound DaWoO7 was produced from 19.2 g of parent material in 4 batches
(~5g parent material each). Instead of regular hydrochloric acid 50 mL 6 M DCl
in DoO was used (50mL per batch) and injected into the reaction vessel. After
the reaction, the product was let to sediment. The used DCI supernatants of each
batch were removed by pipette, combined and distilled under nitrogen atmosphere
to remove unwanted bismuth side products. The distillate was reused for the wash-
ing procedure and each batch was washed three times with qty10ml recycled DCI.
After check for complete removal of bismuth by energy dispersive X-ray spectroscopy
(EDX) and phase purity by XPD, the batches were combined and dried. The drying
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took place in an evacuated desiccator, placed in a drying oven at 393 K overnight.
The dried sample was stored under nitrogen atmospheres.

2.2 Analytics
2.2.1 Diffraction

In-house X-ray

For routine structure analysis, powder diffractograms were measured on a Panalyt-
ical X’Pert Pro (Panalytical, Almelo, The Netherlands) in Bragg-Brentano geometry
with Ni-filtered Cugq,, radiation and an X’Celerator linear position sensitive de-
tector. If not stated otherwise, the standard measuring covered angles of 5°26 to
85°26 with a step size of 0.0167° and a measuring time of 2s/step. Samples with
flat surfaces were prepared via manual pressing into sample holder cavities (backload
process) or as slurries on silicon single crystals.

Additional measurements were carried out on a D8 Discover (Bruker AXS GmbH,
Karlsruhe, Germany) in Bragg-Brentano geometry with Cug,,, radiation. The
knife-edge formed beam was detected using a LynxEye-XET detector and energy
discrimination.

High-resolution data were collected on a Stoe StadiMP (Stoe & Cie, Darmstadt,
Germany) with Ge(111) monochromatized Mo radiation equipped with a Mythen
1K linear position sensitive detector (Dectris, Baden-Daettwil, Switzerland). Room-
temperature diffractograms were acquired in transmission geometry with samples
filled in 0.3 mm capillaries in an angular range from 5°26 to 55°260 (HaW2O7).

Temperature-dependent measurements below ambient conditions were obtained
on the Stoe StadiMP with a PheniX cryo attachment (Oxford Cryosystems, Oxford,
United Kingdom) in Bragg-Brentano geometry in the range from 300K to 13K in
10K steps. Samples were prepared as slurries and fixated with silver containing
adhesive for good thermal contact.

For high-temperature studies the X’pert was equipped with an HTK 1200N oven
(Anton Paar, Graz, Austria). Temperatures were elevated in 10K steps from ambi-
ent up to 600 K and 1100 K for HoW50O7 and BioW 03,3, respectively, with 5 min
equilibration time on each step.

Synchrotron

High Q-range and high-resolution diffraction data were measured in Debye-Scherrer
geometry with high energy synchrotron radiation (100.6keV) on the Swedish mater-
ial science beamline P21.1 at Deutsches Elektonen Synchrotron (DESY, Hamburg,
Germany). Samples for measurements at ambient conditions were prepared in 1 mm
Kapton capillaries. For temperature-dependent experiments 2 mm Quartz capillar-
ies were used. The horizontally oriented capillaries were only filled halfway to allow
for decomposition products to escape freely. During the temperature-dependent ex-
periments the sample was heated by a hot-air blower from RT to approx. 628 K with
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a heating rate of roughly 4.4 Kmin~!. The diffraction patterns were recorded on a
Perkin Elmer XRD1621 flat panel detector. The instrument geometry parameters
were evaluated against a Ni standard and subsequently the 2D patterns were radially
integrated using pyFAI software package. [142]

Neutron

High-resolution powder diffraction experiments with neutrons were performed on the
SPODI diffractometer at the Research Neutron Source (FRM II) at the Heinz Maier-
Leibnitz Zentrum, Garching, Germany. [143] The neutron radiation was monochro-
matized by means of a Ge(551) wafer stack to a wavelength of 154.8 pm, comparable
to those of copper X-rays. A deuterated hydrotungstate sample was contained in a
vanadium canister inside a helium cryostat and a series of diffraction patterns in the
angle range from 3° 26 to 155° 26 were recorded from cryogenic to room temperature
(4K, 20K to 300 K with 20 K steps).

Rietveld refinements

The DIFFRAC.TOPAS v6 software package (Bruker AXS GmbH, Karlsruhe, Ger-
many) was used for the analysis of powder diffractograms by Pawley fitting and Ri-
etveld refinements. The software employs a fundamental parameter approach during
the refinement to account for the instrumental contributions, which were determ-
ined from NIST SRM 660b LaBg standard material. Diffuse background scattering
was generally treated as 5th order Chebyshev polynomials. In routine evaluations,
refined parameters included sample displacement error, cell parameters, crystallite
size and atomic positions.

The analysis of the temperature-dependent series of both bismuth tungstates was
performed in the same manner. The two data sets at 300 K from LT- and HT-setups
were corefined accounting for the respective instrumental contributions. The refined
structures served as the starting models for the sequential refinements which were
then performed on each data range individually, including once more the 300 K data
sets, towards high and low temperatures, respectively.

A combination approach was used for elucidation of the HoW5O7 structure. Based
on the aforementioned hypothesis that the tungsten oxide sheets of the parent
BisW30g remain intact while the BioO%*-layers are removed and exchanged against
protons during leaching, different structure models were built. Each model was then
simultaneously refined against ambient diffraction data from both, X-ray and neut-
ron scattering experiments. The refinements were set up in a manner that the indi-
vidual instrumental contributions were accounted for as well that hydrogen positions
were only refined against the neutron data.

In refinements of data from samples prepared as slurries additionally the contri-
butions due to surface roughness were treated.
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Visualization of structure models

Visual inspection of the structure models and production of respective figures were
performed with VESTA (JP-Minerals)[144], Diamond Version 4 (Crystal Impact)
and the Atomic Simulation Environment ASE[145].

Coordination environment analysis

The polyhedral coordination in different structure models was analyzed with a series
of derived parameters.

From the bond lengths lywo = 7;; the bond valences s;; and the bond valence sum
BV S were calculated according to Brown and Altermatt,

BVS=3s;=Y exp <m;9> (2.1)
j j

with the bond valence parameter nominal bond length rg = 191.7(4) pm for the
pairing WO* / 02", 79 = 209.4 pm for the pairing Bi** / O?~ as well as B = 37 pm ™!
for both. [146] The bond valence model relates the individual bond lengths to a
valence contribution, which in sum should match the nominal valence of the central
cation, e.g. six for Wg™. It has to be noted though that these are experimental
parameters based on surveys of literature published structure models. As such and
without further adjustment the bond valence model is strongly biased towards the
bonding situation at ambient conditions.

Another approach to describe arbitrary coordination polyhedra is the fitting of
a minimal bounding ellispoid (MBE) implemented in the pieface software pack-
age. [147] The MBE encompasses all ligands of a central atom irrespective of the
actual polyhedral geometry. The volume and orientation of the ellipsoid is reduced
and adjusted, respectively, until a given fitting tolerance is achieved (chosen here to
be 107?). Consequently, the three ellipsoidal radii Ry, Ra, R3 and ellipsoid volume
Veip are functions of the bond length distribution around the central atom. If the
coordination polyhedron resembles a platonic body, e.g. a regular octahedron, the
MBE is spherical with equal radii and its shape parameter

S =Rs/Ry — Ro/ Ry (2.2)

has a value of S = 0. Any derivation from the platonic geometry leads to disparate
radii and either a prolate (0 < S < 1) or oblate (0 > S > —1), i.e. lengthened
or flattened ellipsoids, respectively. The mean radius (R) and radii variance o?(R)
are thus measures of the polyhedral distortion. The position of the central atom
with respect to the ellipsoid center also serves as quantifier for the off-centering
frequently encountered in d0-elements and being especially typical for Wg*. Cumby
and Attfield show that the ellipsoid analysis is highly sensitive to the tilting behavior
in perovskites. [147] Furthermore, changes in the shape parameter S are indicative
of phase transitions in perovskite structures, with symmetry forbidden transition
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always changing the sing of S. [147] Although not explicitly addressed by Cumby and
Attfield, similar applicability to Aurivillius- and Ruddlesden-Popper-type structures
is assumed since both are part of the perovskite-like family.

In case of the hydrotungstate structure models, the software packages VESTA was
used to extract additional geometric and distortion parameters. [144, see also the
software manual] These include the polyhedral volume V., average bond length
(Ilwo) and bond length variance o%(ly o). Distortion quantifier based on the re-
lations to regular polyhedra are the quadratic elongation (\) and the bond angle
variance 0%(¢) defined by Robinson, Gibbs and Ribbe [148] as

n m

W=y (ZWO) 26) = —1 3 (6 — 0P (2.3)

nig\ i=1
with [y as the center-apex-distance of a regular polyhedron of same volume, m the
number of bond angles in the polyhedron and phig the ideal angle.
Furthermore, the distortion index D as defined by Baur [149] is calculated by
VESTA according to
1 <~ llwo, — (lwo)
D=— —_ 2.4
22 (o 24
In addition to distortion index D provided by VESTA, another distortion index
A as defined by Brown and Shannon [150] is calculated via the slightly different

relationship
n

A=1y <lWOi - <lWO>>2 _ o*(lwo) (2.5)

(lwo) (lwo)?

2.2.2 Spectroscopy
Infrared spectroscopy

For routine Fourier-transform infrared spectroscopy (FTIR) measurements in the
mid-infrared range, a Nicolet iS 10 with Smart iTR attenuated total reflection (ATR)
attachment (Thermo Scientific) was used. Sample powders were pressed onto the
diamond crystal in a repeatable manner by a pressure screw. Additional spectra
were recorded on a Vertex 70v (Bruker Optik, Bremen, Germany), with pressed
discs from mixtures of 2 mg sample in 200 mg KBr.

Raman spectroscopy

Raman spectra were recorded on a LabRAM Aramis spectrometer (Horiba/Yvon)
including an Olympus BX-41 confocal microscope and Synapse CCD detector. The
grating exhibits 1800 grooves/mm and a slit aperture width of 100 pm was chosen.
For the bismuth tungstate samples a laser wavelength of 532 nm was chosen whereas
for hydrotungstate samples a laser with 785 nm wavelength was used to prevent
radiation damage.
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2 Experimental & analytical methods

For temperature-dependent Raman studies in the ranges 80 K to 500 K and 300 K
to 1100 K samples were placed in THMS350V and T'S1200 stages (Linkam), respect-
ively.

Second-harmonic generation

Presence of second-harmonic generation (SHG) was probed at crystallography de-
partment, Uni Frankfurt, to check for centrosymmetry in HoW5O7 powders. Funda-
mental pump waves with several wavelengths (1096 nm, 1136 nm, 1196 nm, 1236 nm,
1276 nm, 1316 nm, 1354nm, 1394nm, 1434nm and 1474nm) were generated by
means of a Q-switched Nd:YAG laser (5ns to 6ns, 10 Hz, Continuum, Surelite )
with optical parametric oscillator. Any frequency doubled intensity at the related
regions of half the pump wavelengths was separated by short-pass filtering and de-
tected by a grating spectrometer (Acton, SP- 2356) equipped with a CCD detector
(Pixis 256E) with varying collection time per window. Quartz and AlsO3 served as
references for SHG-active and -inactive materials, respectively. The setup schemat-
ics are shown in [151].

Nuclear magnetic resonance spectroscopy

The solid-state nuclear magnetic resonance (NMR) spectra were recorded with an
Avance IIT HD 500 spectrometer connected to an Ascend 500 WB (Bruker BioSpin
GmbH, Ettlingen, Germany). The nominal 11.7 T magnetic field strength corres-
ponds to a Lamor frequency of 500.45 MHz for the 'H nucleus. The experiment
used a 1D hahnecho pulse program with 1.67 ps pulse length with a power level of
73.35 W. The sample was spun under magic-angle spinning conditions at 40 kHz with
temperature-controlled bearing gas (300 K), which resulted in a sample temperature
of approximately 338 K.

Data analysis

FTIR, Raman and NMR spectroscopic data with peak-shaped signals were analyzed
by means of Levenberg-Marquardt least-squares fitting of pseudo-Voigt function-
als. In case of the in-situ Raman measurement series (temperature-dependent and
leaching) the IDL-based software LAMP was used. [152] In other cases fitting was
performed with the help of the python package LMF'it and the fityk software. [153,
154]

2.2.3 Thermoanalysis

High-precision DSC measurements of the bismuth tungstates were recorded on a
DSC3+ (Mettler Toledo) in the temperature range from 80 K to 680 K with a heating
rate of 10 Kmin~1.
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2 Experimental & analytical methods

2.2.4 Microscopy & Elemental analysis

Particle morphology and elemental analysis via scanning electron microscopy (SEM)
and EDX was performed on a JMS-6510 (JEOL) equipped with an X-Flash 410-
M detector (Bruker) with an acceleration voltage of 20kV. Sample powders were
sprinkled on carbon sticky tabs and subsequently Au sputtered for 20s to 30s in a
low-pressure Ar atmosphere.

Additionally, TEM micrographs were produced on a FEI Tecnai Titan 80/300 G1
using an acceleration voltage of 300 kV. Sample powders were prepared as ethanolic
slurries and washed onto copper grid supported amorphous carbon films.
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3 Thermal Behavior of Aurivillius-type
Bismuthtungstates

The thermal behavior of the n = 1 BiyWOg has been studied for some time (see
introduction in subsubsection 1.1.2), however, advances in instrumentation and ana-
lysis techniques can provide new insights also into well studied systems. For the
n = 2 Bis W50y, temperature-dependent investigations were scarce at the start of
the project and especially the LT region was not addressed in detail before the
publication by Tian et al. in 2018 [52] to the best of the author’s knowledge. The
intention of this study is a detailed investigation bridging both LT and HT regions
and a comparison of the results with literature reported features. A special focus is
given to correlating our findings with tentative results or yet unaddressed features
in literature data.

Due to time constraints the detailed analysis of the n = 2 BigsW90Og compound
did not make its way into this thesis. The comparative study between the two
Aurivillius tungstates is subject of future works.

3.1 Analysis details

Two problems affect the expressiveness of the obtained results.

The first problem is related to strongly differing scattering contributions of the
compounds constituents. The information contained in the diffractograms are dom-
inated by the high-Z elements tungsten and bismuth, whereas information on oxygen
is comparably low. This can be circumvented by neutron diffraction, however, the
experimental facilities are few and usually long data collection times are needed.
For a study of a large temperature range with high-resolution in the temperature
domain this is not possible. Another possibility is to use restraints on the metal-
oxygen bond lengths or refining fixed coordination, i.e. rigid bodies, as additional
observations from chemical knowledge. However, the application of restraints can to
some extent bias the results. The chemical knowledge the restraint is building upon
is often related to room-temperature experiments only and/or statistical averages
in which distorted structures are possibly underrepresented.

