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Hydrothermal Synthesis of Molybdenum Oxide Based Materials: Strategy
and Structural Chemistry
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Abstract: The preparative flexibility of hydrothermal
syntheses needs to be systemised for exploring complex
structure—synthesis relationships and morphology con-
trol options in materials chemistry. This is demonstrated
for the targeted hydrothermal preparation of molybde-
num oxide materials: firstly, in situ studies were em-
ployed for the efficient production of MoOj; nanofibres.
Furthermore, ionic substances as structure-directing
tools brought forward a new class of fluorinated poly-
oxomolybdates.

Keywords: hydrothermal synthesis - in situ spec-
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Introduction

The current developments in nanotechnology and materials
chemistry have also raised high expectations in the field of
inorganic synthesis.l!! For the preparation of nano- and me-
soporous compounds and composite materials,”’ not only
the primary structure of their “building block”! units has to
be controlled, but they also have to be arranged into a sec-
ondary structure, followed by accessing the desired resulting
morphology (tertiary structure).! Such stepwise assemblies
pave the way to the tailoring and functionalisation of highly
flexible materials for specific applications.” Transition-metal
oxides play an important role in this process due to their ex-
ceptional variety of important applications, for example, in
catalysis, battery technology or photochemistry.’) The wide
spectrum of molybdenum oxide based compounds with its
manifold structural motifs and properties has attracted con-
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siderable interest in modern materials research.”®l MoOj, al-
ready exhibits excellent catalytic,”) field emission"” and
sensor properties.'!l Its key structural motif, the MoOj octa-
hedron, is a versatile building block that gives rise to the
large family of polyoxomolybdates."? These cluster mole-
cules cover an exceptionally wide range of metal ions assem-
bled into a single molecule (from 3 to 368).1'%! Recently, the
excellent options for integrating polyoxometalates (POM:s)
into nanosystems have been pointed out.'"¥ Furthermore,
their important properties include catalytic activity, reversi-
ble redox behaviour, ionic conductivity, photochemical pro-
cesses and antiviral/antibacterial activity.™! A survey of the
wide spectrum of POM-based research areas is given in
Table 1. POMs are currently employed in host-guest
chemistry, and they provide a basis for the creation of large-

Table 1. Selection of current topics in polyoxomolybdate research.

Main topic ~ Specific feature Ref.
general synthesis and applications of POMs
perspectives of POM research [16]
structural chemistry, properties and applications [12]
history and future of POM-based chemistry [17]
“chimie douce” synthesis of polyoxovanadates [18]
POMs: progress in synthesis and catalysis [19]
molybdenum oxide based hybrid materials [20]
catalysis with POMs
selective oxidation of hydrocarbons [21]
POM-catalysed epoxidation of olefins [22]

catalysis with Wells-Dawson heteropoly-compounds  [23]
POM-based magnetic materials

magnetic clusters and molecular materials [24]

magnetic clusters from polyoxometalate complexes  [25]
other POM-based materials

monograph: materials chemistry of POMs [15a]
functional polyoxometalate thin films [26]
POM-based molecular materials [27]

photochromism of hybrid materials based on POMs  [28]
bioactivity of POMs

progress in the bioactivity of POMs [15b]

antibacterial activity of polyoxotungstates [29]
modelling of POM systems

ab initio modelling of POM structures [30]

modelling: electronic and magnetic properties [31]
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scale architectures.’” Nevertheless, the majority of POMs
are still generated through “one-pot” reactions so that their
preparation may depend to a certain extent on “chemical
serendipity”.’¥) As a consequence, highly flexible synthetic
techniques are required to organise the growing family of
POM s into a preparative “toolbox”.*¥! For this purpose, the
versatility of solvo-/hydrothermal methods is perfectly ade-
quate. They represent a key technique in modern materials
synthesis, and they are continuously advanced and refined
through their combination with other techniques (e.g. micro-
wave-hydrothermal or electrochemical-hydrothermal).
As outlined above, the directed synthesis of transition-metal
oxide based materials poses a major preparative challenge
in current materials research and nanotechnology, and
Table 2 illustrates the vital importance of hydrothermal

Table 2. Recent developments in the hydrothermal synthesis of oxide-
based materials

Main topic  Specific feature Ref.
synthesis of nanoparticles
general synthesis of nanorods and nanowires 36]
inorganic nanorods and nanowires 37]
morphology control of vanadium oxide materials 38]

[

[

[
multicomponent oxide nanowires [39]

[

[

[

1D nanostructures of transition metal oxides 40]

oxide and chalkogenide nanoparticles 41]

magnetic nanoparticles 42]
synthesis of open-framework and hybrid materials

organically-templated metal sulfates and selenates [43]

organic-inorganic vanadium oxide architectures [44]

development of microporous solids [45]
hydrothermal synthesis of zeolites

nanozeolites: mechanisms and applications [46]

characterisation and crystallisation mechanisms [47]
hydrothermal process development

large-scale synthesis of nanoparticles 48]

nanomaterials and supercritical fluids 49]

supercritical fluids: synthesis of fine particles 50]

[

[

[
microwave-hydrothermal morphology control [51]

