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Introduction

The work done as part of this thesis was principally oriented
towards the synthesis and characterization of nanometer-scale inorganic
molecules and clusters belonging to the family of polyoxomolybdates.

The investigation carried out in course of this thesis revealed
potential host functionalities of the spherical shaped polyoxomolybdates,
especially the host-guest chemistry of the [Mos:Feso] spherical type
clusters, the aim was to understand the dynamics of the host-guest
interaction processes in aqueous solution.

Another point of interest referred to the nanosized cluster species
that can be constructed as derivatives of the spherical, soluble capsules of
the type (pentagon)iz(linker)so. The robust spherical skeleton exhibits 20
pores and 20 channels ending in the nanosized cavity. The challenge was
to modify and to tune these anionic capsules to present different kind of
interior surfaces, pores with different sizes and properties, different
overall charges. The aim was to study these interactions, how they take
place in function of the acidity, temperature and time.

Interestingly these capsules can be described as artificial cells and
allow a new related chemistry, e. g. modelling of passive ion transport
through the related inorganic membrane as well as cell response to
stimulation.

The present dissertation is divided on two parts, first the
theoretical part, which is described in Chapter 1 and the experimental
part, which includes the chapters 2 - 7 containing the original results
obtained through the research period. Every chapter starts with an

introductory short theoretical description.



Synopsis of the main parts of the thesis

The first chapter of this work, called “Theoretical background of
the polyoxomolybdate chemistry” presents a short history of
polyoxometalates based on metal-oxides starting with Berzelius, who in
1826 described the yellow precipitate that is produced when ammonium
molybdate is added to phosphoric acid and which is now known as
ammonium-12-molybdophosphate, (NH4);PMo01204 aq., going through
the first attempts to understand the composition of the heteropolyanions,
stopping by the modern Isopolyoxometalates with giant spherical
structures prepared by the group of A. Miiller. The introductory chapter
continues with a few topics about the formation of the polyoxometalates
and some examples of the spherical and wheel type structures.

The second chapter called “A Unique Metal-Oxide Based
Reduced Hybrid: Core-Shell Electron Transfer upon Encapsulation”
contains the synthesis and the detailed analyses of a supramolecular host-
guest type polyoxometalate cluster of the type [SiMo01204cMoVizg
MoV,Felllzg]. The goal was to find an optimal preparation method in order
to obtain the supramolecular entities in high yield and high purity. The
encapsulation of the Keggin anion inside the cavity of the host type cluster
was proved with infrared, electronic and Raman spectroscopy,
Mossbauer, 31P-NMR and single crystal analysis. We considered the
competition between metal-oxide based core-shell components with
electron acceptor properties (the core can be considered as a quantum
dot), while additionally competition of the electrons for Fe!!l and MoV!

centers is present because the MoVl/MoV and Felll/Fell couples have nearly



equal redox potentials. Spectroscopic data clearly establish that these
host-guests systems contain non-reduced Keggin anions and reduced
shells. The results can be explained in a simple view: Electrons “prefer” to
escape as usual to the periphery of a system and the delocalization in
larger areas (here of (Mo)Mos type), while the extent of delocalization via
Fe(IIl) linkers over the shell remains to be determined. Further studies
are planned to get a deeper insight the formation mechanism of these
fascinating systems, and in particular to specify the role of (possibly

proton-coupled) electron transfers.

Figure 1. Combined polyhedral - wire frame representation of [SiM01,0490cMo"!7g
MoVzFellly)]: the metal {Moy:Feso} capsule in wire frame representation - with 30
Felll centers (highlighted as yellow spheres) linking the 12 {(Mo)Mos} type
pentagonal units- and the Keggin nucleus (idealized) in polyhedral representation.

The third chapter of this work, called “Molybdenum-Oxide
Based Unique Nanoacid of the Type {Mo7:Fes:} Showing
Deprotonation and Interaction with Alkali Earth Metal Cations”,
describes a newly synthesized compound which underlines the acidic
properties of the {Mo7;Fes0} type spherical cluster, in which synthetical

route happens a deprotonation and a reaction with alkali cations, i.e.

12



barium. The neutral {Mo7:Feso} contains thirty acidic sites, the water
molecules are linked covalently to the iron centers. Stepwise addition of
the sodium hydroxide to aqueous solution of {Mo7:Fes}, taking in
consideration the fast change in the pH of the solution, can lead to three
types of reactions:

Deprotonation of the acidic water ligands on the iron sites.

b. Condensation of the aquahydroxo- complexes with elimination of
water and formation of Fe-O-Fe, Fe-OH-Fe, or in the present case
Ba-0O-Fe between the initially discrete clusters.

c. Decomposition at alkaline pH.