In this study a different approach was chosen. All atomic positions were refined
freely apart from restrains imposed by the symmetry of the structure model and an
anti-bump to prevent light atoms “falling into” heavy atoms. The aim of this study
lies not in the refinement of the models with exact positions and precisely derived
parameters, which for these compounds is hardly achievable with X-ray diffraction.
Instead, the extraction of relative trends and points of structural instabilities over a
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3 Thermal Behavior of Aurivillius-type Bismuthtungstates

wide temperature range is sought. These trends can serve as a basis for more precise
investigations at that specific regions with more suitable probes.

A second problem with temperature-dependent (TD) studies is the fact that ex-
perimental setups only cover limited ranges. This problem is usually addressed by
measuring with sufficiently sized region of temperature overlap. Unfortunately, our
diffraction measurement setup can not provide a continuous examination around
the RT regime. The switch from LT to HT setup at 300 K allows only this temper-
ature to be measured on both setups. The observed discontinuity in some fractional
coordinates of the atomic positions and respective derived parameters can therefore
not exclusively be attributed to an actual structural phenomenon. The influence
of the setup change and can neither be clearly separated nor its magnitude be es-
timated with sufficient confidence. Without additional continuous measurements
around the 300 K mark, most of the sudden changes, i.e. steps between the LT and
HT ranges, have to be attributed to the change in measurement setup. Nonetheless,
the relative trends and discontinuities within the respective temperature ranges, also
in the vicinity of the setup switch are considered legit sample effects.

Even without precise atomic positions, as outlined above, the cation coordination
environments were investigated by fitting the MBE encompassing the coordination
polyhedron as described in subsubsection 2.2.1. The results shown below illustrate
that the coordination analysis is an ill-posed problem due to lack of appropriate
data and information on precise oxygen positions. While not providing physically
meaningful absolute values, respective trends in the parameters could nonetheless
give hints towards structural changes and instabilities.

The results of the ellipsoid analysis of the Bi environments are not considered
in detail. Since it could only be performed on the first coordination sphere within
a 30pm radius instead of the full antiprism the interpretability in terms of com-
parison to platonic bodies is not given. Increasing the radius to also include the
long-distanced oxygen atoms of the full antiprism poses the problem of including
unwanted symmetry-equivalents. Unfortunately, the as-provided software execut-
able for ellipsoid analysis pieface[147] is not capable of excluding specific symmetry-
equivalent atoms. The calculation on the full antiprism thus requires significant
more work to write a respective analysis script which is beyond the project limits
and subject of future investigations.

The data from diffraction experiments are compared to the results of temperature-
dependent Raman spectroscopy measurements. For these also two setups were used
in the ranges 85K to 500K and 300K to 1100 K The large overlap from 300K
to 500 K and the LT-setup continuously covering the RT region provides a solid
reference.

Additionally, high-resolution DSC measurements in the temperature range from
125K to 600 K are presented for reference.
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3 Thermal Behavior of Aurivillius-type Bismuthtungstates

3.2 Diffraction experiments

3.2.1 Autocorrelation and Rietveld parameters

The identification of changes in the sample state during investigations based on ex-
ternal parameters, i.e. here temperature, can be a difficult task. The autocorrelation
analysis as described by Robben provides a valuable tool. [155] It is sensitive even
to small changes in peak shapes and intensities given sufficient data quality. These
changes in the raw data show as discontinuities, e.g. steps or gradient changes in
the plot of the autocorrelation parameter A. Depending on the chosen lag value,
i.e. the shift between the identical datasets when calculating their correlation value,
autocorrelation parameter A\’ is more sensitive to sharp and broad features at lower
and higher lag values, respectively.
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Figure 3.1: Values of the autocorrelation parameter A\’ with different lags calculated
from the HT X-ray diffraction data.

The autocorrelation analysis of the LT measurements can not provide any useful
information as the low Q-resolution together with the signal-to-noise ratio (SNR)
overshadow any minor changes in the reflection peak shape. For the HT measure-
ments, the results are presented in Figure 3.1. Minute steps in the low lags of the
autocorrelation at 350 K and 500 K, followed by a change of slope at 650 K to 700 K
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3 Thermal Behavior of Aurivillius-type Bismuthtungstates

are indicative of small changes on sharp signals. The slope of high-value lags change
continuously over the temperature range, while for the low-value lags a clear change
in slope appears at 800 K. The discontinuity at 930 K visible for all lags is a clear
indicator for the reported phase transition at that temperature.

The diffraction data were analyzed by Rietveld refinement and the starting model
was corefined to the 300 K data sets of both setups. The sequential Rietveld refine-
ment runs started with this room-temperature structure model. An overall good
agreement with the data is indicated by the low R, residual values over the in-
vestigated range from ~20K to 1100 K (Figure 3.2). Further general parameters
such as cell parameters, sample displacement and crystallite size are also plotted in
Figure 3.2.
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Figure 3.2: Parameters obtained from Rietveld refinement of BioWQOg. Shown are
the unit cell parameters, agreement factor, sample displacement and crystallite
size.

The Ry} in the LT regime gets slightly better with increasing temperatures up to
the setup change at 300 K, however, the improvement is small. The model agreement
is constant from room temperature on and starts to worsen from 520K on. After
reaching a plateau at about 800 K the Ry, starts to worsen again after reaching the
phase transition temperature of 930 K.
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3 Thermal Behavior of Aurivillius-type Bismuthtungstates

After a smooth change of the lattice parameters a and b up to RT, a constant
thermal expansion is apparent over the whole temperature range up to approx.
920 K. From there, an abrupt slope change is indicative of the proximate reported
phase transition at 930 K after which the increase is approximately linear again. In
the ¢ lattice parameter there is small downwards step at 820 K and we see only a
small step at the phase transition temperature of 930 K The small first step in the c
lattice parameter is not reflected in cell volume behavior as it only shows the phase
transition at 930 K.

The LT development of the sample displacement corresponds to the thermal ex-
pansion of the system of sample and holder and the large step is due to the setup.
However, in the sample displacement behavior from the HT setup there is an inflec-
tion at 540 K with a massive change in slope. While the origin of this feature is not
fully clear it is tentatively attributed to the buckling of the sample due to thermal
expansion. At 940 K, the sample displacement behavior reverses which is attributed
to a collapse of the previously buckled sample as a result of changes in the particle
shape/size during and after the phase transition.

The development of the refined crystallite size at low temperatures correlates
strongly with the reported phase transition (order-disorder transition by Bi shift-
ing) below 200 K. [44] While this attribution is tentative the correlation is striking
and could be explained by ever so small reflection broadening due to the proposed
increased disorder on the bismuth position at LT which is captured by the refinement
algorithm in terms of a reduced the crystallite size. Due to the low Q-resolution a
comparison of the reflection widths in LT diffraction raw data is not conclusive.
However, any influence from particle growth can be excluded at this low temperat-
ures. In the HT range the crystallite size slowly increases to a local maximum around
590 K after which it slowly decreases again. The origin of this behavior is also not
clear but is attributed not to an actual crystallite growth but also to an effect of
peak broadening due to local disorder, i.e. lattice strain. After the phase transition
at 930 K, first a gradual, then after passing a temperature of 1020 K a steep increase
in the crystallite size occurs, which can be ascribed to an actual particle growth.

3.2.2 Atomic positions

The atomic positions extracted from the Rietveld refined structure models gener-
ally show significantly higher uncertainties in the LT results due to the lower data
resolution.

The oxygen position behavior (shown in Figure Al and Figure A2 in the ap-
pendix) is not considered in detail here and is discussed in terms of the resulting
bond lengths. On a general note, the oxygen positions exhibit large uncertainties
on their fractional coordinates. In some cases large abrupt changes occur, espe-
cially in the LT oxygen positions. For the oxygen atoms O1 and O2 located within
the bismuth layer the positional uncertainties are highest, illustrating the difficulty
associated with scattering contrast of low- and high-Z elements in proximity, as dis-
cussed above. With regard to general motifs in the oxygen positions in the HT range,
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3 Thermal Behavior of Aurivillius-type Bismuthtungstates

two temperatures show some sort of abrupt change or discontinuity. The first one
around 700 K is clearly visible as a rather sharp peak in almost all coordinates. This
feature is attributed to some sort of structural instability and is discussed in more
detail further below. The second discontinuity at 930 K is expected and attributed
to the phase known transition.
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Figure 3.3: Temperature dependent positional coordinates of W1, Bil and Bi2 in
Bis WOg

The refined cation positions are presented in Figure 3.3 The Wlx-coordinate was
fixed to a value of zero in order to improve the refinement stability.

As expected from the scattering power, the positional uncertainties in general are
significantly lower compared to oxygen. Also for the cations, the uncertainty in the
x and y coordinates is comparably large below 150 K. Notably though, a sudden
decrease in uncertainty occurs at that mark. This is accompanied by a notable
step in Wly and W1z and a change in the slope of Bi2. It seems highly likely
that this behavior is of the same origin as the phase transition described by Yoneda,
Takeda and Tsurumi. [44] They attributed this to a change in the BiO-WO-interlayer
correlations due to a bismuth movement, while here it seems to be shift of both, Bi
and W.

Furthermore, the study by Hirose, Kawaminami and Obara suggests that the PT
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at 280 K results from a Bi displacement along the stacking direction. [45] This is
also in contrast to our results, in which the most drastic changes occur in the z-
coordinate of tungsten and only marginally for bismuth. However, all cations shift
in the layer plane, as indicated by the step in their y-coordinates, again more obvious
for tungsten.

Another very pronounced shift in the y-coordinates appears at 550 K. From this
temperature on, the electric permittivity of BiasWOQOg starts to increase as shown in
Fig. 10 of [48].

Notably, the discontinuity around 700K seen in the oxygen coordinates is not
reflected by the cations. Similarly, only subtle changes at the phase transition tem-
perature of 930 K are visible in the cation positions. This reflects the accepted
concept that the phase transition is mainly driven by the oxygen sublattice, i.e. loss
of octahedral rotation, while the cation sublattice stays mostly unchanged.

The spike at 990 K in the tungsten y- and z-coordinate might be correlated to the
reported strong increase in permittivity around 1000 K. [48] However, since this spike
affects only a single data point a refinement artifact seems to be the more plausible
cause. Since it also lies close to the upper limit of our investigated temperature
range an interpretation in terms of trend changes is not possible.

3.2.3 Derived bond lengths and ellipsoid analysis
Tungsten environment

The resulting bond lengths for the WO coordination are plotted in Figure 3.4, the
bond valence sum (BVS) in Figure 3.5, the average bond length (lyyo) and variance
o?(lwo) together with further ellipsoid parameters in Figure 3.6. In the appendix,
magnifications of Figure 3.6 in the range below and above 500 K can be found under
Figure A3 and Figure A4, respectively.

The parameters show a fair amount of scatter, especially at the high-temperature
end. To enhance visibility of the underlying trends a rolling average of five data
points is plotted along.

The WO bond lengths of in-plane oxygen atoms O4 and O5 with min/max values
of around 150 pm and 270 pm are clearly out of reasonable absolute values. NPD
results from literature show that even at elevated temperatures the bond lengths do
not exceed 172pm and 230 pm, respectively. [34] The massive outlier in O4 bond
length at 1040 K is considered a refinement artifact at which the anti-bump restraint
was eluded.

Neglecting the unphysical absolute values, the most prominent features are a kink
centered around 700K in the behavior of bonds to the O4 atom and an inflection
for the O6 bond. For other bonds the effect is marginally, although shifts in the
positional coordinates are visible for all oxygen atoms as discussed above. This
might be related to a particular instability of O4 atom. As the other equatorial
oxygen atom in the octahedron O5 is not affected, the O4 feature is not related to
the rotation around the c-axis, which drives the higher temperature phase transition
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Figure 3.4: Bond length development for the tungsten coordination in BioWOg
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Figure 3.5: Temperature-dependent bond valence sum for the tungsten coordination
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W1 polyhedral parameters (Bi,WQg)

(lwo) / pm 0%(hyo) / pm? Ocenter / PM
2000 - _

205
200 1

195 -

200.0 1

197.5
195.0
192.5
190.0
0 500 1000 0 500 1000 0 500 1000
T/K T/K T/K

Figure 3.6: Bond length average (lyyo) and variance o%(lyo) as well as ellipsoid
parameters average radius (R), radius variance o?(R), cation off-centering and
shape parameter for the tungsten coordination in BigWOQOg. The respective lines
are rolling averages with a window size of five data points which serves as guide
for the eye.

43



3 Thermal Behavior of Aurivillius-type Bismuthtungstates

at 930 K.

The kink in the O4 bond length at 700K is of mutually opposite sign for the
two O4 atoms in the coordination sphere. Therefore, the derived BVS shown in
Figure 3.5 is only marginally affected, i.e. no major change in trends can be observed
at that temperature. The high BVS values of up to 8.5 v.u. reflect that some bonds
are extremely short. No distinct discontinuity is apparent in the LT regime and the
BVS increases linearly above room temperature until reaching a maximum at 500 K.
The subsequent decreases up to the phase transition temperature at 930 K is again
followed by an increase to higher temperatures. The discontinuity in the plot is due
to the above-mentioned O4 bond length outlier.

As shown in Figure 3.6, the average bond length (lyyo) and the average ellipsoid
radius (R) behave similarly and decrease over the whole range from LT to 500 K.
The magnification in Figure A3 reveals a slight difference. The average bond length
(lwo) exhibits a pronounced step around 50 K. This step can also be found in the
bond length variance o%(lyo) and the radius variance o(R). It is not clear whether
this is an actual sample effect or a refinement artifact. While this step is also visible
in the O4 and O5 bond lengths, it is within the apparent scattering range of those
data points. The LT PDF study by Yoneda, Takeda and Tsurumi gives no hint on
changes between 10K and 100 K. [44] Since no other of our techniques reaches down
to those temperatures, a cross correlation is not possible.

In vicinity to above identified critical points at 140 K and 280K, also (lyyo) and
even more so (R) show peak and step features. Above RT, both parameters decrease
up to the 500 K mark, from where again an increase to 700 K is apparent. The 700 K
discontinuity appears in all of the parameters presented in Figure 3.6. From there
on (lyo) and (R) increase up to the reported phase transition at 930 K. After that,
a local minimum at 1000 K is apparent which correlates to the permittivity changes
in [48].