[

[

microwave synthesis of nanoporous materials 52]

metastable oxide materials through chimie douce 53]
in situ investigation of hydrothermal reactions

recent developments: in situ powder diffraction [54]

in situ investigation of zeolite crystallisation [55]

methods in this context.F>! The investigation of the indi-
vidual hydrothermal reaction pathways, however, is a de-
manding task that requires the development of highly so-
phisticated in situ techniques.”® As a result, hydrothermal
processes are still widely operated in the sense of a “black
box”. Thus, their major advantage—the almost infinite vari-
ety of experimental parameters and setups—may turn into a
drawback when targeted and predictive syntheses are to be
developed.’”! In the following, shape- and structure-control
options in hydrothermal synthesis are illustrated for recent
examples from the fields of molybdenum oxide based nano-
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particles and new fluorinated polyoxomolybdates. Two dif-
ferent approaches to open the “black box” of hydrothermal
reactions are compared. Firstly, they can be investigated
from the “bottom-up” through the in situ monitoring of
their reaction kinetics and the elucidation of reaction mech-
anisms. Alternatively, they can be systemised through empir-
ical “top-down” strategies based on the strategic evaluation
of data collected from hydrothermal field studies®™ or high-
throughput experiments.””!

Control Options in Hydrothermal Synthesis

The ongoing difficulties in the rational planning of inorganic
syntheses are a major roadblock on the way to materials
design.” The above-mentioned alternative strategies of
controlling hydrothermal reactions (“bottom-up” vs. “top-
down”) reflect the general parting of the pathways through
the “energy landscape” of inorganic systems: theoretical
methods or high-throughput explorations?®*! At first glance,
the empirical approach appears to be more straightforward
and faster than the complicated task of setting up theoreti-
cal models. A closer look at the efficiency of high-through-
put methods, however, quickly reveals that they may not be
sufficient to fully embrace the complexity of ternary and
higher chemical systems: even with a reasonably contained
set of starting parameters and a fairly optimistic throughput
rate, the complete screening of the Y/Ba/Cu/O-system, for
example, would take about 27000 years,® whilst the
YBa,Cu;0,_, superconductors were discovered only approx-
imately 60 years after their parent perovskite compounds.*”!
Returning to hydrothermal reactions, this example illus-
trates that the mere combinatorial screening of the reaction
parameters should always be backed up by in situ methods
to analyse the complexity of the reaction sequences pro-
ceeding in a closed autoclave system. As an alternative con-
trol approach, a wide range of additive substances has been
made available to steer the assembly of structural building
blocks into a defined morphology on the nanoscale.!"®*! The
term “additives” in the strict sense of the word refers to sub-
stances that adhere to specific crystal facets of a growing
particle, thereby altering the relative growth rates of the dif-
ferent facets.[] This provides a flexible access to the result-
ing particle shape and aspect ratio. However, many seeming-
ly “inert” additives are also capable of side reactions with
the substrate material, such as redox- or intercalation pro-
cesses. The latent reactivity of these auxiliary substances can
be employed in a constructive fashion by turning them into
“spacers” (e.g., ionic compounds or large organic molecules)
that can be deliberately used for the assembly of structural
building blocks, such as POMs, into a defined two-dimen-
sional structure.”™ This will be demonstrated below for the
systematic access to new fluorinated polyoxomolybdate
types through the use of such “hydrothermal tools”: they
can both address the primary structure of the POM anion
and fine-tune its secondary packing motif (cf. section on
fluoromolybdates).

Chem. Eur. J. 2006, 12, 9122 -9134
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Mechanisms of Hydrothermal Molybdate
Synthesis: Complementary Answers to a
Challenging Problem

Although the in situ investigation of hydrothermal processes
has recently attracted considerable attention, the reaction
mechanisms leading to the entire product spectrum covered
by hydrothermal methods are still far from explored.**®
Whilst special emphasis has been placed upon the formation
mechanisms of nano- and microstructured materials in zeo-
litic,’* sulfidic® and complex oxide systems,®® relatively
little is known about the respective processes leading to
nanoscale binary oxides.” However, most of the elucidated
hydrothermal pathways to nanoparticles fall into two major
mechanistic categories: dissolution—precipitation reactions
and solid-solid transformations.”” The use of complementa-
ry methods is essential to distinguish between these alterna-
tives by investigating the complex reaction sequences pro-
ceeding under hydrothermal conditions from different
angles.V! Taking the hydrothermal formation of highly ani-
sotropic MoO; rods from MoO;-2H,O in neutral or acidic
aqueous media (Figure 1a) as an example,” we have com-

b)
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Figure 1. a) Investigation of MoO; rod formation (scale bar=2 pum) with
b) a newly constructed in situ EXAFS cell.
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bined in situ EXAFS and EDXRD methods into a compre-
hensive experimental strategy.™!