The compound {BasMo7;Feso} consists of macroions {Mo7:Feso}
linked by barium atoms, in the synthetical method the pH is carefully
chosen, the reason for it is to achieve an adequate charge of the anion
clusters (-10) and further reaction of them with barium cations in form of

chloride salt in solution.

Figure 2. Wire-frame representation of one of the [Ba(H;0)¢]?* complexes
interacting through hydrogen bonds with one of the {MosFe30¢} type pores of the
capsule {BasMoz;Fe3}; Color code: Mo - blue, Fe — green, Ba - violet, O - red.



Chapter 4 called “Surface Reactions Inside the Porous
Nanocapsule Cavity Tuning the Internal Capsule Functionalities”
describes four of the novel synthesized compounds which show internal
functional properties, where ligand exchange was studied inside the
cavity of the {Mo13;} type spherical cluster, the acetate ligands being
replaced by organic acid ligands with more than one functional group (e.
g. organic acids with a strong acid character like maleic-, malonic-, lactic-
and succinic acid). The ligand exchange takes place at room temperature
and low pH induced by dissolution of the dicarboxylic acids in water. The
modification of the cluster interior can be carried out by tuning the nature
of the ligands associated with the {MoV,} linkers. The use of dicarboxylate
ligands with “free” non-coordinating deprotonated acidic groups in the
{Mo132} type capsules opens perspectives for studying structuring
processes in which electrolyte hybrids are generated while this procedure
may be extended to encapsulated magnetic metal ion aggregates, too. The
generation of the deprotonated form is especially important because of
their high directing power. Based on the present results, it becomes also
feasible to study the selectivity of encapsulated ions for specific
recognitions based on dicarboxylic acids on a molecular scale, for instance
with calcium ions, where the interactions are known to be quite strong.

Chapter 5 called “Synthesis and Characterization of Spherical
Giant Polyoxomolybdates as Substrate Specific Nanosponges” focuses
on the single crystal’s structures, unit cell dimensions and easy
understanding of the linkage of atoms, group of atoms, building units,

building blocks on molecular level. The question comes up regarding the



crystal’s structure, the possibility to synthesize similar compounds to
{Moi3z(acetate)so} with lower symmetry, leading to a better
understanding of the molecular structure, an easier refinement of the
structure and recognition of the disorder inside these molecules with
more than 500 atoms. The “one-pot” syntheses are planned under well
defined parameters, but the packing of the atoms is hard to be controlled.
Finally it is reached the new compound with the {Moi32} type skeleton,
having thirty acetate ligands inside the cavity and as countercations in the
lattice are the dimethyl-ammonium cations, packed in a rhombohedral

crystal system, space group R-3.

: "-ﬂ'

Figure 3. Representation of packing of {Naii[(CH3):NH:[33Mo132} in the crystal
lattice (ball-and-stick/polyhedral model viewed along the b and c parameter
directions). The spherical anions, the outer surface of which is formed by terminal
oxygen atoms, are organized in a rhombohedral packing.

This chapter is dedicated also to the description of unusual
spherical molybdenum-oxide based nanoobjects, capable of responsive
reactivity - like that of a nanosponge bearing sizeable {Mo0,0n} ring like

pores - which may allow new techniques in supramolecular

15



nanotechnology regarding efficient and specific recognition by a large
number of pores/receptor sites, which are similar to those of macrocyclic
ligands. The maximum pore diameter of a related {Mo,0On} ring is now ca.
0.8 nm. The pores are sizeable since fixed basic pentagonal [(Mo)Mos]
type units of the object [(pent)i2(linker)ss] can be connected with
different linkers.

The present results can be considered as a starting point for a
sphere surface- and nanoporous cluster-chemistry with significant
interdisciplinary aspects for modelling spherical virus surfaces, (106) as
well as catalytic and biomimetic processes because of the simultaneous
presence of large pores providing access to the nano-sized cavities. It
might be mentioned here, that spherical object tiling is important for
understanding virus structure, for the construction of Buckminster Fuller
domes.

The sixth chapter called “Observation on Dynamic Equilibria
Between Inside and Outside Guests of the {Moi3;} Type Capsule”
describes stability investigations and dynamic equilibria studies,
performed through nuclear magnetic resonance measurements and
additionally the Raman spectroscopical method was used for charge-
tuning investigations in the {Mo132} type cluster. The attractiveness of
research of capsular complexes is discussed regarding the challenge of
understanding the mechanisms of guest entry and exit. This is considered
as practically a new subject and refers to open container molecules
considering also the extremes of no measurable guest exchanges. It is
possible to study the type of exchange for polytopic hosts with

unprecedented dynamical equilibria for the guests on multiple



coordination sites inside the capsule. Under formal consideration this is a
situation of a cell interacting specifically with its environment regarding a
substrate and showing related inside dynamics, too.