The bond variance o2(lyo) drops sharply at 280 K to immediately increase again
from 300 K up to 700 K. After the 700 K discontinuity no more drastic changes are
visible.

Apart from the 50 K step and a barely visible 280 K minimum, the radius variance
o?(R) shows only a weak decrease at up to the 500 K mark. Different from the bond
length variance, the radius variance increase does not seize at the 700 K mark but
continues up to 930 K.

The off-centering of tungsten from the ellipsoid center shows only the sharp drop
at 280 K and immediate increase again from 300 K. Above 500K it stays fairly
constant although with strongly scattered values.

The sign of shape parameter is a measure of the whether the ellipsoid is prolate
(elongated, positive values), oblate (flattened, negative values) or of spherical shape,
indicated by a value of zero. Cumby and Attfield showed that symmetry-forbidden
phase transitions in perovskites are always associated with a zero crossing of the
shape parameter. In our results we can observe zero crossings at 150K, 280K,
500K and possibly also at 700 K. In the regions below and above, some more data
points come close to zero or cross it by minimal amounts. However, the data points
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also scatter rather strongly in those regions and are therefore not considered le-
git. Whether the underlying structural changes in this structure actually qualify as
symmetry-forbidden phase transitions cannot be determined with certainty. Non-
etheless, the possibility that this criterion is also applicable to layered perovskites is
highly intriguing.

Bismuth environments

The presence of critical points at 150K, 280K, 500K, 700 K and 930 K has been
established above. Without going into the same detailed examination, these critical
point also show up in the parameters of the bismuth environments. Notably, however
the trends around these critical point are significantly different for the two bismuth
coordinations.

The bond lengths are not discussed individually in here but are given for reference
in the appendix (Figure A5 and Figure A5)
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Figure 3.7: Temperature-dependent bond valence sum for both bismuth coordina-
tions in Bis WQOg

The bond valence sums shown in Figure 3.7 exhibit only few features. The BVS

of Bil does not deviate from its formal value of three over the complete temperature
range and exhibits no pronounced steps or distinct maxima. Only subtle or slope
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changes at the temperatures around 300 K, 500 K and 700 K can be identified. In
case of Bi2, three linear segments with the center segment between 300 K and 700 K
can be discerned. The BVS increases from its formal value of three to about 3.8
over the range of the center segment. Additionally, a maximum at 1040 K can be
seen.
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Figure 3.8: Bond length average (lyyo) and variance o%(lyo) as well as ellipsoid
parameters average radius (R), radius variance o%(R), cation off-centering and
shape parameter for both bismuth coordination in BisWOQOg. The respective lines
are rolling averages with a window size of five data points which serves as guide
for the eye.

The results from the MBE fitting are presented in Figure 3.8. Interpretation of the
ellipsoid off-centering and shape parameters for the bismuth atoms is difficult since
their coordination environment is so strongly asymmetric and far from a platonic
body. This is for instance reflected by the difference in behavior between the average
bond length and radius of the Bil coordination. They serve here only as proxy
parameters for sudden changes in the coordination.

Notably, there are no only small changes in the ellipsoid parameters of the Bil
atom, whereas Bi2 shows significant discontinuities. Although the Bi position indeed
are symmetry inequivalent to begin with, this distinctively different behavior is quite
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surprising. Bil and Bi2 are not part of the same intergrowth layer rather each
bismuth position is located within its own layer. The different behavior could be
interpreted as a modulation, e.g. ABAB stacking sequence, of the bismuth oxide
substructure, in which the interaction with the perovskite layer is stronger to one of
A or B while the other is less affected However, the tentative nature of this analysis
due to the uncertainty in the coordination sphere has to be kept in mind.

3.3 Raman spectroscopy

LT Raman data of Bi;,WOg
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Figure 3.9: Low-temperature BiIWOg Raman spectra

The temperature-dependent Raman spectra from the LT and HT setup are shown
in Figure 3.9 and Figure 3.10, respectively. The autocorrelation of these is plotted
in Figure 3.11.

The autocorrelation curves show a rather steep development, which is attributed
to the broadening of the Raman modes. Since this is a fairly strong effect it is hard
to visibly discern smaller changes in the autocorrelation.

The first discernible effect occurs at around 330 K as the slope of all curves in the
LT range decreases. For the lags values of 25 and 60, a pronounced change in slope
can be observed at around 480 K and a distinct feature in form of a small dip at 580 K
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HT Raman data of Bi,WOg

260 460 6(I)0 860 1000
Raman shift / 1/cm

Figure 3.10: High-Temperature BiWOg Raman spectra
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Figure 3.11: Autocorrelation of the BIWOg Raman spectra
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can be seen in all curves. In the low and medium lag a gradual slope change happens
to about 960 K, where an inflection seems to exist. Finally, at 1060 K another small
dip is visible for all curves.

The temperatures are in line with some effects discussed above, however, only few
features are apparent.

The signals in the collected Raman spectra were deconvoluted by peak fitting.
Figure 3.12 shows the temperature dependent behavior of selected modes. The
mode assignment of the Raman spectra is based on the reports by Maczka, Hanuza
et al. [59, 156]

Most modes show softening with increasing temperatures with two exceptions.
Firstly, the mode (3) is related to a translational mode of the bismuth lattice along
the stacking direction and shows virtually no change of peak position over the whole
temperature range. Maczka, Macalik and Kojima also noted this thermal stability
and deduced a low anharmonicity of this mode. [59] Secondly, mode (18) shows
hardening with increasing temperature. It is related to the symmetric WO-stretching
vibration of apical oxygen atoms connected to the bismuth layer. The hardening
implies an increase in bond strength or shortening of bond length with temperature.
The WO-bond to apical oxygen O6-3 in Figure 3.4 actually shows such a bond length
decrease.

With regard to temperature changes in selected modes some example will be
discussed.

At low temperatures around 250 K the modes at low wavenumbers (1) to (5),
except for the rigid mode (3), show a small discontinuity in the peakwidth as well
as in intensity development, except for the rigid mode. Modes (1), (2), and (4) are
related to a bismuth displacement along the stacking direction which was identi-
fied by Hirose, Kawaminami and Obara to be the reason for the permittivity spike
the found. Around 300 K we observe changes in the broadening also for the high-
wavenumber asymmetric WO vibrations

Above 500 K, for several modes the peak width increases drastically and hit the
bound set in the fitting routine. This abrupt change in broadening behavior is in
line with the prominent slope change in the autocorrelation. The increasing peak
overlap lead to an increased difficulty to separate neighboring peaks. Broadness and
intensity of individual peaks thus get more and more correlated with each other and
therefore the parameters of overlapping peaks. The loss of clearly separated features
also increases the correlation with the "background” subtraction, which in the first
place also models all non-separable elements of the spectrum.

Another two critical points become apparent in the Raman spectra at around
700K and 800K, where several peaks become indistinguishable. The results from
Maczka, Macalik and Kojima show this behavior, too, however it is not commented
on. [59] Especially Figure 2 in [59] suggest that from 500K and 700K on, several
low wavenumber modes are not separable anymore. Figure 3 therein also shows two
slope changes in the width of the 56 cm ™! mode. [59] The thermal behavior of modes
at higher wavenumbers were not investigated in [59].

Notably though, there is no distinct feature at the reported phase transition tem-
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3 Thermal Behavior of Aurivillius-type Bismuthtungstates

perature. A possible explanation could be that the temperatures of the sample do
not coincide with those the measurement device targets. The laser used in Ra-
man spectroscopy introduces heat in the sample and laser damage is frequently
encountered. As such, the local sample temperature might actually be higher due to
heating by the laser. The recorded features around 700 K and 800 K actually could
be related to the phase transition, however, this is just a hypothesis.

3.4 Thermoanalysis

~exo DSC Bi,WOg
0.1 r
—0.0677 [ 1.00
—0.07 A i
00 - 0.75
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-0.1 1 0087~ - 0.50
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Figure 3.13: Heatflow data from DSC measurements on BioWOg and the respective
gradient. The central region with three small signals is magnified in the inset.

DSC measurements were performed for a continuous overview of the region around
room temperature. The respective heatflow data are presented in Figure 3.13 along
with the calculated gradient of the data series.

From the heatflow gradient the triad of three tiny signals at 280K, 315K and
355 K become apparent and are magnified in the inset. The first is exothermic and
coincides exactly with onset of the reported dielectric in features in [45], while the
second is endothermic at which the reported features again vanish. It is reasonable
to assume these are related to the same effect of bismuth movement along ¢ away
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3 Thermal Behavior of Aurivillius-type Bismuthtungstates

from the oxygen basal plane. [45]

Two small step signals at 445 K and 500 K also become visible in the heatflow
gradient. They coincide with several parameter changes discussed above. Whether
these are truly related needs to be further checked. The same holds for the broad
signal at the low end of the temperature range which is tentatively attributed to an
effect of the measurement device and procedure.

Even though no direct relationship can be deduced from these data, the similarities
in occurrence are striking.

3.5 Conclusion

The results from Rietveld refinements and subsequent analysis of derived parameters
are in general of limited significance due to the inaccuracy of the determined oxygen
positions. General trends in parameters obtained from structure refinements show
correlations to already reported features. However, the applicability of the ellipsoid
analysis is severely limited due to the uncertainties in the oxygen positions and thus
polyhedral coordination.

It has become clear that specific parameter derived from the refined atomic posi-
tions are susceptible to different critical points. Nonetheless, the changes and trends
correlate strongly with effects visible in other techniques such as Raman spectro-
scopy and electric permittivity.

Also, the model free autocorrelation analysis clearly shows that these changes
are not artifacts of a fitting or refinement process gone wrong, but are information
contained in the data.

Poetically put: the data tells a story, we simply are not able to understand it
(fully)(yet).

Our results confirm the LT phase transition at below 200 K described by Yoneda,
Takeda and Tsurumi [44] and can tentatively pinpoint it to 150 K. Furthermore, our
DSC results and interpretation of the reported permittivity data of Hirose, Kawam-
inami and Obara [45] suggest that there exists a series of subtle phase transition in
the range from 280K to 350 K. Two additional critical points at 500 K and 700 K
could be identified. The literature known features appear in our results also at their
reported temperatures and show significant impact on the studied parameters. It
is thus reasonable to assume that the newly identified critical are a result of actual
sample effects. Another finding is the distinctively different behavior of the two
bismuth coordinations. Identification of single factors that are responsible for the
observed effects however is hard. Some of our current results even contradict the
interpretation in the literature that attribute certain effects for instance only to Bi.
Usually multiple structural units and respective parameters of those cations are af-
fected simultaneously and show changes at the critical points, although to more or
less extent. As such, our result suggest that it is especially the interplay between the
chemically and structurally distinct layers that is the underlying working principle.
The precise structural interpretation, however, needs more reliable atomic position.
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3 Thermal Behavior of Aurivillius-type Bismuthtungstates

More sophisticated refinement techniques could partially mitigate the problem of
scattering contrast. In the refinements presented here, only restriction on minimum
bond lengths were imposed on the system. A related technique also taking too
long bond length into account is based on the bond-valence sum of the coordination
polyhedron as a boundary for the fitting. If a given BVS range has to be achieved,
the bond lengths within the coordination polyhedra mutually limit themselves to
prevent extreme values.

As the BVS is calculated from the bond length which are in turn calculated from
the atomic positions the BVS presents a certain degree of abstraction from possibly
unstable atomic positions. This was apparent above, since the step like features in
the fractional coordinates did not propagate through these abstraction layers and the
BVS showed rather smooth trends. However, as already mentioned above, the bond-
valence theory is strictly only applicable to room-temperature structures since the rg
and b parameter in Equation 2.1 are experimentally obtained from room-temperature
datasets. Brown himself point out that bond lengths of high-temperature structures
need a proper treatment to be comparable with RT parameter and that special
electronic effects like the SOJTE need to be accounted for. [7, 157]

For our Rietveld refinements no change in symmetry was assumed. This factor
that has to be critically assessed in future studies based on the current results. Given
the hints for positional disorder, especially for bismuth, a refinement with split but
occupationally restrained position or doubled unit cells could give further insights,
whether there is a change of symmetry in the system.

Some parameters of the ellipsoid analysis have not been addressed in here for
reasons of the limited data basis, but could become valuable if this circumstance
changes. For instance the ellipsoid orientation, i.e. the direction of the ellipsoids radii
vectors with respect to the crystallographic axes, offers convenient proxy-parameters
for the octahedral tilting Often the tilting is gauged by the angles of polyhedral
edges related to crystallographic axes or each other. However, these angles of the
polyhedral edges may be affected by changes in the ligand perimeter itself, especially
in case of SOJTE distorted polyhedra with pronounced off-centering.

Lifting of some limitations in the pieface software package used for the MBE
calculations could offer additional insights into the structural behavior. For instance,
the analysis of the full BiOg antiprism is currently limited by inability to address
specific symmetry-equivalent atoms as mentioned above. Additionally, the irregular
cuboctahedral void within the perosvskite slab of BioW2Qg is of interest, since its
volume and shape is determined by the tilting of the WO-octahedra. In this case
the analysis of its maximal inscribing ellipsoid, that is the largest ellipsoid fitting
within a set of points, is more desirable as its center and smallest radius correspond
to the position and radius of potential A-site cations. The pieface software package
would benefit from respective extensions.

The multiple indications of subtle changes in the local coordination found in this
study and the corresponding literature makes it worth to reinvestigate the systems.
Temperature-dependent neutron and high-resolution synchrotron diffraction, for ac-
curate oxygen positions and more details on the local range from PDF analysis
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3 Thermal Behavior of Aurivillius-type Bismuthtungstates

are recommended for further studies. For BisWOg two such HT studies have been
performed already, however, with rather widely spaced temperature steps in the
intermediate range between 300 K to 800 K. [34, 43]

With the knowledge gained from the here presented experiments one is able to
develop an effective measurement plan and address the specific temperatures ranges
of interest in more detail.
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4 Synthesis and Structure of
Ruddlesden-Popper-type H,W»0;

4.1 Formation and Morphology

—— Bi,W;,09
—— HW07

sqrt. intensity

20 40 60 80 100
diffraction angle 26 (Cu-Kaz,2) / °

Figure 4.1: XPD pattern of the educt BiaW50g and product HoWoO~ of the leaching
synthesis.

When comparing the in-house XPD pattern of the parent BiaW2QOg before leaching
and resulting HoWoO~ in Figure 4.1 two key features can be recognized. The sharp
reflections in the educt material, indicating a large mean crystallite size, have evolved
to broad features in the product. Additionally, the first signal, attributed to the
(002) reflection, has visibly shifted as a result of the smaller unit cell. Without the
bismuth interlayer the spacing between the perovskite layers reduces.
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4 Synthesis and Structure of Ruddlesden-Popper-type Ho W20+

Attempts on a structure solution for HoW5O7 from this data alone quickly revealed
to be futile. Indexing of the few reflections provided no definitive candidate for a
suitable space group. The data quality allowed for no further knowledge to be gained
in addition to already reported features.