EDXRD permits a full characterisation of all crystalline
compounds, whilst the EXAFS technique’ monitors both
crystalline and amorphous solid intermediates as well as spe-
cies in solution.”” As a consequence, a special in situ
EXAFS cell (Figure 1b) was used for the parallel observa-
tion of both the solid and the liquid phase during the reac-
tion."™ Such comprehensive information is vital for propos-
ing a mechanistic hypothesis. The conclusions were subse-
quently verified by scaled-up laboratory quenching experi-
ments to ensure that they can be applied upon the technical
production of MoOj fibres."” The in situ EXAFS investiga-
tion of the temperature-dependent formation of MoO; rods
revealed that no molybdenum species were present in solu-
tion up to 50°C (Figure 2a).
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Figure 2. a) Molybdenum K-edge XANES spectra of the liquid phase
during the formation of MoO; nanorods and b) the time dependence of
the extent of reaction a for reflection (021) at 120°C as determined from
in situ EDXRD experiments.

The onset temperature was determined as approximately
100°C both in the solid and liquid phases of the hydrother-
mal reaction. The concentration of water-soluble species
continues to increase up to 150°C (Figure 2a). In situ
EDXRD experiments revealed the timescale of MoO; rod
formation at 120°C in acetic acid (Figure 2b): the crystallisa-
tion curve (a(r) vs. time) shows that the reaction is finished
within 7-8 min after a short temperature-dependent induc-
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tion time of several minutes. This is very quick relative to
other solid-state reactions. All in all, the experimental re-
sults indicate a rapid dissolution—precipitation mechanism
with no crystalline intermediate phases involved. As the pre-
sented complementary in situ approach provides compre-
hensive insight into the different stages of the reaction, this
strategy is an effective step towards a more rational hydro-
thermal materials synthesis. We have recently extended it
upon the formation of tungsten oxide based nanomateri-
als,”! and further investigations on nanoscale ternary Mo/W
oxide systems are in progress.

Structure Control in Hydrothermal Molybdate
Synthesis: From Nanomaterials to Crystal
Structures

The in situ investigation of the

the channels of microcrystalline hexagonal molybdates
of the MMos0,s0H-2 H,O type.™!

3) Finally, mm-sized single crystals of polyoxomolybdates
with chain- or cluster-containing structural motifs are ac-
cessible in the presence of the iodides and fluorides of
the heavier alkali cations (K*-Cs™).

In the following, ionic additives of the third type are ap-
plied as “hydrothermal tools” that systematically address
certain polyoxomolybdates and transform them into new
fluorinated derivatives. Although the number of molybde-
num atoms in polyoxomolybdate clusters may well exceed
300, the structural and synthetic chemistry of the smaller
isopolymolybdate anions with n(Mo)=4-10 is still a chal-
lenging topic in its own right (Figure 3).”
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MoO;. However, especially the
organic additives frequently
gave rise to the formation of la-
mellar composite materials or
reduction products under the given hydrothermal conditions
(2d of reaction time at 120-180°C). Therefore, the prepara-
tive efforts were directed to the hydrothermal interaction of
Mo"!-based oxidic precursor materials (e.g., MoOj;, molyb-
dic acids or ammonium heptamolybdate) with ionic addi-
tives, such as the alkaline earth and alkali halides, which can
be classified into three different additive types:”

1) Whereas the chlorides and bromides of the lighter alkali
cations (Li*, Na%) support the hydrothermal formation
of MoOj; rods with nanoscale diameters, they do not sig-
nificantly change their morphology.

2) The reaction of Mo""-containing precursor materials with
the heavier alkali chlorides or bromides (MX; M=K-
Cs; X=Cl, Br) and selected earth alkali halides (BaBr,
and BaCl,) favours the incorporation of the cations into
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Figure 3. Polyoxomolybdate anions with n(Mo)=4-10 and their new fluorinated derivatives.

Their isomerisation and dimerisation processes have been
in the focus of theoretical and preparative studies over the
past decades, and they continue to attract current research
interest.* %! Though they have inspired numerous solvother-
mal studies,” the predictive preparation of a certain molyb-
date polyanion in combination with a specific cation may
still turn into a demanding task that requires considerable
experimental experience and intuition.

We have widely investigated the complex hydrothermal
structure—synthesis relationships among binary and ternary
alkali polyoxomolybdates containing potassium, rubidium
and caesium. Two key results brought us to devise an exten-

sive field study:*?

1) After a series of unsuccessful synthesis attempts based
on solid-state methods, the triclinic modification of

Chem. Eur. J. 2006, 12, 9122 -9134
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Cs;Mo0,0,; had long been considered as nonexistent.
This was ascribed to a postulated size mismatch between
the large Cs* ion and the [Mo,0,;]*" chains.® However,
our hydrothermal experiments have now brought for-
ward the long sought-after triclinic Cs,M0,0,;.5*% In
addition, the hydrothermal reaction of Mo"'-precursor
materials with specific alkali iodide combinations afford-
ed new alkali trimolybdates of the (M/M")Mo;0,, type
(M=Rb; M'=K, Cs).l*

2) The hydrothermal treatment of Mo""-based starting ma-
terials in aqueous MF (M =K-Cs) solutions is a conven-
ient preparative short-cut to highly fluorinated molyb-
dates with structural motifs based on isolated octahedral
moieties or on their connection into dimers or chains, re-
spectively. Their preparation is facilitated with respect to
conventional high-temperature methods, because the hy-
drothermal syntheses proceed under mild conditions
(temperatures of 220°C and below and no need for hy-
drogen fluoride).®™ Furthermore, a multitude of alkali
difluorooctamolybdates of the MgMogO,F,-nH,O type
(M =K-Cs) is readily available from this synthetic path-
way through control of the reaction conditions.