Most important, there is without any doubt according to the EXSY
spectrum (Figure 4) not only an exchange between internal and external
acetates in the {Moi3;-acetate} (peaks at 0.7, 1.85 ppm), but also between
the internal sites (peaks at 0.7, 0.9). However, the acetates associated
with the pentagons do not show an appreciable exchange with the
external ones. The overall exchange situation may be represented by

{intern[pentagon 5 linker] 5 extern).

ppm
05

1.0

1.5
o
\ & 4
2.0
2.0 1.5 1.0 0.5 ppm

Figure 4. Room temperature 1H EXSY spectrum of the solution of {Moi3z-acetate} in
D20 (pH = 5.10) (mixing time of 1 s).

The inside and outside substrates’/ligands, i.e. acetate exchange,
and the unprecedented observation of dynamical internal equilibria, can
be observed due to compartmentalization, i.e. separation of the “inside”
from the “outside” by the porous nanocapsule. The communication of the

substrates is controlled by their coordination strength to the capsule, the



capsule pore flexibility and signals from the outside, such as variations in
the H* concentration. Based on these results there is the option to
perform related studies based on different substrates

Chapter 7 entitled “Supramolecular Chemistry on Cluster
Surface; Tentative Complexation of Lithium and Ammonium Cations
on {Mos;} Type Cluster”, called tentative because we intended to
complexate more lithium cations than two in the cluster compound. The
present result, which was already anticipated by theoretical chemists,
could initiate new investigations regarding the study of counterion
distribution on surfaces of large metal-oxide based clusters having
specific surface functionalities such that selective nanoscale complexation
of cations is possible.

In the chapter 8 “Summary and conclusions” are presented the
conclusions and results of the research.

Large complex molecules of the nanocosmos - like proteins - can
do things like activating, storing, transferring complex information,
transporting and separating substrates and related functions with a high
precision. The unusual and absolutely unique chemistry of
oxomolybdates - under reducing conditions offers the option to generate
related nanosystems. In the solution of oxoanions of the early transition
metals (like molybdenum) - controlled linking of metal-oxide building
blocks from a 'virtual library' - provides the option to get exquisite
molecular architecture. Such architecture constitutes two broad classes:
the molybdenum 'blues' and 'browns'. In this dissertation some clusters
of “molybdenum browns” classes have been isolated, characterized and

studied in detail.



Synthetic investigation of the known systems opened up new
ways, which were systematically studied, transcending the known regime
of covalent chemistry crystallized at the 'supramolecular frontier'. New
effects were observed; those understood were exploited and have been
described here. Unanswered questions remain.

Regarding host-guest chemistry of polyoxometalates involving the
{Mo7,Fe3o} type cluster, there was shown an interesting property of the
cluster, being as the largest inorganic acid till present, able for
deprotonation at the Fe-OH; sites and its interaction with alkali earth
metals:
Bas[MoV!7;Felll300252(CH3C00)15{M0207(H20)}2{M0:08(H20)}(OH)10(H20)s

1] -ca.150H,0 = 8a -ca.150H,0 = 8

Remaining at the same idea of the host-guest formation ability, it
was also observed that there exist other sites beneath the cluster surface,
where smaller inorganic Keggin type anions, like [SiM012040]%,
[AsM012040]3, [PW12040]3 could be placed. The formation of 5a, 6a and 7a
from 2a (generated in “one-pot” synthesis) proved such expectation:

Na4[SiMo12040cHsMoVizo MoV2Felll300254(H20)98(CH3C00) 16]

ca. 60H;0 = 5a. ca. 60H,0 =5
[HxAsMo12040c=MoVi72Felll3p0252(H20)98( CH3C00) 5] - ca. 60H20 = 6a ca.
60H.0 =6
[HPWVI{1WV040cMoVigsWVIsFelllzo(CH3C00)150252(H20)9s]-ca.120H,0 = 7a
-cal20H,0 =7

In the matter of inner ligand exchange chemistry involving the

{Mo132} type cluster, it was observed that there exist possibilities to fine-

tune the inner surface of a cluster cavity, covalently attached to the



linkers, where dicarboxylic acids could replace acetate with maleic-,
malonic-, lactic- and succinic acids. The formation of 9a, 10a and 11a and
12a proved such expectation:

(NH4)42[{(MoVM0"15021(H20)6) }12{M0"204(00CCH=CHCOOH_is)30}] -ca 300
H,0 = (NH4)42-9a-ca 300 H,0=9
(NH4)42[{(MoVIMo0"'5021(H20)6) }12{M0V204(0O0CCH(OH)CH3)30}]-ca 250
H,0 = (NH4)42 -10a -ca 250 H,0 = 10
(NH4)42[{(M0oVM0"15021(H20)6) }12{M0"204(00CCH2COOH)25(CH3C00)2}]
-ca 250 H20 -
3(-00CCH2CO0H) = (NH4)42 11a -ca 250 H,0-3(-O0CCH,CO0OH) =11
[C2HsNHz]42[{(MoVIMo0"!5021(H20)6) }12{M0V204(00CCH,CH2CO0H)30}] -ca
300 H20 = [C2HeNH2]42-12a -ca 300 H,0 = 12

Within the context of host-guest chemistry the presence of related
{Mo090¢} crown-ether type rings in the {Mo13z] type spherical clusters did
not escape attention. This dissertation demonstrated that cluster, like 1a
with appropriate {Mo¢Qs} pore size could for instance bind, large organic
cations like dimethyl-ammonium present in the solution leading to the
formation of 13a and 14a. Because of such substrate specific behaviour,
they can be called dimethyl-ammonium “nanosponges”:
Na11[(CH3)2NHz]33{(MoVY)MoV5021}12(H20)6s(CH3C00)2{MoV,04(CH3CO0)}

30] - ca.{300H;0 + CH3COO- + (CH3)2NHz*} = [(CH3)2NHz]44: 13a
-ca.{300H,0 + CH5COO-+ (CH3):NH2*} =13
[(CH3)2NHz]42[{(MoV1)Mo0V15021(H20)6}12{M0V204(H2P02)}30]-ca.300H.0 =
[(CH3)2NHz]42:14a -ca.300H.0 = 14
The phenomena within the context of host-guest chemistry

related to 'uptake' of cationic species described so far have been observed



by the precipitation of crystals of the corresponding complexes. But there
is a question about the equilibrium of these systems. Chapter 6 gives
some answers on the dynamic equilibria between the inside and outside
guests of the cluster molecule. There was studied the stability of the
{Mo132} type cluster with synthetical methods, NMR studies and Raman
measurements.

[s it possible to study those processes at least qualitatively, now it
is given the answer based on the NMR studies, quantitatively, too. The
stability studies were performed principally by Raman spectroscopy in
water and it was observed that the clusters investigated retain their
molybdenum-oxide skeleton when dissolved in water and remain stable
on room temperature and can be concluded that after titration with
sulphuric acid and hydrochloric acid, the integrity of 1 =
{Mo132(CH3C00)30} cluster remains till pH 2.

The inside and outside substrates’/ligands, i.e. acetate exchange,
and the unprecedented observation of dynamical internal equilibria, can
be observed due to compartmentalization, i.e. separation of the “inside”
from the “outside” by the porous nanocapsule. The communication of the
substrates is controlled by their coordination strength to the capsule, the
capsule pore flexibility and signals from the outside, such as variations in
the H* concentration. Based on these results there is the option to
perform related studies based on different substrates.

In the idea of the surface functionalites of the polyoxomolybdate
cluster, it was planned the new {Mos7} type cluster:

(NH4)21L12[H3M057V6(N0)60133(H20)13] =15a 'XHzO =15



which exhibits a growth process in six external holes and could be
investigated its interaction with cations for mimicking specific properties
of transition metal oxide surfaces. A future challenging aspect would be to
distinguish between specific cation coordination and non-specific ion-
pairing - which is the actual case - as both facilitate the formation of giant
assemblies of metal-oxide based macroions owing to a decrease of
repulsion.

In the {Mo132} type giant cluster the flexible ring shaped {Mo9Os}
type pores permit also entry of smaller cationic guests, which finally will
get linked to the ligands attached to the dinuclear {Moz} units. Such
cations are known from literature, sodium, potassium, cerium, and now
it was synthesized the uranium containing {Mo13;} type capsule, where
the uraniums are bound to the sulphate ligand of the cluster sphere:

(NH4)60{Uz={(MoV')Mo05"1021(H20)6}12{M02V04(S04}30]-308H.0 = 17

The dissertation continues with a chapter 9 called “Appendix I
Experimental methods and Appendix II TG-DTA spectra of
compound listed in the thesis” that describes the methods used on
compounds to determine the properties and structure characteristics.

The chapter 10 includes tables with “Crystal data for the
compounds listed in the thesis”, this is followed by the “Bibliography”
at the end.
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