The combination of the apparent low crystallinity of the sample and the low X-ray
scattering contribution of oxygen compared to the heavy metal prevented a meaning-
ful description of the assumed octahedral network. To overcome these limitations,
additional powder diffraction measurements were performed with neutron radiation
on deuterated samples, which is covered in section 4.3.

SEI 15kV  WD15mm _SS30 x10,000 - 1pm ¢

Figure 4.2: SEM micrograph of HoW,O7 particles obtained from leaching synthesis
showing highly anisotropic platelet-like shapes and signs of further delamination.

The leaching leads to strongly anisotropic, platelet-like particles as can be seen
from the SEM micrographs in Figure 4.2. Notably, these show signs of delamination
on the platelet surfaces. The distribution of apparent particle sizes is quite broad.
There are large platelets up to a few pm in lateral extent and sub pm in thickness.
Also, small fragments with sizes <100nm are visible at higher magnifications.

The low crystallite size of the product can be attributed to the introduction of de-
fects and disorder. The TEM micrographs in Figure 4.3 show typical defect motifs.
They involve rotation of layers as indicated by the different direction of the square
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4 Synthesis and Structure of Ruddlesden-Popper-type HoW,07

grids in Figure 4.3a. These grids are formed by the lattice fringes of the checkerboard
arrangement of octahedra typical for perovskite-like structures. Additionally, mod-
ulations in the form of Moiré-patterns are visibleFigure 4.3b, i.e. alternating regions
of clearly visible lattice fringes and region of low contrast. This contrast modulation
is a result of local structural incoherence. Possible lateral and vertical sources are,
for instance, incommensurately rotated layers or slight buckling/wrinkling, respect-
ively.

The layered nature becomes even more apparent from the side view of a particle
depicted in Figure 4.3c. For this purpose a platelet was cut in the respective dir-
ection by focus ion beam (FIB) preparation. The lower half of Figure 4.3c shows a
regular arrangement of individual layers whose double octahedral nature is clearly
discernible.

The upper part shows typical defect motifs that can be expected from layered
materials. Close to the top of the image the aforementioned buckling or wrinkling of
partially delaminated layers is apparent. At the image center a larger split is visible
which ends in stacking fault which appears to be a locally confined stack of three
octahedra.

In Figure 4.3d a side view of a region closer to the particle edge is depicted. Here,
the stacking is severely distorted and patches of ordered arrangements are only found
locally.

4.2 Spectroscopic characterization of hydrogen environment

'H MAS NMR spectroscopy was performed to get further information on the num-
ber of individual hydrogen positions and their environment. The main region of
the obtained spectrum is shown in Figure 4.4, additional sidebands at distances in
integers of the spinning frequency are not shown. Visual inspection and fitting with
pseudo-Voigt profiles reveals at least two distinct signals, however adding a third
profile yields a significant better fit quality and reduces the x? value from about 30
to 8.

The broadness of the signals in 'H solid-state NMR is usually caused by aniso-
tropic interactions, such as dipolar coupling or chemical shift anisotropy. [158] These
are usually reduced or suppressed, respectively, by the MAS technique but even the
high spinning rate of 40kHz does not separate the broad features into narrower con-
tributions. In other layered perovskites even with medium spinning rates additional
features are distinguishable. [159] This indicates strong dipolar coupling between
the protons, which is consistent with their expected close proximity within the co-
ordinated water molecule. An additional reason for apparent line broadening can
be chemical shift dispersion by local disorder. [160] Minor differences in the local
environment of the nucleus cause a range of isotropic signals to appear close to each
other and overlap, resulting in a broadened signal. In case of this layered compound,
such differences could be slight variance in the distances between or small shifts of
the layers. This is comparable to XRD, where disorder in form of small variances
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(c) (d)

Figure 4.3: TEM micrographs of different defect themes. (a) Rotation of individual
layers against each other with direction of lattices fringes indicated by red lines
(particle top view). (b) Modulation in form of Moiré-patterns (particle top view).
(c) Regions of consistent double layer stacking together with delamination and
layer steps (particle side view, particle center). (d) Severely disordered regions
with pronounced layer condensation (particle side view, towards edge)
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Figure 4.4: 'H magic-angle spinning (MAS) NMR Hahn-echo spectrum of the hy-
drotungstate and respective fits with pseudo-Voigt functions. The strong signals
at 6.7ppm and 6.4 ppm are attributed to the hydrogen atoms in the structural
water. The high-field signal at 1.8 ppm is attributed to OH species in the form of
surface hydroxyl groups or at defect sites.
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in the d-spacing of diffracting planes cause the reflection’s linewidth to increase via
micro-strain broadening. The data does not allow to distinguish between these ef-
fects. In principle, the strong "H—'H dipolar coupling could be overcome by even
higher spinning rates or stronger magnetic fields but also higher temperatures to
increase the proton dynamics. [161]

Following the interpretation of Nogueira et al., the strong signals at 6.7 ppm and
6.4 ppm are attributed to the hydrogen atoms in the structural water. [121] The
presence of two, slightly shifted signals indicates two distinct proton positions with
similar but slightly different environments. The high-field signal at 1.8 ppm is at-
tributed to OH species in the form of surface hydroxyl groups or at defect sites.
The latter could include amorphous regions where protons bind to oxygen sites in
a random fashion. Another possibility is the binding of two single protons to both
apical oxygen atoms on either side of the double octahedra columns.

Additional water in the interlayer space and the associated hydrogen bonds are
presumed to appear in an intermediate range similar to other studies on hydrated
perovskites. [161] As no such signals could be observed here, irreversibility of the
dehydration step at 393 K is likely.
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Figure 4.5: Comparison of FTIR and Raman spectra of HoW507 and BiasW2Og up to
1100 cm ™! showing major differences in the peak positions between 600 cm™! and
800cm~!. Signals attributed to the BiO vibrations in the range below 500 cm™?
are gone after the leaching.

In Figure 4.5 the FTIR and Raman spectra of HoW5O7 up to 1100cm™! are
shown. After the leaching the Raman signals attributed to the BiO vibrations
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Table 4.1: Spectroscopic mode assignment of HyWyOr and comparison with the
parent BiW,QOyg, the single layer hydrotungstate HoWO,4 and WOs3.

HoW,0r B12W209[162] H2W04[84] W03[84]
Assignment IR Ra IR Ra IR Ra IR Ra
3386.2(7) 3357(4) 3390
v(OH) 3218(7) 3170
2863(23)
unassigned 1936(8)
o(OH) 1615.3(6) 1620
unassigned 1283(5)
y(W=0) 098.8(1) 1047(2) 048 948
V(W=0-W) 037.1(1)  943.5(1) 936
( 878.5(4)
875.4(1) 855 851 870
874.2(1)
799 799 815 807
759 739
»(0O—W-0) 740.9(8) 730 755 715
721.0(7) 709 699
672(3) 647 680
666.1(2) 665
638.7(9)  657.5(8) 645
619(1)
Overtone  or 550
combination
F(W—0-W) 461.6(4) 435 431 434
H5O librations 416.6(4)  420.1(6) 420
v(W—-0OHsy), H,O 398.8(4) 370 377 380
librations 364.2(2) 330 330 327
oc(W-0-W) 290(2) 270 280 273
269.8(2) 253
V(W—0—W) 243.8(3)
218.7(2) 235 225 218
182.9(1) 192 187
lattice modes 133.1(1) 150 134
104.2(1) 90 93
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I are gone which is most prominently visible by the

in the range below 500cm™

missing BiO stretching vibration at 325cm™'. Furthermore, in the region of the
WO stretching vibrations around 800 cm™! the signals appear at lower and higher
wavenumbers. The higher-wavenumber features can be attributed to the presence of
W=0 double bonds in the long-bond-short-bond motif also known from the single
layer hydrotungstate HoWQOy. Signals of the structural water in HoW2O7 are located
above 1100 cm ™! as shown in Figure 4.6 together with the results of the peak fitting.
The respective spectral assignments are given in Table 4.1.

The low-intensity signal at 1400 cm™~! indicate trace amounts of surface adsorbed
water. Bending vibrations in the structural water lead to the signal at 1650 cm™!.
The region of OH stretch vibration around 3000cm™' can be described by three
signals in FTIR and a single peak in the Raman spectrum. Interpretation of the
Raman signal is difficult due to its low SNR, however, the FTIR signals can be
attributed to OH groups in different hydrogen bonding environments.

The spectra and peak positions are very similar to other reported hydrated tung-
states and particular the single layer compound HaWO,. [84] In terms of the proton
environment, the double-layer and single-layer compound are highly comparable.
However, the results are not definitive and ambiguous interpretations regarding dis-
order motifs in the interlayer and the hydrogen bonding are possible.

The deuterated sample for neutron diffraction was also investigated with FTIR
in order to study the proton-deuterium exchange behavior. We noticed a spoilage
of the deuterated samples with protium, whose implications are discussed further
below in section 4.3.

Figure 4.7 shows the region of HoO and D50 bending vibration from 1250 cm™! to
1700 cm~t. Over the course of one hour the DyO signal vanishes almost completely
while the HoO gains in intensity. This shows a rapid exchange of deuterium with
protium upon contact with atmospheric moisture. However, since ATR is a surface
sensitive technique these results not necessarily represent the bulk behavior. The
H>O signal is quite strong to begin with, due to a leakage in the storage container.
A full exchange, however, did not take place even though the sample was kept in
the leaky environment for about a week before the spoilage was noticed and the
presented ATR experiments were performed. The presence of interlayer water as a
prerequisite for rapid proton insertion was identified in [87]. Since the compound
was dried beforehand and is thus deprived of the interlayer water the exchange rates
in to the bulk may actually be lower.

4.3 Comparison of different structure model candidates

The investigations on the atomic structure of the hydrotungstate are based on clas-
sical approaches for solving structure from powder diffraction data including the
previous knowledge of the structural features from spectroscopic investigations and
the TEM micrographs.

The compound was probed for non-linear optical properties, i.e. SHG to poten-
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Figure 4.7: Time-dependent ATR infrared spectroscopy measurement series of deu-
terated hydrotungstate. Upon contact with atmospheric water the intensity of
the D2O-bending signal vanishes almost completely over the course of one hour.
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Figure 4.8: SHG response of HoW5O7 in comparison to Quartz and AlyO3 as positive
and negative references, respectively. Only some noise signals and no intensities
at the expected wavelengths could be detected, thus centrosymmetry can not be
excluded.
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tially rule out centrosymmetric structure model candidates. Absence of an inversion
center is a prerequisite for SHG, so any related intensity is a strong evidence for a
non-centrosymmetric structure. [163] However, no intensities at doubled frequencies
were found, as can be seen in Figure 4.8, hence centrosymmetric space groups could
not be excluded and were considered as viable options.

Reproducing the attempts by Kudo, Ohkawa et al., the structure of the parent
BiaW2Oyg in space group Pna2; served as a starting point. [91] The assignment of
space group Pnab as the symmetry of the parent BioW5Oyg is fairly recent and the
results in this section do not reflect this development. The below presented trials
of the different structure models were performed before the report of the apparent
higher symmetry became known to the author. The author deemed a retroactive
inclusion of a model in Pnab would not provide a significant merit given the findings
of our other structural investigations.

Starting from the BiosWsOg model in space group Pna21, the cell dimension were
adjusted based on the retrieved values from a Pawley refinement in this space group
and the bismuth oxide interlayer was removed while keeping the tungsten oxide
arrangement intact. Additional orthorhombic space groups with comparable cell
dimensions were sought via an indexing of the few reflections in the X-ray diffrac-
tion pattern. Models that exhibit the structural features based on our previous
knowledge, such as the perovskitic resemblance of individual and the shift between
adjacent layers, could be constructed in the space groups P222 and P222;. Addi-
tionally, a model was constructed in the space group Pnam, a supergroup to Pna2;.

Subsequent Rietveld refinements of these models against the X-ray diffraction
data resulted in structures which were characterized by generally highly deformed
octahedra with too close O-O and W-O proximity. Application of anti-bump dis-
tance and angle restraints to prevent unphysical oxygen positions tended to run into
the set limits. Presumably, the calculation favored the unphysical arrangements to
account for the disorder in the sample. The low scattering contributions of oxygen
and resulting lack of information contained in the in-house X-ray data prevented
a more robust refinement. Furthermore, information on hydrogen atoms were also
completely missing.

Thus, experiments using neutron radiation were performed to mitigate the prob-
lems of the low scattering power and to later on refine the structure models simul-
taneously against the X-ray and neutron datasets.

The synthesis route was adapted to produce a deuterated sample and the ex-
perimental procedures were carried out applying Schlenk-techniques. While the
leaching and washing itself was straightforward, the subsequent drying, handling
and packaging of the deuterated sample was a likely source of errors. Especially the
low evaporation rates of the heavy water lead to difficulties in an effective removal
without risking the degradation of the fragile hydrotungstate sample. Ideally the
whole procedure would have been performed in a glove box, but "wet” glove boxes
where water containing samples can be processed were not available.

Despite the applied measures, the sample was nonetheless spoiled with protium.
It is presumed to stem from atmospheric water leaking into the storage container.
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Figure 4.9: Neutron and X-ray powder diffraction patterns. Note that the neutron
dataset is not shifted, the high background is the result of incoherent scattering
from protium.

The unfortunate spoilage of the deuterated sample had some implications for
the course of the project. It affected the quality of the data from neutron powder
diffraction. The exchange of deuterium with protium resulted in a less effective usage
of the neutron radiation due to loss of intensity in the incoherent scattering not
contributing to the structure solution. This resulted in a high incoherent scattering
background, as can be seen in Figure 4.9.

On the other hand, the spoilage incidentally opened the possibility to extend
the direction of the NMR investigations to also include heteronuclear experiments.
However, the preliminary results did not add significantly to the structure solution
and a more thorough investigation was beyond the possibilities of the project.

Even with the additional information from the neutron experiments it became
clear that due to the amount of defects and disorder in the produced sample it would
be difficult to find a singular solution model that would describe the diffraction
pattern satisfactorily. This shifted the aim of the investigations towards trials of
the different specific structural motifs imposed by the space group symmetries and
elaborating their plausibility, especially concerning the hydrogen environment.
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Table 4.2: Selected agreement factors for different models from combined refine-
ments.