Up to now, little is known about the structural chemistry
of fluorinated POMs: apart from [Mo,O,F,]>"*" the di-
fluorooctamolybdate ion [MogO,F,]®~ has only been the
second fully characterised fluorinated polyoxomolybdate
anion with KsMogzO,cF,-6 H,O as its single representative
(Figure 3).%! The triclinic M,Mo,0;; tetramolybdates™! and
the MgMozO,F,-nH,O-type alkali difluorooctamolybdates
(M =K-Cs)¥%! are structurally closely related (Figure 4):

Chains: [Mo,0,.]"

Clusters: (M/M'),Mo,0,F,-6H,0

Figure 4. Fluorine anions acting as “chemical scissors” through the de-
composition of M,Mo,O,; alkali tetramolybdates into cluster-containing
difluorooctamolybdates.

when the hydrothermal synthesis temperature is raised from
180°C to 220°C, the [Mo,O;]*~ chain is cut up into discrete
[MogO,F,]° units.

Thus, the fluoride anion acts as a “chemical scissors”.*
The structure-directing effect of the alkali cations upon
their polyoxomolybdate surroundings is evident from chain-
containing molybdates (e.g., the M,M0;0,,,nH,O trimolyb-
dates containing infinite [Mo;O,]*~ chains) and cluster-
based compounds. Table 3 illustrates how the size of the
alkali cation influences both the content of crystal water and
the resulting crystal structure in tri-, hepta- and difluorooc-
tamolybdates as representative examples. Consequently, two

Chem. Eur. J. 2006, 12, 9122 -9134
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Table 3. Structure-directing influence of the alkali cations in binary poly-
oxomolybdates.

Molybdate type n/space group

Li Na K Rb Cs
M,Mo,0,,nH,0!"! 5.7 3 3 1 1
Pnor P2In  C2m Cmem  Pnma  Pnma
MMo,0,,-nH,0!M" - 14 4 4 7
P2,ab  P2/c P2,/c P1
MMo3O,F, nH,O% - 6 6 4-5
P1 P1 P2,/c

different types of “hydrothermal tools” are now available:
whereas the fluoride scissors can modify the primary struc-
ture of the polyoxomolybdate anion, the combination of two
different alkali cations is capable of directing its arrange-
ment into the secondary structure.*”

From the theoretical point of view, we have investigated
the detailed templating effect of the alkali cations on the
polyoxomolybdate framework in terms of electrostatic cal-
culations.® ! For preparative purposes, high-throughput hy-
drothermal experiments provide an efficient pre-screening
of a given alkali halide/Mo-precursor system for new struc-
tural motifs."*!

The Way to New Fluoromolybdates: Cations as
Templating Hydrothermal Tools

In the following section, the systematic application of fluo-
ride anions and alkali/organic cations as structural auxilia-
ries on the way to new polyoxofluoromolybdates is demon-
strated in a step-by-step approach (Figure 5).[52)

SCREENING e STRUCTURE CONTROL
STEP 1: Difluorooctamolybdates  ------- » STEP 3: Hexafluorohexamolybdates
STEP 2: Mixed Octamolybdates ~ ------- > STEP 4: Trifluoroheptamolybdates
¥ ¢
SYNTHETIC GUIDELINES - APPLICATION

Figure 5. Overview of the research strategy towards new fluorinated poly-
oxomolybdates.

Step 1—mixed difluorooctamolybdates: Mixed (M/M’)-
MogO,F,-nH,0 (M=K-Cs) alkali difluorooctamolybdates
are accessible from the hydrothermal treatment of molybde-
num oxide based precursors (e.g., MoO;, MoO;2H,O or
ammonium heptamolybdate) in aqueous (M/M')F solutions
in the temperature range between 180 and 220°C (Figure 5,
Step 1). The packing motifs of the [MogO,F,]® polyanion
are controlled by the M/M’ cation combination, and the re-
sulting difluorooctamolybdates can be differentiated into
four types (Figure 6). Their structural features are controlled
by the size ratio of the alkali cations.

www.chemeurj.org — 9127


www.chemeurj.org

CHEMISTRY—

G. R. Patzke and A. Michailovski

A EUROPEAN JOURNAL

Type 1: solid solution
(K, Rb);Mo,0,F,-6H,0

NH, K Rb Cs |3 Type1
K x K Typez | _ ] o
Type 4: disordered x T Type 2: close to (1:1)
|Cs,M0,0,,F,4.75 H.0| [Rb x x x ype Rb,,Cs,,M0,0,,F,3H,0
- ' X Types
cs| K HK HK K| % otners

o

Figure 6. The templating influence of the alkali cations on the crystal
structure of mixed difluorooctamolybdates leads to four different
(M/M")Mo3O,F,-nH,0 types.