Rietveld Pawley
SG #p Rwp Rwp’ WDW GOF #p Ryp Rwp’ wDW GOF
Co 56 9.5 275 0.176 6.1 751 5.1 16.2 0.500 3.5
Pna2; N 5.4 25.7 0.113 64 3.4 20.7 0256 5.1
X 18.1 28.2 0.063 6.0 9.1 146 0.244 3.1
Co 52 94 26.7 0.175 6.0 937 3.9 12.0 1.043 2.7
P222 N 54 259 0.110 64 1.8 9.8 0.714 2.8
X 179 27.0 0.065 5.9 7.8 126 0.328 2.7
Co 55 9.0 26.6 0.215 5.8 923 39 123 1.025 2.7
P222; N 4.8 24.1 0.148 5.7 1.8 11.0 0.694 2.8
X 17.5 274 0.067 5.8 7.8 12.7 0.331 2.7
Co 45 9.9 304 0.180 6.4 750 5.0 16.2 0.495 3.4
Pnam N 5.0 26.6 0.127 5.9 3.4 224 0243 5.0
X 19.8 31.6 0.053 6.5 8.9 144 0.252 3.0
Co 52 7.4 241 0.248 4.8
Pnam* N 4.4 26.2 0.146 5.2
X 14.1 23.5 0.103 4.7
Co 57 6.3 18.0 0376 4.0 1432 3.3 9.3 1519 24
P2/n N 34 16.6 0.240 4.0 1.3 6.7 1.087 2.9
X 12.2 185 0.137 4.1 6.8 10.0 0432 2.3

#p is the number of refinement parameters
Co, X, N denotes combined, X-ray and neutron component
* with refined Beq values

While preparing our results, Wang, Sun et al. reported on their structural in-
vestigations on the same compound. [96] Using DFT calculations they produced a
structure model in space group P2;/n which they validated against X-ray diffraction
data of their sample. This structure model was included retroactively in this study,
both as combined-refined to our dataset and as published (denoted with $).

For all the selected space groups two refinements were performed, a Rietveld
refinement of the prepared atomic structure model and a Pawley refinement of just
the unit cell.

The agreement factors and number of fitted parameters are summarized in Table 4.2.
Ryp is the weighted, integrated intensity scaled sum of residuals. Ry,," additionally
accounts for the calculated background intensity in the scaling. This mitigates the
unwanted effect of well-fitted background intensity dominating the Ryp. The effect
of the background can especially be seen when comparing the two residual para-
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meters of the neutron and X-ray partials, where in case of the neutron data the
fitting of the high incoherent scattering background leads to deceptively small Ry,

2 . .
values. The GOF = /——X———— or regression standard error factors in the
degrees of freedom

number of refined parameters. For all of those parameters low values represent a
better agreement of model and experiment. The weighted Durbin-Watson parameter
wDW represents the autocorrelation between the residuals of adjacent data points
and is an indicator for underlying nature of the residuals. The low values indic-
ate a fairly strong positive autocorrelation, which characterizes a mismatch between
model and experiment. For comparison, purely statistical noise would also lead to
high residuals in general, however, the wDW in this case would show a value close
to 2 indicating low autocorrelation of the residuals.

For further details on the different agreement factors the reader is referred to the
TOPAS software technical reference.

For the models in space groups Pna2;, P222 and P222; there are no significant
differences in the quality of the fit. The model in Pnam has a minor decrease in
agreement but also with a reduced number of parameters. However, the GOF is still
slightly worse compared to the previous models. Upon additional refinement of the
isotropic atomic displacement parameter Beq values the fit improves drastically. The
model in P24 /n clearly shows the greatest accordance to the experimental data. The
Ryp’ values are the lowest of all studied models. Also the wDW values are better than
in the other refinements showing a reduction of the correlative mismatch. Although
the model has the highest albeit not far off number of refined parameters, according
to the GOF the increased degrees of freedom are justified by the superior description
of the experimental data.

For the Pawley refinements the agreement factors correlate closely with the num-
ber of fitting parameters. The Pawley refinements show better agreement between
calculated and experimental data, which is generally the case. The intensity of the
reflections is decoupled from the scattering contributions of the constituents and
each reflection’s intensity is refined individually. As such, the number of fitting
parameters is massively increased.

This gets especially problematic with this sample, as the diffraction patterns ex-
hibit only a small number of broadened and overlapping reflections. This absence
of distinct features in combination with a high number of fitting parameters allows
for rather small residuals, which presumably even dominates the GOF. Arguably,
the refined Pawley patterns here are actually overfitted impairing the significance of
the obtained parameter values.

The lattice parameters from Rietveld and Pawley refinements are collected in
Table 4.3.

In case of the Rietveld refinements the respective lattice parameters are highly
similar between the different models. The values are the same within two and ten
ESDs for the two short and the long lattice parameters, respectively.

In case of the Pawley refinements the values exhibit an additional significant digit,
however, the discrepancies between the models are increased up to approximately

68



4 Synthesis and Structure of Ruddlesden-Popper-type HoW,07

Table 4.3: Lattice parameters for different models from combined refinements.

SG a/pm b/pm ¢/pm v/°
Prap,  Rietveld  513.54(15)  522.76(14)  1849.65(30)
' Pawley  508.46(20) 527.16(22) 1850.6(4)
Ppogy  Rietveld  511.26(12)  523.49(15) 1849.72(30)
Pawley  508.68(22)  526.72(25) 1852.2(4)
Ppogy.  Rietveld  513.26(13)  522.98(13)  1851.96(29)
L' Pawley  510.37(19)  525.25(20) 1853.5(4)
P Rietveld  513.39(15)  522.24(14) 1849.65(30)
" pawley  512.16(21)  523.73(20)  1851.4(4)
Pnam* 513.85(14)  523.56(12) 1854.26(30)
P, Rietveld | 513.03(9)  52332(9)  1852.69(20)  89.192(13)
! Pawley  512.60(25)  526.34(20) 1854.72(34)  88.871(29)

* with refined Beq values

ten times the given ESDs for all parameters. Within the models the values of
the two shorter lattice parameters show a larger absolute difference compared to
the Rietveld refined values. For the long axis the values are comparable for both
refinement types. However, these discrepancies are not considered to be a viable
basis for interpretation due to the above-mentioned limited informative value of the
experimental data with respect to the high number of fitting parameters.

The lattice parameters give no clear predication as to which model is superior as
all show more or less consistent values with the idea of a BisOs-deprived Bis W5 Og.
From the agreement factors the model in space group P2;/n seems to perform best.
However, the mere reproduction of the experimental data is not enough to validate a
structure model. The actual atomic arrangement need to fulfill physical and chemical
criteria to be considered meaningful.

To gauge the plausibility of the refined atomic structure models they were com-
pared to each other as well as to known related compounds. The related compounds
(RCs) are the parent BioW2QOg, the single layered HoWO,(using the model reported
by Szymanski and Roberts [78]) and the three-dimensional WOs3. Detailed analyses
and tabulated data for the individual structure types can be found further below.

The bond length distributions and mean bond lengths of the different polyhedra
of all structures are plotted in Figure 4.10. The comprehensive bond length analysis
for six-fold WO coordination from Gagné and Hawthorne is reproduced in the figure
for reference. [164] The authors report a respective mean bond length of 195.1 pm,
shown by the green line in the reference plot. [164] Generally, the different structures
show diverse bond length distributions for their individual polyhedra. Some values
lie well outside the reference distribution already indicating severe issues with regard
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Figure 4.10: WO bond length distributions for the different structure models and
reference structures. Additionally, the reference distribution of six-fold WO co-
ordinations by Gagné and Hawthorne is reproduced for comparison. [164] Green
lines corresponds to the average bond length of the refined and reference coordin-

ations.

70



4 Synthesis and Structure of Ruddlesden-Popper-type HoW,07

%2
> 15.0 4
Qg: formal
51251 o ¢ wi
0 1
q, ] w2
£ 10.0 4
Q 1 [ J
S ] o
> 7.5 °
] ® o +
ng ] o ® e
50 T T T T T T T T T T

< — o — E * [ w o)) < m

S N N g £ 3 s 9 g S

g - N & IS o N = 3

m

Figure 4.11: Bond valence sums of the WO coordinations in the different structure
models. The expected formal valence of 6 v.u. is indicated by the dashed line.

to the meaningfulness of the respective refined models.

The comparison in Figure 4.11 shows the bond valence sums for all polyhedra. In
all the refined structure models, except for the W2 polyhedron in spacegroup P222,
the bond valence sum deviate significantly from the expected formal valence of 6 v.u.
for the central tungsten atom. Notably, in the reported structure for single layer
HaWO, the BVS of 6.63(29) v.u. also deviates significantly from the formal value.
However, Gagné and Hawthorne deem deviations of up to 7%, i.e. 0.42v.u. as ac-
ceptable for a structure verification, which overlaps with the uncertainty range. [164]

Additionally, two sets of geometrical parameters are visualized in Figure 4.12 to
compare the polyhedral coordinations between different models and compounds.
The respective values are listed in Table 4.4, Table 4.8, Table 4.15 and Table 4.20.

On one hand typical polyhedron parameters based directly on individual bond
lengths lyo(i) and angles ¢(i) were considered, such as polyhedral volume V,,,
average bond length (ly0), bond length variance o?(ly o), distortion index D, bond
length distortion A, quadratic elongation (\) and bond angle variance ().

On the other hand the parameters of the minimum bounding ellipsoid were ana-
lyzed, such as the ellipsoid volume Vy;,,, average radius (R), radius variance o%(R),
the magnitude of the central atom dislocation from the ellipsoid center dcepter and
the shape parameter S, which sign and magnitude describes a prolate (positive) or
oblate (negative) distortion of the ellipsoid. For more details on the parameters see
subsubsection 2.2.1.

Notably, the general features in the volume and mean bond length / radius para-
meters are highly similar for polyhedron and ellipsoid, indicating a close repres-
entation of the former by the latter. Also, the parameters bond length / radius
variances o2(lywo) and o%(R), both distortion indices D and A as well as cent-
ral atom dislocation dcenter in general seem to be fairly high correlated with only
small deviations within individual structure models. The quadratic elongation shows
analogous trends compared to the other parameter but with different relative mag-

71



4 Synthesis and Structure of Ruddlesden-Popper-type Ho W20+

Polyhedron parameter

10 A

|

(lwo) / pm

200 -

150

ik

0%(lwo) / pm?

Dist. index D

Dist. index A/ 1073

Quad. elongation (A)

o
=

Pna2,
P222
P222,
Pnam
Pnam¥*
P21/n
P2 1/n§
Bi2W209
H2WO4

W1 polyhedron/ellipsoid

Ellipsoid parameter
Veliip / 10° pm?3

30

§

20
(R)/ pm

200

dinmmthn

0?(R) | pm?

150

500

Ocenter / PM

Shape S

l__l_-__L I.--_

02(¢)/02
—~ (N x C @ o < ™
Si8sfqa58¢¢
S o N £ o
SN
m

[ W2 polyhedron/ellipsoid

Figure 4.12: Visual comparison of the polyhedral coordinations between different

models and compounds.

Polyhedron parameters are polyhedral volume V),

average bond length (lyo), bond length variance o2(ly o), distortion index D,
bond length distortion A, quadratic elongation (\) and bond angle variance o2(¢).
On the other hand the parameters of the minimum bounding ellipsoid: ellipsoid
volume Vy;,, average radius (R), radius variance o?(R), central atom dislocation
Ocenter and the shape parameter S.
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Table 4.4: Geometrical parameters of the polyhedra in the reference compounds
(RCs).

BiaW30g HaWO, WO3
W1 W2 W1 W1 W2
Vpory / 10° pm? 9.241 9.805 9.206 9.37 9.223
(lwo) / pm 192.7(17) 196.7(18) 192.5(15) 193.53(29) 192.38(28)
o?(lwo) / pm? 231.2 257.2 409.2 247.4 223.8
Dist. index D 0.0719  0.07305 0.07371  0.07058  0.067 44
Dist. index A /1072  6.23(11)  6.65(12) 11.04(17) 6.604(20) 6.047(18)
Quad. elongation (\) 1.027 1.029 1.031 1.028 1.026
o?(¢) | 2 67.38 74.55 66.33 73.36 68.05
Venip / 105 pm3 29.31 30.91 28.95 29.49 29.02
(R) / pm 191.5 194.8 190.6 191.7 190.7
o?(R) / pm? 79.65 43.64 59.23 19.49 12.87
Scenter / P 24.71 27.31 33.32 26.69 25.61
Shape S —0.08031 0.05207 0.07242 0.007867 —0.01281
BVS Ys;; / v.au 6.31(31)  5.75(30) 6.63(29)  6.21(6) 6.36(6)

nitudes across the models. The bond angle variances 0(¢) are comparable for most
of the studied polyhedra pointing to a similar degree of angular distortion.

4.3.1 Related compounds (RCs)

The analysis of the related compounds provide the basis for the discussion of the
other models in this study. Comparing polyhedral and ellipsoidal volumes, these
show similar values and relative magnitudes for all the related compounds. Addition-
ally, quadratic elongation, bond angle variances o2(¢) and ellipsoid radii variances
0?(R) indicate a similar magnitude of distortion from a regular octahedral shape.
This is interpreted as a close resemblance in size and shape of the polyhedral peri-
meter based on the relative oxygen positions. Notably, this holds also for the single
layer HoWOQO, which exhibits a pronounced asymmetric W-O bonding situation, with
the aforementioned long bond to the hydrogen bearing apical oxygen and the short
bond to the opposite one. However, the shape parameter S shows different degrees
of distortion for the individual RCs. While the ellipsoids are close to spheres for
the tungsten trioxide case, the BiaW5Og shows a slightly stronger prolate and ob-
late elliptic shapes. HoWQOy4 has an even more pronounced prolate shape which can
be attributed to the asymmetry in the apical bonds. While respective mean bond
and radius lengths are also comparable for the RCs, the width of the bond length
distribution increases from WO3 and BisW2Og to the single layer hydrotungstate
HyWOy, which is also represented in the bond length variances o2(lyo). For WO3
the bond lengths of both tungsten atoms are highly comparable and lie grouped in
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Table 4.5: Bond lengths and valences of the polyhedra of the related compound
BiaW50Oyg.

W1 W2

0O; lwo/pm  s;5/v.u. 0O; lwo/pm  s45/v.u.
07  215(4)  0.53(6)  O5(2) 221(4)  0.45(5)

04  212(4)  058(6)  O8(2) 210(4)  0.61(7)
03 190(5)  1.05(14) 06  202(5)  0.76(10)
09  180.0(30) 1.37(11) O3 190(5)  1.05(14)
04(2) 180(5)  1.37(19) 08  183(4)  1.27(14)
07(2) 179(4)  1.41(15)  O5  174(4)  1.61(18)
BVS Ss;: 6.31(31) BVS Ss;: 5.75(30)

Table 4.6: Bond lengths and valences of the polyhedra of the related compound
HoWO,.

W1

0O; lwo/pm  s;5/v.u.
Ol  234.0(30) 0.319(26)

03 193(4)  0.97(10)
03(3) 193(4)  0.97(10)
03(2) 183(4)  1.27(14)
03(4) 183(4)  1.27(14)

02  169.0(30) 1.85(15)

BVS Zs;;: 6.63(29)

Table 4.7: Bond lengths and valences of the polyhedra of the related compound
WOs.

W1 W2
O, lwo/pm  s;5/v.u. 0; lwo/pm  si;/v.u.
05 217.3(6)  0.501(10) 06 214.7(5)  0.537(9)
03(2) 210.7(8) 0.598(14) 0O4(2) 209.0(8) 0.627(15)
Ol  191.0(7) 1.019(22) 02 189.5(7)  1.061(23)
02 189.9(7) 1.050(23) O1 189.5(7) 1.061(23)
03  176.7(8)  1.50(4) 04  176.8(8)  1.50(4)
06  175.6(6) 1.545(30) O5  174.8(6) 1.579(31)
BVS Ns;;: 6.21(6) BVS Ss;;: 6.36(6)
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pairs close to the three maxima of the trimodal reference distribution. In Bis W5Oqg
(with space group Pna2;) the values for W1 have a similar distribution as in WOj3
but for W2 are wider distributed. For HoWQy the distribution is significantly ir-
regular with max. and min. values near the distributions extrema. Those are
attributed to the bonds to the hydrogen bearing and the opposite, double-bonded
apical oxygen atoms, respectively. The respective bond valences sums of BiaW50Og
6.31(31) v.u. and 5.75(30) v.u. are symmetrically close to the expected formal valence
of six within their standard deviations. For WO3 both values are slightly increased
t0 6.21(6) v.u. and 6.36(6) v.u., which is still well in the above-mentioned validity cri-
terion of 0.42 v.u. deviation from the formal value. As also discussed above, in case
of HoWOy the value is significantly higher but still overlapping with the criterion
range considering their uncertainty.

This increasing asymmetry in the W-O bonds is also reflected in the distortion
indices D and A. A similar trend is also visible in the increased distance of the W
atom from the center of the polyhedron-encompassing ellipsoid.

On one hand it can also be assumed that the double layered structure of HoW5O7,
with its increased perovskitic nature and resemblance to WOQOs, is generally more ri-
gid than the more flexible single layer hydrotungstate. Additionally, the possibly
distorting influence of bismuth oxide interlayer on the tungsten oxide network is
missing compared to BioW2Oyg, opening the possibility for a relaxation towards a
generally lower degree of polyhedral distortion. However, on the other hand espe-
cially the spectroscopic results suggest at least a tendency to form an asymmetric
bonding situation of the apical oxygen atoms.

Chandler, Wajrak and Khan published a statistical survey of neutron diffraction
determined water coordinations. The minimum, average, and maximum values for
bond length and angle of water coordinated to higher valent metal cations are re-
ported to be 93.4pm, 98.3pm and 101.6 pm as well as 103.9°, 109.2° and 113.8°,
respectively. [165] For HoWO, the OH bond lengths are [(O1-H1) = 79(3) pm and
[(O1-H2) = 80(3) pm with a bond angle ¢(H-O-H) = 110(3)°. The bond angle is
close to the reported average value, however, the value of the OH bond lengths here
are significantly too low. This is attributed to the structure being determined by
X-ray diffraction which is only sensitive to the electron density. In case of hydrogen
the only electron is located not at the nucleus but in the bond leading to the atoms
distance being underestimated. W1, O1 and the H atoms are coplanar and O1 is
approximately trigonally coordinated.

The similarities and trends in respective parameters of the RCs as well as the
referenced surveys are considered as representative and a reasonable structure model
for HoW50Oy is thus expected to perform comparably.

4.3.2 Model in space group Pna2;

The model in space group Pna2; is derived from the structure of the parent BiaW5Ogq
by removing the BipO22* interlayer, shifting of the tungstate layers to close the
gap and reduction of the cell parameters to the values from the Pawley refine-
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Table 4.8: Geometrical parameters of the polyhedra models in space groups Pna2q,

P222 and P222;.

Pna2; P222 P222;
W1 W2 W1 W2 W1 W2
Violy / 10% pm? 7.485 9.227 6.939  9.849 8501 8.991
(lwo) / pm 184.2(11) 194.7(13) 184.6(9) 197.2(7) 188.9(14) 190.1(14)
o%(lwo) / pm? 1632.0  1369.0 787.9 4911 2251 465.9
Dist. index D 0.185  0.1375 0.116  0.08329 0.07061 0.1007
Dist. index A / 1072 48.1(6)  36.1(5) 23.13(23) 12.64(9) 6.31(9) 12.89(19)
Quad. elongation (\)  1.127 1.084 1.161 1.039  1.042 1.025
o2(¢) / 2 219.8 142.3 470.4 62.0 119.3 40.7
Vewip / 10 pm3 23.96 31.67 25.23  31.08  27.39 29.25
(R) / pm 180.5 198.3 1832 1959  187.2 191.4
0?(R) / pm? 619.7 792.4 460.7  350.4  92.89 93.42
Scenter / PM 60.54 59.25 50.94 2246  24.08 35.73
Shape S 0.09055 —0.02911 —0.04087 0.1439 0.01727 0.054 74
BVS Ss;; / v.u. 12.1(4) 7.70(33) 8.97(26) 5.97(12) 6.99(29) 7.46(30)

Table 4.9: Refined atomic parameters for the model in space group Pna2;.

Site  Mult. x Yy z Atom  Occ.  Bey/10* pm?
W1 4 0.272(3) 0951(2) 0.1374(2) W6 1 1
W2 4 0.806(3) 0.504(3) 0.3452(2) W+t6 1 1
01 4 0.427(5) 0.230(5) 0.116(1) O2% 1 1
02 4 0.068(4) 0.708(4) 0.358(1) O 2% 1 1
03 4 0.540(5) 0.726(5) 0.125(1) O 2% 1 1
04 4 0.051(5) 0.213(5) 0.334(1) O2% 1 1
05 4 0.268(5) 0.060(4) 0.2000(8) O 2% 1 1
06 4 0221(5) 0976(5) 0.017(1) O2% 1 1
o7 4 0.861(5) 0.546(6) 0.428(1) O2% 1 1
H1 4 0.71(1)  0.104(9) 0.490(3) H 0.63(1)2 1
'H 03701 1
H2 4 0.478(9) 0.55(1)  0.494(3) H o 0.63(1)2 1
'H 03701 1

2 restrained to equal occupancy of 1 for each four-fold position giving 8 hydro-

gen atoms in total
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Figure 4.13: Experimental and calculated diffraction pattern from refinement with
structure model in space group Pna2;.

Figure 4.14: Refined structure model in space group Pna2;.
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Table 4.10: Bond lengths and valences of the polyhedra of the structure model in
space group Pna2;

W1 W2

Oi lwo/pm sij/v.u. Oz lwo/pm sij/v.u.

O1  247.0(30) 0.224(18) 05  271.4(16) 0.116(5)
06  224.0(20)  0.418(23) 04(2) 198(4)  0.84(9)
03(2) 182.0(30) 1.30(11) 02  195.0(30) 0.91(
01(2) 171.0(30) 1.75(14)  O4  174(4)  1.61(18)
03 152.0(30) 2.92(24) 02(2) 173.0(30) 1.66(14)
05 129.0(18) 5.44(27)  O7  157.0(30) 2.55(21)

BVS Ssi:  12.1(4) BVS Ssy:  7.70(33)

ment. The subsequent Rietveld refinement resulted in a model which shows the
long-bond /short-bond motif comparable to HoWO,, however with very high distor-
tion in both octahedral units. The volumetric parameters for the W2 polyhedron
are close to the values of the RCs in contrast to the W1 polyhedron where a large
discrepancy exists. This difference between the two polyhedra holds also for (lywo)
and, to a lesser extent, (R). However, the spatial asymmetry for both polyhedra
is huge which is reflected by the extremely broad bond length distribution. The
variances o2(lyyo) and o%(R), both distortion indices and the out-of-ellipsoid-center
dislocation dcenter all exhibit the highest values of all models refined in this study.
The values for quadratic elongation and bond angle variance are also amongst the
highest in our results and only exceeded by the W1 polyhedron of the model in space
group P222.

In closer inspection of the individual polyhedral arrangements several major issues
become apparent. With 129.0(18) pm and 152.0(30) pm the W1-05,, and W1-O3¢q
bonds, respectively, are unphysically short and far outside the reference distribution.
The longest bond W1-Olgq in this polyhedron is not only at the very end of the
reference distribution but actually also lies in the equatorial or sheet plane. This is
contrary to the situation in HoWQy,, where the hydrogen carrying oxygen atom on
the apex forms the longest bond, which would correspond here to O6,, 5. All W1-O
bond angles deviate by at least +10° from orthogonality, leading to a large bond
angle variances o2(¢). In the W2 polyhedron the shortest bond W2-O7 with a length
of 157.0(30) pm is also just outside the reference distribution. With 271.4(16) pm
the bond length W1-O5 is the largest encountered in our results and well beyond
the maximum reference values. The O¢q-plane and Ogp-axis are significantly tilted
out of orthogonality. However, since the equatorial W-O-W angles are close to
90°, the bond angle variance is still lower than in the W1 polyhedron. Due to the
large contribution of the few very short bonds the respective bond valence sums
are 12.1(4) v.u. (W1) and 7.70(33) v.u. (W2) and are thus approx. 100 % and 28 %
higher compared to the formal tungsten valency of 6 v.u..
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Figure 4.15: Experimental and calculated diffraction pattern from refinement with
structure model in space group P222.

Within the O-H coordination the bond lengths of [(O6-H1) = 75(6) pm and
[(06-H2) = 118(6) pm ({log) = 96(4) pm) deviate symmetrically from the expec-
ted value of 98.3 pm. However, their values are well outside the reported min/max
values of 93.4pm and 101.6pm. The bond angle ¢(H-O-H) = 112(6)° is slightly
larger than the average value of 109.2°, but below the max value of 113.8°. The
W atom is elevated by 24(7)° from the HoO-plane, which can be interpreted as a
tendency towards coplanarity. Notably, in this structure model the hydrogen atoms
are bonded to only a single side of the pervoskite sheet contrasting the alternating
fashion in HoWQOy4. While this can in principle allow for a hydrogen bonding to the
next layer, it seems very unlikely to have such a directed nature. This accumulation
of charges on opposite sides of the sheets is assumed to be energetically unfavorable.

This structure model clearly shows major flaws with regard to the W-O network
and can thus safely be ruled out as an appropriate candidate for an average structure
solution.
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L .

Figure 4.16: Refined structure model in space group P222.

Table 4.11: Refined atomic parameters for the model in space group P222.

Site  Mult. x Yy z Atom  Occ.  Bey/10* pm?
W1 4 0.199(3) 0.305(3) 0.1542(2) W 1 1
W2 4 0.246(3) 0.272(3) 0.3606(2) W 1 1
01 2 0 0.5 0.113(2) o 1 1
02 2 05 0 0.102(2) o 1 1
03 2 05 0.5 0.141(2) o 1 1
04 2 0 0 0.145(2) o 1 1
05 2 0 0.5 0.343(2) o 1 1
06 2 05 0 0.348(2) o 1 1
o7 2 05 0.5 0.358(2) o 1 1
08 2 0 0 0.343(2) o 1 1
09 4 0.328(4) 0.229(5) 0.2321(9) O 1 1
010 4  0.142(5) 0.324(5) 0.067(1) o 1 1
O11 4  0.215(5) 0.231(5) 0.468(1) o 1 1
H1 4 032(1)  0.326(9) 0.463(3) H O 0.64(1)2 1
'H  0.36(1)* 1
H2 4 0.179(9) 0.199(9) 0.518(2) 2H  0.64(1)2 1
'H  0.36(1)* 1

& restrained to equal occupancy of 1 for each four-fold position giving 8 hydrogen
atoms in total
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Table 4.12: Bond lengths and valences of the polyhedra of the structure model in
space group P222

W1 W2
Oi lwo/pm sij/v.u. Oz lwo/pm Sz‘j/V.u.
02 242.0(30) 0.257(21) 09 242.3(18) 0.255(13)
04 190.1(16) 1.04(5) O11 201.0(20) 0.78(4)
03  186.3(17) 1.16(5) 06 194.0(16) 0.94(4)
09 163.0(20) 2.17(12) O8 192.9(17) 0.97(5)
010 163.0(20) 2.17(12)  O7 176.4(16) 1.51(7)
01 163.0(30) 2.17(18)  O5 176.3(17) 1.52(7)
BVS ES,‘]‘: 897(26) BVS Esij: 5.97(12)

4.3.3 Model in space group P222

In comparison to the previous structure in Pna2q, the structure in P222 shows
generally lower distortion, with exception of quadratic elongation and bond angle
variance of the W1 polyhedron. All equatorial oxygen atoms O1 to O8 are located
on special positions with a twofold multiplicity and only a variable z component.
There exist two different W-O polyhedral coordinations from which the W2 poly-
hedron likewise is the more regular one. The W1 polyhedron is severely distorted,
which is most prominently visible in the large values for quadratic elongation and
the bond angle variance. It shows the lowest volume in this study as well as a signi-
ficantly lower average bond length relative to the RCs. Accordingly, the ellipsoidal
volume and average radii are also lower than in the RCs. The three shortest W-O
bonds have the same length of 163(3) pm which is unphysically short and outside the
reference distribution, similar as in the previous model. Two of these bonds are the
apical W1-O9,, and -O10,, bonds of the relatively flat irregular octahedron, also
reflected by an oblate MBE (S < 0). The third is the equatorial W1-Oleq bond,
however, the term equatorial is in this case debateable. The O1 atom is elevated by
an angle of 39(2)° out of the plane of the other equatorial oxygen atoms. This leads
to a close proximity to O10,, with an O-O distance of only 145(4) pm and a corres-
ponding angle ¢(010,,-W1-Oleq) = 52.6(15)°, a structural motif commonly found
in peroxotungstates. [166, 167] This reflected by the extreme value of the bond angle
variance, the largest encountered in this study. However, due to the lack of a cor-
responding peroxo stretching vibration feature at typically around 800 cm to 900 cm
such an arrangement is not backed by the IR spectrum of the compound. Due to
the three short WO bonds the BV'S again takes on a large value of 8.97(26) v.u..
The wide distribution of bond lengths, as also seen in the value of o%(lyy0), lead to
comparatively high values of the distribution indices D and A. The W1 polyhedron
exhibits the largest quadratic elongation value of this study which is attributed to
the combination of small polyhedron volume and wide bond length distribution. The
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comparably high value for the out-of-ellipsoid-center dislocation dcenter additionally
reflects the highly distorted nature of this polyhedron.