Type 3: stoichiometric

K.Cs,Mo,0,.F, 6H.0

o Type 1: The triclinic type 1 difluorooctamolybdates are
formed in the KF/RbF/MoO; hydrothermal system as a
continuous solid solution series of
K,Rb,_ Mo0gO,F,6 H,O (0<x<6) compounds. Despite
their complete miscibility, however, the cations are not
statistically distributed among the three different crystal-
lographic sites—they exhibit distinct site preferences in-
stead.

e Type 2: This trend is continued among the monoclinic
type 2 M,Css_ MogO,F,-3H,0 difluorooctamolybdates
(M=Rb, NH,; x=3). The packing motif of the
[MogsO4F,]° polyanions differs from the type 1 series.
The miscibility of the cations is furthermore restricted,
giving rise to 1:1 compounds with a very narrow phase
width. As a result, the cationic site preferences are even
more pronounced compared to the type 1 difluoroocta-
molybdates.

e Type 3: K,Cs;Mo0305F,-6 H,O is the only representative
of the type 3 difluorooctamolybdates with a monoclinic
structure based on a third packing motif of the
[Mo0gO,F,]° ions. The miscibility and site occupancy
trends among the cations are  continued:
K4Cs,MogO,F,-6 H,O displays no more significant phase
width, and the K and Cs cations occupy separate sites.

e Type 4: The Cs-rich M,Css_ MogO,F,-3H,0 difluorooc-
tamolybdates (M=K, Rb; x<1) exhibit a heavily disor-
dered structure that can be interpreted as the superposi-
tion of two polyanion packing motifs in a 90:10 ratio. As
has been outlined above for the case of -Cs,M0,0,;,%
the interaction of the sterically demanding Cs* ions with
the polyoxomolybdate environment tends to get compli-
cated.

These structure-synthesis relationships among mixed
alkali difluorooctamolybdates can be summed up into a syn-
thetic guideline: To exert a significant structure-directing
effect on polyoxomolybdate clusters, a pair of counterca-
tions with a size difference should be used.

Step 2—packing motifs among f-octamolybdates: This
“rule-of-thumb” was verified for a series of octamolybdates
containing the B-[MogO,]* ion® (cf. Figure 3) in combina-
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tion with alkali cations and larger organic cations (Figure 5,
Step 2). As discussed further above in the section on addi-
tives, the choice of the organic cation is crucial: the presence
of long aliphatic chains, for example, may favour the forma-
tion of layered intercalation compounds over POMs. Even
cations of medium size, such as tetraethylammonium
(NEt,), frequently give rise to structural disorder in the re-
sulting organic/inorganic POMs. Thus, we have opted for 1-
azonia-spiro[4.4]nonane®®” (hereafter denoted “asn”) as a
compact, bicyclic cation (Figure 7). The (B-octamolybdates

Type 1: K', NH,’

MX (M=K -Cs)

.
Faun

oF
.

[Ty, /:P{LI

—— LY, 5 —

Type 4: Cs d}.;f?. 8 O L] Type 2: K', Rb
[ 3

M(asn)Mo,0,, .~

Type 3: Rb*

Figure 7. The structure-directing influence of alkali cations in mixed
organic/inorganic  fB-octamolybdates  generates  four  different
M(asn);MogO, types.

obtained from the MBr/asnBr/MoO; (M=NH,, K-Cs) hy-
drothermal systems at 180°C were all of the [-M-
(asn);MogO, type (Figure 7). The presence of an alkali
cation in the structure alters the packing motif of the (-
[MogO,]* ions with respect to the parent compound f-
(asn),MogO,. Furthermore, four different packing motifs
could be obtained among the -M(asn);MozO,s (M=NH,,
K-Cs) series, depending on the alkali cation. This result in-
dicates that the templating effect of cation pairs with a size
difference might be of more general use to systemise the hy-
drothermal search for new structural motifs among POM:s.

Step 3—systematic ways to new hexafluorohexamolybdates:
To apply the aforementioned synthetic trend (“templating
with asymmetric cation pairs”) on the formation of new
fluorinated polyoxomolybdates, extensive screening experi-
ments were performed in the MF/CsF/MoO; and MF/CsF/
MoO;2H,0 (M=Li, Na, K) hydrothermal systems
(Figure 5, Step 3). This led to the formation of the new
(M/M")Mo4O,sFsnH,O (M =Na, Li; M'=K-Cs, NH,) hexa-
fluorohexamolybdates, which are formed within rather
narrow synthetic parameter windows, for example, carefully
adjusted MF/M'F-ratios at a reaction temperature of 220°C.
All hexafluorohexamolybdates have the [MozO,3Fs]*" anion
with idealised D, symmetry in common (Figures 8 and 10
below).[*)