The W2 polyhedron shows slightly larger volumetric parameter as well as mean
bond lengths and radii compared to the RCs polyhedra with exception of the
BiaW20g9 W2 polyhedron, whose respective values correspond closely. The bond
lengths are within the reference distribution albeit close to the edges for the longest
and shortest bonds. With 176.3(17) pm and 176.4(16) pm the shortest bonds con-
nect to the equatorial O5¢q and O7eq, respectively, and usually correspond to W=0
double bonds. However, a two-fold doubly bonded oxygen as bridging atom (W=0=W)
between adjacent corner-sharing octahedra seems highly unlikely and no other lit-
erature report of such an arrangement could be found. The bonds to the apical
oxygens are the longest in this polyhedron leading to a pronounced prolate shape of
the MBE. Unexpectedly, the W2-O9,, bond is longer than the W2-O11,, 5 bond
to the hydrogen carrying oxygen atom, which is contrary to what can be seen in
HoWOy. This could be rationalized by a similar situation of reduced charge at the
09 due to a double bond to W1, however, this bond is unphysically short as men-
tioned above raising doubts about the validity of this motif. The resulting BV'S with
5.97(12) v.u. for this polyhedron coincides with the formal value and the distortion
indices, quadratic elongation, bond angle variance as well as dcenter are comparable
to those of the layered RCs.

The hydrogen-oxygen bond angle of 113(6)° is comparable to the expected value
within its standard deviation. The bond length to H2 is with 95(5) pm as expected
but to H1 with 72(6) pm significantly too short. Furthermore, there is an accumu-
lation of all protons in a single interlayer while the other remains empty. This is
presumed to be energetically even more unfavorable than in the previous model.
An additional contraindication is the fact that the hydrogen positions are not only
coplanar with W2 and O11 but W2-O11,,-H2 are with a bond angle of 172(4)°
also almost colinear. This is neither consistent with a tetragonal nor a trigonal
coordinated oxygen.

Especially, the distortion in W1 coordination and hydrogen accumulation in a
single interlayer are highly doubtful and eliminate this model for a plausible average
structure description.

4.3.4 Model in space group P222,

The differences between the two polyhedra in the P222; structure model are gener-
ally not as pronounced as in the previous models and the polyhedral and ellipsoid
parameters are fairly close to those of the layered RCs. Most notably, the polyhedral
columns parallel to the c-axis consist of two symmetry equivalent stacked polyhedra,
while in the previous models these were non-equivalent. This leads to the water mo-
lecules being coordinated to both ends of individual W2 polyhedral columns and
none of the W1 columns. Where the polyhedron in HoWQOy exhibits a short and
a long bond only to the opposing apical oxygen atoms, respectively, in this model
a similar short and long bond motif additionally exist within the layer/equatorial
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Figure 4.17: Experimental and calculated diffraction pattern from refinement with
structure model in space group P222;.

Figure 4.18: Refined structure model in space group P222;.
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Table 4.13: Refined atomic parameters for the model in space group P222;.

Site  Mult. x y z Atom  Occ.  Bey/10% pm?
W1 4 0.982(4) 0.207(3) 0.1542(2) WT¢ 1 1
W2 4 0.497(5) 0.728(3) 0.1368(2) WT¢ 1 1
01 4 0.924(5) 0.170(4) 0.041(1) O 2 1 1
02 4 0.539(5) 0.750(6) 0.053(1) O 2 1 1
03 4 0.277(5) 0.394(5) 0.119(1) O 2 1 1
04 4 0.819(4) 0.502(5) 0.138(1) O 2 1 1
05 4 0.244(5) 0.920(4) 0.153(1) O 2 1 1
06 4 0.727(5) 0.009(5) 0.137(1) O 2 1 1
o7 2 0.5 0.648(5) 0.25 0?2 1 1
08 2 0 0.235(9) 0.25 0?2 1 1
H1 4 0.569(8) 0.73(1)  0.487(2) H 0.66(1) 1
'H  0.34(1)2 1
H2 4 0.382(8) 0.760(9) 0.498(2) H o 0.66(1) 1
'H  0.34(1)2 1

& restrained to equal occupancy of 1 for each four-fold position giving 8 hydrogen
atoms in total

Table 4.14: Bond lengths and valences of the polyhedra of the structure model in
space group P222;

W1 W2

OZ‘ lwo/pm sij/v.u. OZ lwo/pm sij/v.u.
O1 213.0(30) 0.56(5)  O7 213.8(7) 0.550(12)

05 202.0(30) 0.76(6) 03 211(4) 0.59(6)
03 192(4)  0.99(11) 04 203(4)  0.74(8)
08 178.3(6) 1.436(28) 06 189(4) 1.08(12)
04 178(4) 1.45(16) 05 167(4) 1.95(21)
06 170(4) 1.80(20) 02 157.0(20) 2.55(14)

BVS Zsij: 6.99(29) BVS Zsij: 7.46(30)
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plane between W1-O4e¢q-W2 and W2-05.,-W1. Such a motif in the equatorial plane
is, however, present in BioW20Og. The oxygen atoms O7,, and O8,;, shared between
the stacked polyhedra are located on special positions with a twofold multiplicity
and only a variable y component.

The volumetric parameters for W1 polyhedron as well as average bond length
and average ellipsoid radii are slightly lower compared to the RCs. All bond lengths
are within the bounds of the reference distribution and the bond length variance
is comparable to BioW20g. The length of the two shortest bonds W1-O6., and
W1-08,, is in the regime of double bonds. However, similar to the situation in
the previous model these are bridging atoms and the second bond to W2 and W1,
respectively, is also quite short. The longest bond in the W1 polyhedron is to the
apical Ol,, atom. The additional lack of any other direct bonding partner would
result in three lone electron pairs dangling into the interlayer space. Both factors
would lead to a significant negative charge on this atom. This could be slightly
mitigated, as the distance of 180(5) pm to the H2 proton of the adjacent layer suggest
a hydrogen bond. The resulting BV'S deviates by approx. 10% from the formal
value. The bond angle variance and quadratic elongation are value compared to
the RCs. The values for the distortion indices and Jcenter are similar to those of
Bis W5 Oy.

The the coordinated water carrying W2 polyhedron is very similar to WOj3 in
terms of volumetric parameters, average bond length and average ellipsoid radii.
However, with regard to its wide bond length distribution and associated bond
length variance it more resembles HoWOQO4. Correspondingly, it shows higher values
of the distortion indices fitting more closely to the single-layer hydrotungstate than
any other RC. Comparing the apical bonds the situation is opposite to the W1
octahedron. The two W2-O7,,-bonds to the oxygen atom connecting the two stacked
W2 polyhedra are with 213.8(7) pm elongated. Such a bond length is plausible in an
asymmetric short-bond-long-bond motif but not in a symmetric bridging situation
like in this case. The other apical bond W2-02,, i to the hydrogen carrying oxygen
on the contrary is with 157.0(20) pm the shortest bond in this model. This bond
length is not only outside the lower limit of the reference distribution but also far
too short for the coordinated water. From the single layer hydrotungstate it can be
expected to be fairly long.

The BV'S is with 7.46(30) v.u. about approx. 25 % higher than the formal valence
of six. The distortion indices D and A are slightly higher than those of the RCs
whereas the values for quadratic elongation is comparable to and the bond angle
variance smaller than in the RCs. The out-of-ellipsoid-center dislocation deepter iS
close to the value of the single layer hydrotungstate.

The protons in the previous models were unfavorably accumulated and the result-
ing opposite charges of proton rich and poor regions, respectively, were separated by
one or even two layer thicknesses. This model exhibits the lowest charge separation
of the models so far as the oppositely charged columns are directly adjacent to each
other. However, similar to the previous structure model, the approximate colin-
earity of W2, O2,, and H2 and additional coplanarity in conjunction with H1 are
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Table 4.15: Geometrical parameters of the polyhedra model in space group Pnam
and with refined By values.

Pnam Pnam*
W1 W1
Violy / 10% pm? 8.226 8.649
(lwo) / pm 185.0(6)  187.6(12)
o?(lwo) / pm? 131.6 44.02
Dist. index D 0.05348  0.03218
Dist. index A / 1073 3.846(26) 1.250(16)
Quad. elongation (\) 1.021 1.014
o2(¢) ] 2 59.96 43.55
Vewip / 106 pm3 26.63 27.56
(R) / pm 185.4 187.5
o%(R) / pm? 56.67 31.05
Scenter / PM 17.5 9.653
Shape S 0.0189  0.02553
BVS Ys;; / v.u. 7.52(14)  6.80(23)

* with refined Beq values

mutual exclusive for tetragonal and trigonal oxygen coordination. Additionally, the
water HOH angle with 61(4)° only half of the expected value and thus far too nar-
row. The OH bond lengths are 92(5) pm and 103(5) pm to H1 and H2, respectively,
which is slightly beyond but still largely overlapping with the reference min/max
range within the standard deviation.

In general, based on the parameter values, the W1 polyhedron shows more sim-
ilarity to BioWoOg whereas W2 is closer to HoWQO,. While the individual WO
polyhedra are comparable to the layered RCs judged by their overall geometric
parameters, there exist major inconsistencies within their specific bonding scheme,
especially with regard to the apical WO bonds. Furthermore, these inconsistencies
increase when taking the adjacent polyhedra into account, which disqualifies also
this model for a plausible average structure description.

4.3.5 Model in space group Pnam

While the previous structure model in itself is not plausible, it could be thought of
as a tautomeric isomer of an average structure. In such an average structure the
protons are delocalized between all the sheet-terminating oxygen positions. With
regard to the proton environment this structure model represents a time and space
average taking into account the mobility of the hydrogen atoms as well as hydrogen
bonding between the sheets as indicated by NMR and FTIR spectroscopy. This idea
was investigated with this model and with Pnam a higher symmetry was chosen to
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Figure 4.19: Experimental and calculated diffraction pattern from refinement with
structure model in space group Pnam.

Figure 4.20: Refined structure model in space group Pnam.
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Table 4.16: Refined atomic parameters for the model in Pnam.

Site  Mult. x Yy z Atom Ocec. Bey/10% pm?
W1 8  0.289(1) 0.528(2) 0.1453(1) WT6 1 1
01 8  0.267(3) 0.416(2) 0.0577(7) O 2% 1 1
02 8  0.070(2) 0.252(3) 0.1490(7) O 2% 1 1
03 8  0.002(3) 0.717(3) 0.1291(6) O 2 1 1
04 4 0.299(4) 0.547(3) 0.25 0?% 1 1
H1 8  0.34(1)  0.441(9) 0.025(3) 2H 0.324(9)* 1
'H  0.08(5) @ 1
H2 8  0.161(6) 0.470(6) 0.014(2) H 0.455(7) 1
'H  0.14(5) @ 1

& restrained to equal net occupancy of 0.5 for both eight-fold positions giving 8
hydrogen atoms in total

Table 4.17: Bond lengths and valences of the polyhedra of the structure model in
space group Pnam

W1

Oi lwo/pm s,-j/v.u.

02  205.6(16) 0.687(31)
04 194.00(30) 0.940(13)
02(2) 183.0(16) 1.27(6)
03(2) 179.8(18) 1.38(7)
03 174.9(18) 1.57(8)
) (7
(1

Ol  172.7(14) 1.67(7)
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reduce the degrees of freedom. The occupancy parameter of the hydrogen atoms
were restrained to a total of eight hydrogen atoms per unit cell to comply with
the compound stoichiometry. The agreement factors for the refinement with this
model are slightly higher than for the previous models, however, it also exhibits
significantly fewer fitting parameters.

The single WO polyhedron in this model is characterized by lower volumetric
parameters, average bond length and ellipsoid radius compared to the related com-
pounds. The width of bond length distribution and respective variance are compar-
able to BiaW2Oyg. As expected, the long-bond/short-bond motif to the apical oxygen
atoms reported for HoWQ, is not represented in this model due to the delocalized
hydrogen atoms. However, a presumed overall longer apical oxygen bonding due to
averaging can also not be observed. The average apical bond length of 183.3(7) pm
in this model is significantly smaller compared to the value of 201.5(21) pm in the
single layer hydrotungstate and even about 12 pm below the overall average bond
length given by the statistical survey. The WO bond to the hydrogen bearing apical
oxygen Ol,;, is actually the shortest in the polyhedron while the longest bond lies
in the equatorial plane to one of the symmetry equivalent O2., atoms. As a con-
sequence of the number of short bonds the bond valence sum of BV.S = 7.52(14) v.u.
deviates by roughly 25 % from the formal value. The values of the distortion indices
D and A as well as quadratic elongation (\) are even lower than those of BiaW2Og
and WO3. Also, the bond angle variance 02(¢) is slightly lower compared to the
RCs.

The occupancies of the two hydrogen position were not restrained to be equally
filled in order to evaluate the possibility of a preferred average position. The refined
occupancies indicate the H2 position to be slightly favored over H1 with a ratio of
about 3:2. The Ol,,-H2 bond with a length of 102(4) pm is slightly larger than the
reported maximum value but the literature average of 98.3 pm is still covered by the
standard deviation. In case of the less occupied H1 site, the respective O1,,-H2 bond
length of 73(6) pm is significantly too low. The HoO bond angle of 64(5)° is only 58 %
of the reported average angle. Regarding the ion mobility in the interlayer space it
is reasonable to assume that also two hydroxyl groups could be formed instead of a
water molecule. This is in line with DFT calculations for structures with additional
electrochemically inserted protons, which indicate a significant amount of added
protons bind to vacant apical oxygen atoms. [96] The possibility of hydroxyl groups
was not specifically accounted for in this model which might cause the deviations
from a more regular water-like arrangement.

Additionally, the results of a refinement of this model with refined isotropic dis-
placement parameter Beq are shown here as an example. The Beq-values take on
very high values for the tungsten and oxygen while being negative and thus unphys-
ical for hydrogen. This behavior is similar also for the other models but was not
studied in detail and hence is not given here. Overall, there are only small differ-
ences to the model with fixed Beq parameters. The polyhedral and ellipsoid volume
are slightly increased and hence closer to the RCs values. The average bond length
behaves in the same way. The difference to the average values of the RCs and the
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Figure 4.21: Experimental and calculated diffraction pattern from refinement with
structure model in space group Pnam with refined B,,-values.