The hexafluorohexamolybdate anion bears close resem-
blance to the Anderson-Evans typel™ hexamolybdates
([HqMMo40,,]"”~ M=Al, Cr, Zn, Cu, Co, Ni, Pt...).
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Though the Anderson-Evans
cluster motif continues to at-
tract research interest since its
discovery 70 years ago,”¥ its
heteroatom-free variation, the
hypothetical planar
[HgMo04O,,]° ion, has never
been reported. Instead, the
compact [MogOy]* ion
(Lindqvist type) represents the
energetically favourable ar-
rangement of six MoOy octahe-
dra into a polyanion
(Figure 3).””) The [MogO,sF]*”
anion can be thus be regarded
as the first “cored” derivative
of the Anderson-Evans cluster.
The (M/M")sMoOsF¢-nH,O
compounds can furthermore be
subdivided into three types:
Li,Cs,MosOsFs:6 H,O (type 1)
and Na,Cs,Mo,0O,:F¢6 H,O
(type 2) exhibit different pack-
ing motifs of the hexafluoro-
hexamolybdate anions
(Table 4). Though the
Na,MMosO;sFenH,0 (M=K,
Rb, NH,; type 3) series is struc-
turally closely related to
Na,Cs;Mo,0,sFs:6 H,O (type 2,
Table 4), the crystal growth of
these compounds is far more
difficult than for types 1 and 2.
The crystal structures of the type 1 and 2 hexafluorohexa-
molybdates illustrate that the combination of a large and a
small cation is essential to generate the structural features;
whereas the latter stabilises the [MogO,sF]*~ anion through
its coordination to the fluorine atoms (cf. Figure 8), the
former sustains the packing motif of the ring moieties.
These different roles of the cations are furthermore clearly
reflected in their large electrostatic potential differences.™

Figure 8. Structure of the ring-
shaped [MogOcFg]®" fluoro-
molybdate moiety in
a,b) Na,Cs,Mo,0,3F6 H,O
and c¢) Li,Cs,;Mo0,04F¢-6 H,O.

Step 4—from hexafluorohexamolybdates to new trifluoro-
heptamolybdates: As the combined hydrothermal reaction
of alkali and organic halides with Mo"-based precursors
exerts a distinct structure-directing effect upon the resulting

Table 4. Different structure types of new fluorinated polyoxomolybdates."®!

CONCEPTS

B-octamolybdates (Figure 7), in the next step the NaF/
NMe,F/MoO; hydrothermal system was subjected to an in-
tense search for new fluorinated polyoxomolybdate types
(Figure 5, Step 4). As a result, the triclinic and monoclinic
modifications of Na,(NMe,);Mo0,0,,F;-6 H,O were obtained
(type 5, Table 4).*1 Both compounds have the new
[Mo,0,,F;]>" trifluoroheptamolybdate anion with idealised
C,, symmetry in common (Figure 9a)."

a)

b)

Figure 9. a) The [Mo;0,F;]>" anion and b)its interconnection into
dimers through sodium cations coordinated to the fluorinated faces of
the polyanion.

It can be interpreted as the structural “missing link” be-
tween the 0-[MogOu]* ion®! and the [MogO,sF,]°" hexa-
fluorohexamolybdate ion (Figure 10),®) because the
[Mo,0,,F;]*" ion contains a hydrophilic, fluorinated face
and a hydrophobic face covered by a MoO, tetrahedron.
This renders it a “Janus head” polyanion, and in both modi-

Fluoromolybdate Type . . Lattice constants Space group
alA] b[A] c[A] al’l ALl v [°]

Li,Cs,Mo:0,sFs6 H,O 1 8.076(1) 10.272(1) 10.417(1) 109.63(1) 92.34(1) 113.04(1) P1

Na,Cs,MosO,3sFs6 H,O 2 10.315(1) 9.909(1) 15.702(2) 90.00 106.59(1) 90.00 P2i/n

Na,K,Mo,O,sF2H,0 3 15.182(1) 9.711(1) 9.811(1) 90.00 107.72(2) 90.00 P2i/n

0.9Na,(NMe,),Mo40,3F-10 H,0- 4 8.166(1) 11.865(1) 11.933(1) 108.35(1) 97.72(1) 109.64(1) P1

0.1 Na;(NMe,),Mo,0,F;-9H,0

t-Na,(NMe,);Mo,0,,F;-6 H,O 5 11.763(1) 11.856(1) 17.058(2) 108.66(1) 93.99(1) 106.43(1) P1

m-Na,(NMe,);Mo,0,,F;6 H,O 5 19.141(5) 13.982(3) 32.214(8) 90.00 99.47(1) 90.00 C2/c
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Novel Mo.O,.,F,"-Type

a-Octamolybdate

JUTTET

A
-
¢ 2 R

Anderson—Evans Type Novel Mo,O,,F,"-Type

Figure 10. Structural relationships between the a-[MogO,]*" octamolyb-
date anion, the new [Mo,0,F;]’~ and [Mo4OsFe]®~ fluoromolybdates
and the Anderson-Evans polyanions of the [HMMo4O,,]*" type (clock-
wise).

fications of Na,(NMe,);- “dmm’-ligand
Mo, 0O,,F;-6 H,O the .
[Mo,0,,F;]>~ ions are arranged €
as dimers that are interconnect- c

ed through Na—F contacts at
the fluorinated face, whilst the
MoO,-capped sides are sur-
rounded by the NMe,* ions
(Figure 9b).