Figure 4.22: Refined structure model in space group Pnam with refined B,-values.
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Table 4.18: Refined atomic parameters for the model in space group Pnam with

refined B.,-values.

Site  Mult. x Yy z Atom Occ. ¢q/10* pm
W1 8  0.252(4) 0.513(4) 0.1463(1) W6 1 9.2(2)
01 8  0.301(3) 0.451(3) 0.0465(6) O 2% 1 2.7(3)
02 8  0.023(4) 0.250(5) 0.1533(7) O 2% 1 5.8(4)
03 8  0.976(3) 0.713(2) 0.1334(5) O 2% 1 2.5(2)
04 4 0.317(3) 0.531(3) 0.25 0?% 1 1.8(3)
H1 8  0.245(7) 0.439(6) 0.008(2) H o 0.16(1) @ —2.8(8)
"H  0.07(3) @ —2.38(8)
H2 8  0.129(4) 0.478(3) 0.0099(8) ZH  0.342(4)*  —5.3(6)
'H  043(3) @ —5.3(6)

 restrained to equal net occupancy of 0.5 for both eight-fold positions giving 8

hydrogen atoms in total

Table 4.19: Bond lengths and valences of the polyhedra of the structure model in

space group Pnam with refined B.4-values.

W1
Oi lwo/pm sij/v.u.
02  196(4) 0.89(10)
04  195.3(6)  0.907(18)
O1  189.6(13) 1.06(4)
03 185.0(30) 1.20(10)
02(2) 182(4) 1.30(14)
03(2) 178.0(30) 1.45(12)
BVS Zsij: 6.80(23)
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literature survey is reduced, however, the actual value is nonetheless significantly
below the reference values. Due to the overall shorter bonds the respective BV .S is
about 13 % higher than the formal value.

In comparison to the model with fixed isotropic displacement parameters and the
layered RCs, here the bond length distribution is narrower, additionally represented
by a smaller value of the bond length variance. Also, all distortion parameters are
lower. As such, the polyhedral arrangement resembles more that of WOj3. The
comparably low polyhedral distortion is attributed to a more pronounced averaging
of the tungsten and oxygen positions due to the large Bcq-values. It is presumed
to be the result of a compensation of long range structural disorder in the sample.
Unexpectedly, there are significant differences in the B, values of the equatorial
oxygen atoms. The highest value for all oxygens can be found at the equatorial
02. This is contrary to the expectation that the layer terminating apical oxygen
O1 would show the highest displacement. If hydrogen atoms were being statistically
bound to it, it is assumed to result in a smearing of electron density around the
average oxygen position.

The refined hydrogen positions are very close to each other with OH distances
of [(O1-H1) = 77(4) pm and [(O1-H2) = 1.12(3) pm and a very narrow H2O angle
of only 33(3)°. With an asymmetric proton occupancy ratio H2:H1 = 10:3, the
refinement favors a hydroxo motif over a water-like arrangement with half occupied
hydrogen positions. However, the negative B, values for hydrogen atoms point
out severe problems with the description of the hydrogen environment rendering
attempts on an interpretation futile.

4.3.6 Model in space group P2,/n

Wang, Sun et al. reported on their investigation on the hydrotungstate concluding
on a structure model in spacegroup P21/n. [96] The authors claim to have validated
their structural model by Rietveld refinement of X-ray diffraction data and the
reported structure was included in the polyhedral analysis for reference. The results
from the reported structure model are superscripted with § to discern from our
results from combined X-ray and neutron refinement.

A superficial analysis of the reported model shows very broad W-O bond length
distributions and respective high variances for both polyhedra. The actual bond
lengths partly lie far outside the reference distribution and can be considered un-
physical. The irregular bonding results in generally high distortion parameters. No
comments were given on the hydrogen environment, as this refinement was done on
X-ray data. Being based only on X-ray data, the Rietveld refinement seems to be
affected by the same, aforementioned problems of intrinsic disorder in the sample
and scattering characteristics of the constituents, i.e. strong scattering by W vs. low
contributions by O. Without going into detail, the reported structure can hardly be
considered validated in terms of the applied criteria.

Our combined Rietveld refinement of this model on neutron and X-ray data show
the best agreement factors of this study. The increase to the previous models is
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Table 4.20: Geometrical parameters of the polyhedra model in space group P2;/n
from our combined refinements and as published (denoted with §).

P21/TL P21/n§

W1 W2 W1 W2
Violy / 10° pm? 8.296 9.464 11.38 7.346
(lwo) / pm 186.1(10)  194.5(8)  208(5)  179(5)
o?(lwo) / pm? 331.3 762.8 1356.0  2005.0
Dist. index D 0.06899  0.1091  0.1497  0.1943
Dist. index A /1072  9.57(10) 20.15(16) 31.3(15) 62.6(35)
Quad. elongation (\) 1.033 1.045 1.079 1.092
a?(¢) | 2 75.68 78.79 153.2 51.1
Veurip / 10° pm?3 26.23 30.12 36.98 25.66
(R) / pm 184.6 193.4 208.0 184.3
o%(R) / pm? 98.4 153.0 511.2 527.1
Scenter / P 29.19 45.38 58.45 63.37
Shape S 0.029  0.004862 —0.2079  0.2068
BVS Xs;; / v.u. 8.03(20)  6.85(17)  7.3(11) 12.9(21)

Table 4.21: Refined atomic parameters for the model in space group P2;/n.

Site  Mult. T Y z Atom  Occ.  Bey/10% pm?
W1 4 04076(1)  0.245(2) 0.245(3) W 1 1
W2 4 0.6183(1) 0.257(2) 0.223(2) W 1 1
01 4 0.2936(6)  0.696(4) 0.798(4) O 1 1
02 4 0.3810(9)  0.997(3) 0.011(4) O 1 1
03 4 0.3948(7)  0.528(3) 0.473(33) O 1 1
04 4 0.6195(8)  0.961(3) 0.478(33) O 1 1
05 4 0.5836(7)  0.532(3) 0.064(3) O 1 1
06 4 0.4861(6)  0.184(3) 0.282(4) O 1 1
O7 4 07015(7)  0.654(3) 0.758(4) O 1 1
H1 4 0.786(2) 0.745(8) 0.303(9) 2H  0.57(1)? 1
'H  043(1) 1
H2 4 0.755(2) 0.834(7) 0.283(8) 2H  0.57(1)* 1
'H  043(1)2 1

& restrained to equal occupancy of 1 for each four-fold position giving 8 hydrogen
atoms in total
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Figure 4.23: Experimental and calculated diffraction pattern from refinement with
structure model in space group P2;/n.

Figure 4.24: Refined structure model in space group P2;/n.
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Table 4.22: Bond lengths and valences of the polyhedra of the structure model in
space group P2;/n as published by Wang, Sun et al. [96]

W1 W2

O; lIlwo/pm  si/vau. O;  lwo/pm si5/v.u.
07 238(8)  0.29(6) 06 273(8) 0.111(24)
02 230(20) 0.36(19) O3 190(15) 1.0(4)
05 229(6)  0.36(6) 04 168(11)  1.9(6)
04 228(11)  0.37(11) 02 149(17)  3.2(15)
03 191(13) 1.0(4)  O5 148(10)  3.3(9)
06 133(8)  4.9(11) O1 146(10)  3.4(9)

Table 4.23: Bond lengths and valences of the polyhedra of the structure model in
space group P2;/n from our combined refinement

W1 W2

Oi lwo/pm sij/v.u. Ol lwo/pm sij/v.u.
07 207.9(14) 0.645(25) 06 250.1(12) 0.206(7)
05 199.0(30) 0.82(7) 04 202.0(19) 0.76(4)
03 189.0(20) 1.08(6) 03 195.0(19) 0.91(5)
04 187.0(30) 1.14(9) 02 179.0(30) 1.41(12)
02 184.0(30) 1.23(10) 05 175.4(18) 1.55(8)
06 149.6(13) 3.12(11) O1 165.8(12) 2.01(7)

BVS Ys;;: 8.03(20) BVS Ys;;: 6.85(17)
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significant even though this models also has the highest number of fitting parameters.
Besides that, a major point in favor of this model is the fact that the long bond
short bond motif to the polyhedron apices known from single layer HoWOy is well
reproduced, as can be seen in Figure 4.24. However, the detailed analysis reveals
problems in the refined geometry. The W1 polyhedron has a distinct disparate
bond length distribution, with a majority grouped around the expected WO bond
length and a single outlier. The latter corresponds to the apical oxygen O6,, shared
between the stacked octahedra. With its length of only 149.6(13)pm it lies far
outside the reference distribution. Notably, the opposite bond to the hydrogen
carrying oxygen atom O7,, g is with 207.9(14) pm only moderately elongated with
respect to the equatorial bonds. This is contrasting the case of the single layer
HoWOy, where the respective bond to Ol,p, i is with 234.0(30) pm distinctly longer
than the all other bonds in the polyhedron. The bond length variance is comparable
to other layered RC. Due to the single extremely short bond the resulting BVS is
about 33 % larger than the formal value and nowhere near the validity criterion of
max. 6 %.

The W2 polyhedron bond distribution is comparable to the single layer HoWOy4
with a single significantly elongated bond to the apical O6,p, even though no protons
are attached here. The distribution stretches a broader range with the min/max
values lying outside the limits of the reference distribution. This is again reflected
in the bond length variance being significantly higher than for the RCs. The BVS
of 6.85(17) v.u. differs by about 14 % from the formal value and also exceeds the
validation criterion.

When comparing the equatorial oxygen bonds shared between both polyhedra,
a longer than average bond to one tungsten atom is accompanied by a shorter to
the other one. The exception is the O2 atom where both are shorter than aver-
age. The apical O6,, atom connecting the stacked octahedra shows the strongest
bond asymmetry with bond lengths of [(W1-O6) = 149.6(13) pm and I(W2-06) =
250.1(12) pm, both outside the reference distribution. The fact that the especially
apical bonds show the most severe deviations from the references further reinforces
the hypothesis that the distortion mainly lies within the layer stacking direction,
e.g. variable layer spacing.

The volume and the average bond length of the W2 polyhedron are on a par with
the RCs while for W1 they deviate towards smaller values. The trends are again
well represented in the respective ellipsoid parameters

With regard to bond length variance and the distortion parameters the situation
is opposite. The values of the W1 polyhedron are comparable to the RCs and the
values in W2 polyhedron are in this case significantly higher. The same is visible in
the ellipsoid out-of-center dislocation, where in the W1 case the value is close to the
layered RCs while in W2 it is increased.

In terms of their bond angle variance both polyhedra show only minor deviation
from the RCs. The values are increased by a maximum of 10 °2, respectively 12 %
from the RCs average.

The refined arrangement of the structural water at Ol,, 5 does not represent a
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valid bonding scheme. The bond lengths of 62(5) pm and 82(4) pm to H1 and H2,
respectively, are way too short. Also the angle of 60(5)° is only roughly half of the
expected around 110°. In principle, the same argument as for the model in Pnam
about the influence of possibly present hydroxyl groups can be made here.

With regard to the applied validation criteria, our combined Rietveld refinement
on both neutron and X-ray data performs better than the refinements of Wang, Sun
et al. on only X-ray data, making a strong case for the complementarity of both
probes. [96] However, the discussed issues also present in this model again shows an
inability to describe a consistent average structure for the compound.

4.3.7 Discussion on the Rietveld refinements

Generally, the additional information from the neutron diffraction were helpful and
necessary to enable this study. However, the improvement was not as pronounced
as hoped for. The main reason for the problems in the structure description is
clearly the disorder in the sample and not in the lack of scattering contributions.
The unfortunate spoilage of the sample with protium did not seem to have impacted
the results much. All refinements (except for the one with refined By values) show
comparable H-D-ratios of approx. 1:2 to 1:3. With this ratio the resulting scatter-
ing length from a statistical hydrogen mixture is significant and also significantly
different from oxygen. Any problems with regard to scattering contrast arising due
to isotopic mixture on the hydrogen position can thus be ruled out.

From the Rietveld refinements no unequivocal conclusion on the best structure
model for HoW20O7 could be drawn, although the models in Pnam and P2;/n are
performing best.

The structure model in Pnam describes a consistent average structure with agree-
ment factors similar to the other orthorhombic models. It shows reasonable low
values of the distortion parameter. The polyhedra and mean bond lengths are only
slightly smaller than can be expected from the RCs and the bond valences are com-
parably close to the formal value.

The structure model in P2;/n shows the best agreement with the experimental
data. The fact, that the bonding pattern is comparable to the single layer HoWO,
is a strong advocate in favor of this model. Similar to the previous model, the
polyhedra and mean bond lengths are comparable to the RCs. The BVS values
also deviate only moderately from the formal value. However, the maximum and
minimum bond lengths lie well outside the reference distribution. Furthermore, most
of the distortion parameters are significantly increased in comparison to the Pnam
model and the RCs.

This study also shows the difficulty to quantify ”distortion” with a single para-
meter, as trends are generally similar but individual parameters more susceptible to
specific types of distortion

An arguably short-coming of the applied procedure is the non-exhaustive probing
of the parameter space in all chosen space groups. An averaging with only partially
occupied hydrogen positions, for instance, is in principle possible for all the structure
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models. However, such works were considered futile based on the diffraction data at
hand.

These structure models may, however, give an overview of possible features and
motifs to encounter in large-box approaches, such as Monte-Carlo based individual
atomic displacement, or for layer based stacking-fault estimation. As an example,
one may extract specific motifs from the discussed hydrogen-rich interlayer envir-
onments. An according charge accumulation leading to electrostatic repulsion of
adjacent layers could correspond to the regions of larger interlayer spacing observed
in TEM micrographs.

On a more general note, it needs to be stated that the structures are results of
a highly iterative, manual refinement process. Sometimes minor adjustments in the
starting parameters on subsequent refinement runs were applied to guide the process
towards seemingly more reasonable results. Even so, it is likely that the refinement
results do not represent global minima of their respective residual surfaces.

The model refinements could have been driven to result in more sensible local ar-
rangements with more restraints, especially with regard to bond-lengths and angles.
In a sense the different symmetry restrictions work similarly. However, driving this
too far would mean no information gain rather imposing order and biasing the refine-
ment. Instead, the data tells a different story, namely the sample’s actual atomic
arrangement challenges the notion of a periodic unit cell, i.e. small-box Rietveld
approaches are not suited to describe it.
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Figure A3: Bond length average and variance as well as ellipsoid parameters for
the tungsten coordination in BioWOg below 500 K. Each plotted line is a rolling
average with a window size of five data points and serves as guide for the eye.
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