“asn”-ligand

So the selection of the Na™*/ S, . [Mo,0.F.I" layers
NMe,* ion pair with a consid- @Q --------------
erable difference in size and T e I
polarisability led to the forma-
tion of another new polyoxo-

fluoromolybdate. Moreover,
variations in the hydrothermal
conditions (e.g. an increase in
the initial fluoride/Mo-precur-
sor molar ratio) gives rise to
the formation of a third fluoro-
molybdate type containing both
the trifluoroheptamolybdate
and the [MosO,sF¢]® ions: the
(Nay(NMe,),Mo304F:
10H,0),_(Nas(NMe,),
Mo,0,F;9H,0), (0.06<x<
0.44) series of the type4
(Table 4). The [Mo;OxF;)/
[Mo¢O,4F;] ratio increases with the NMe,F/NaF ratio in the
starting material. This trend demonstrates the structural
fine-tuning options for size-mismatched cation pairs as hy-
drothermal tools.

“adu”-ligand

Fine-tuning of organic cations as hydrothermal tools:®
Generally, the idea of designing the secondary structure of
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[Mo,0,,F.]* pairs
.............. )

isolated

[Mo,0.F,J" ions "‘}2,5; {,:w..:" ‘\fa };J " _f‘»:.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

POMs through tailor-made organic cations is an inspiring
challenge. As a continuation of our structure-directing hy-
drothermal synthesis of -M(asn);Mo30,; (M =K-Cs, NH,)
octamolybdates (Figure 5, Step 2) and
Na,M,Mo:0,4F¢6 H,O (M =K-Cs, NH,) hexafluorohexamo-
lybdates (Step 3), the packing motif of the [MogO;sF]*”
moieties in Nay(asn),MosO3Fs:6 H,O could furthermore be
arranged into layers of polyanions.

They are interconnected through sodium cations and sep-
arated by the organic “spacer” cations (Figure 11, middle).
When the asn cation is replaced by the N,N-dimethylmor-
pholinium cation® (in the following: dmm) in the hydro-
thermal reaction, Na;(dmm);Mo,0sFs:5H,O is formed.
Here, the hexafluorohexamolybdate anions are intercon-
nected through the sodium cations into stacks that are kept
apart by the dmm cations (Figure 11, top). Note that there
are no significant electrostatic interactions between the
oxygen atoms of the organic ligand and the sodium cations
or the crystal water molecules. In the first place, even ex-
tended scans among other organic cation types in combina-

4 4 .
L‘—\
% X S

Figure 11. The structure-directing effect of the organic cation on the packing motif of [MosO,sFs]® - and
[Mo,0,,F;]"-type  polyoxofluoromolybdates (dmm=N, N-dimethylmorpholinium; asn= 1-azonia-spiro-
[4.4]nonane; adu=1-azonia-4,4’-dioxaspiro[5.5]undecane; the organic cations have been omitted for clarity).

tion with the NaF/MoO; hydrothermal system did not bring
forward any further new trifluoroheptamolybdates apart
from the Na,(NMe,);Mo,0,,F;-based compounds (Figure 5,
Step 4). A strategic modification of the organic cation put
an end to this “dry spell”: the asn ligand was replaced by a
derivative containing two additional oxygen atoms (1-

azonia-4,4'-dioxaspiro[S.5]undecane;®™ in the following:

Chem. Eur. J. 2006, 12, 9122 -9134
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adu, see Figure 11). The resulting increase in polarity with
respect to the asn ligand is already reflected by the presence
of different packing motifs of the [MogO,*" ions in the
binary p-M,MogO,, (M=asn, adu) octamolybdates. Most
importantly, however, Na(adu),Mo,0,F;4H,0 was ob-
tained as a new representative of the trifluoroheptamolyb-
date series. The [Mo;0,F;]>" ions are arranged into pairs
that are stacked along the c¢ axis (Figure 11, bottom) in an
ABA-- layer sequence, thereby causing its exceptional
length of 54.3(1) A compared to the other new fluorinated
POMs (with lengths of the ¢ axis up to 32 A). The stacking
motif is composed of the aforementioned “Janus head”
dimers (cf. Figures 11 and 8b) and of the first isolated
[Mo,0,,F;]* ions: their capping sodium cations are coordi-
nated to an oxygen atom of the adu ligand, so that the ring
moieties have been isolated for the first time (Figure 11,
bottom). In this way, a careful tuning of the organic ligand
can be employed to direct the secondary structure of the
new fluorinated polyoxomolybdates.

Trends—synthesis of new fluoromolybdates: The outlined
systematic quest for new fluorinated polyoxomolybdates is
based on an iterative process starting from extensive hydro-
thermal field studies,*® followed by the application and the
continuous refinement of the emerging synthetic guidelines
(Figure 5 and Figure 10). This strategy demonstrates that a
combination of chemical intuition and experience with ef-
fective screening techniques might be a fast track towards
reliable hydrothermal structure-synthesis relationships.[*’
Although the influence of “serendipity” is being reduced to
a minimum, it must be kept in mind that some of the com-
pounds discussed above are only accessible within strictly
confined parameter windows. Thus, the initial hydrothermal
screening must be conducted in narrow steps and even the
most detailed investigation may leave the chemist with the
premonition that some compounds might still have been
overlooked. For this reason, theoretical calculations® are of
key importance in developing a comprehensive “design” ap-
proach in the hydrothermal synthesis of Mo-based materials
and related compounds. They are especially indispensable to
keep track of the ever increasing family of molybdenum-
based POMs and the complex structure—synthesis relations
among their manifold isomers and derivatives (Figure 3).

Perspectives in Hydrothermal Molybdate
Chemistry

Synthetic developments: Although the important role of
polyoxomolybdates as connectors between nanostructured
materials and the atomic scale is undeniable,*'¥ a fully pre-
dictive access to their manifold structural motifs still re-
mains a synthetic challenge. Likewise, the shape-control of
molybdate materials on the nanoscale is difficult to premed-
itate.’” The preceding sections demonstrated that hydro-
thermal methods provide the necessary experimental and
methodological flexibility to cover a wide spectrum of mo-

Chem. Eur. J. 2006, 12, 9122 -9134

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CONCEPTS

lybdate chemistry. As their manifold preparative options
can either be systemised from the “bottom-up” through in
situ techniques or by a “top-down” approach based on tar-
geted parameter studies, both strategies should be combined
to fully grasp the complexity of real hydrothermal systems.

Another promising solution is the development of more
sophisticated hydrothermal setups beyond the classical auto-
claves.”™ Over the last decades, for example, great progress
has been achieved in the field of hydrothermal-electrochem-
ical,™® ammonothermal™! and microwave-hydrothermal
techniques.'® Especially the last are often superior to con-
ventional reactions due to their accelerated kinetics that
provide additional morphology control options and a con-
venient access to metastable phases.'" Parallel to the ongo-
ing advancement of autoclave types, new hydrothermal
media are currently explored, such as the promising poten-
tial of ionic liquids in solvothermal nanomaterials synthe-
sis.'"™ Furthermore, the nanoscale structural dimensions of
biomolecules have been implemented as templates in
“green chemistry” hydrothermal approaches towards aniso-
tropic nanoparticles under mild conditions.”” This vast ar-
senal of new preparative perspectives raises aspirations for
the discovery of new molybdenum-based materials.

The same applies for the recent breakthroughs in the field
of high-throughput hydrothermal synthesis: multiclaves for
more than 100 parallel reactions have been constructed, and
in the cutting-edge systems, the entire hydrothermal process
from the synthesis over the workup to the characterisation
is performed continuously without any sample transfers.’!
The efficiency of these methods has been demonstrated for
the high-throughput synthesis of zeolitic and open-frame-
work systems, and they would open up new directions in the
preparation of nanoscale molybdenum oxides and POMs as
well.

Analytical and theoretical approaches: Hydrothermal crys-
tallisation processes can nowadays be monitored in situ with
an extraordinary wide spectrum of spectroscopic and imag-
ing (AFM, SEM, TEM, etc.) techniques covering both
changes in the long-range order (EDXRD, neutron diffrac-
tion, etc.) and in the local structure (XANES, EXAFS,
NMR, etc.). The future of these efforts lies in their combina-
tion into multitechnique approaches, such as complementary
in situ EXAFS/EDXRD (see above) or SAXS/WAXS stud-
ies.’® In this way, many of the hitherto unknown formation
mechanisms of POM and molybdenum oxide based nano-
particles might now be uncovered. Current examples are the
important family of bismuth molybdates that are just being
transferred onto the nanoscalel'®'%! or the cutting-edge re-
search area of inorganic—organic composite materials.®
From the theoretical point of view, the manifold isomeri-
sation reactions of polyoxomolybdates, namely among the
[MogOy]*” octamolybdates, continue to inspire profound
theoretical studies. Only recently, hydrothermal methods
have brought forward the new 6-octamolybdate isomer.'””]
It has been identified as the lowest energy structure through
the help of single-point and geometry-optimised energies,
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whereas the d-octamolybdate, which has previously been re-
garded as the most stable isomer,'®! only appears to repre-
sent a local minimum. This interesting breakthrough demon-
strates the importance of intense interactions between theo-
retical chemistry and hydrothermal expertise in the ongoing
search for new POM structures.

Conclusion

As outlined above, the hydrothermal synthesis of cutting-
edge molybdenum-based nanomaterials and POMs is a fas-
cinating and complex research area and a “melting pot” of
interdisciplinary research activities joining in situ methods,
combinatorial techniques and experimental structure—syn-
thesis studies. Furthermore, theoretical methods are an es-
sential guide through the “Bermuda Triangle” (structure—
synthesis—-morphology control) that hydrothermal chemists
face on their quest for to the comprehensive design of a
new material. Modern hydrothermal molybdate synthesis is
now in a unique bridging position to join structural design
on the atomic scale (POMs) with the emerging class of com-
posite and nanomaterials. Thus, it is expected to play an im-
portant role in the production of polyoxometalate-based in-
tegrated nanosystems (PINs).'¥l However, there is still a
hint of intuition and serendipity attached to each synthetic
breakthrough, in spite of all the outlined options for system-
ising hydrothermal processes. Maybe the perpetual fascina-
tion of molybdate chemistry has its source in these last unre-
solved questions.
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