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SUMMARY

Polyoxometalate based metal organic frameworks (PB8) can be regarded in
general terms as frameworks containing Polyoxoragtsl(POMSs). Here, we can
identify three distinct categories: (a) POMs ocadogythe cavities of a metal
organic framework (MOF) structure (POM@MOF), (b)M©Oused as secondary
building units (SBUSs) in the network and (c) POMsart of the linker of the
framework. For this research presented in thisshé@svas decided to concentrate
on the barely explored area (c). Furthermore givsed a useful strategy to compare
combining metals from the d series (TM = Cu, Zd, ®In, Mo) with rare earth
metal ions (RE =Y, La — Lu).

The first stage of the exploration was to develojpable L — POM — L linkers,
where L is a Tris-functionalized ((OHGHCNH) unit and POM is the Anderson-
Evans POM. This Polyanion was chosen because vida® three octahedrally
arranged coordination sites above and below théraleplane, which can be
occupied by three hydroxyl groups of a Tris ligafddhis Tris-ligand can be
functionalized at the amine group using suitabl® Nerming reagents, such as
R’HC=0, R’'HC-X (X = CI, Br) and R’COCI. R was chassuch the terminushc
provides a coordinating group for a TM or RE nodeg. can be for examplegy
Ocoo, Nc=n, etc. In this way L — POM — L linkers were formedvo of these
L — POM — Ls proved to be particularly successtul groducing transition metal
based POMOFs, where the functional group is pyrahd RE based POMOFs,
where the functional group is carboxylate. Theselccde characterized using
single crystal X-ray diffraction, which is importain this field since we ultimately
should be able to relate the functionality to tagyl In this context optical
properties such as bandgap, UV-vis and Fourier sfoam Infrared (FT-IR)
Spectroscopy were investigated. The highlight witiie TM-based series was the
activity of [N(n-C4Ho)4]s[CUCI(DMF){MnMo015((OCH,)sCN=CH
(4-CsHaN))2} 2] BDMF (13) for the A-Coupling without the need for inert
conditions. For the RE-series the Dy based compdDydDMF)4(H20)]2[Dys



(DMF)e][((MNMo0 6018)((OCHz)sCNHCH;(CeH4)COO)]3- SDMF (12)-Dy proved
to be the most versatile. Finally, a completely nemology was discovered for
compound  [Zn(DMR)[Zn(DMF)2MnMoeO1{(OCH2)sCN=CH(4-GH4N)} |-
[10DMF (14A) and interestingly the synthesis for this compohas a bifurcation
in terms of topology since the equally abundant ponent
[(Zn(DMF)3)2(Zn(DMF)sMnMoeO1{(OCH2)3CN=CH(4-GHaN)} 2)2] ODMF

(14B) of the reaction has a completely different topalally structure.



Zusammenfassung

Polyoxometallat-basierte Metall organische NetzwerklPOMOFs) konnen
allgemein als Netzwerke angesehen werden, welclhgXonetallate (POMS)
beinhalten. Hier lassen sich drei Kategorien ucte®len: (a) POMs, welche die
Hohlraume einer Metal organic framework (MOF)-Stiuk belegen
(POM@MOF), (b) POMSs, die als Sekundary Building t9rfEBUs) im Netzwerk
verwendet werden und (c) POMs, die als Teil dekéiis des Frameworks genutzt
werden. In der vorgestellten Arbeit wurden die PCRdOder Kategorie (c)
untersucht. Daruber hinaus wurde die Kombinatios kietallen der d - Reihe
(TM =Cu, Zn, Cd, Mn, Mo) mit SeltenerdmetalliondRE =Y, La - Lu)
verglichen.

Im ersten Teil der Forschungsarbeit wurden L-POMihker entwickelt, wobei L
eine Tris-funktionalisierte ((OHCHECNH) Einheit und POM das Anderson-
Evans-Polyanion ist. Dieses Polyanion weist dretaelfirisch angeordnete
Koordinationsstellen oberhalb und unterhalb detraégean Ebene auf, die von drei
Hydroxylgruppen eines Tris - Liganden besetzt weikiinnen. Dieser Tris-Ligand
kann an der Aminogruppe unter Verwendung geeigndteR-bildender
Reagenzien wie R'HC = O, R'HC-X (X = CI, Br) und ®DCI funktionalisiert
werden. R wurde so gewahlt, dass der Terminus dine koordinierende Gruppe
fir einen TM- oder RE-Knotenpunkt bereitstelltund kann beispielsweise g\
Ocoo, Nc=n usw. sein. Auf diese Weise wurden L-POM-L-Linkebddet. Zwei
dieser L-POM-Ls erwiesen sich als besonders edalfyrfiir die Herstellung von
Ubergangsmetallbasierten POMOFs, mit Pyridylgrupgdsrfunktionelle Gruppen
und RE-basierte POMOFs, bei denen die funktior@heppen Carboxylate sind.
Diese konnten mittels Einkristall-Rontgenstruktuaigse charakterisiert werden,
womit die Funktionalitat mit der Topologie in Belaisng gesetzt werden konnte. In
diesem Zusammenhang wurden optische EigenschafeeBamdlticken, UV-Vis-
und Fourier-Transformierte-Infrarot- (FT-IR-) Spedgkopie untersucht. Das
Highlight innerhalb der TM-basierten Reihe war di@ktivitat von



[N(n-C4Ho)4]s[ CuCI(DMF){MnMo06018((OCHz)sCN=CH  (4-GH4N))2} 2] 3DMF
(13) fur A%-Kupplungsreaktionen ohne Luftausschluss. Fir dieRRihe erwies
sich die auf Dy basierende Verbindung [Dy(DMHFRO)]2[Dys
(DMF)6][((MNM0 6018) ((OCHz)sCNHCH;(CsH4) COO)]3- 5SDMF (12)-Dy als die
vielseitigste. SchlieBlich wurde flir eine weitereerbindung [Zn(DMR)]
[Zn(DMF)2MnMo06018{(OCH2)3sCN=CH(4-GHa4N)}2]2 1ODMF (14A) eine vollig
neue Topologie entdeckt. Interessanterweise weist Synthese fir diese
Verbindung eine Bifurkation in Bezug auf die Topgiauf, da die ebenso haufig
vorkommende Komponente [(Zn(DMR(ZN(DMF)sMnMosO1e{(OCH2)3
CN=CH(4-GHa4N)}2),] ODMF (14B) der Reaktion eine vollig andere topologische
Struktur aufweist.
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1. Historical Background

1 HISTORICAL BACKGROUND

In 1826, Berzelius reported the formation of a dgrky precipitate on mixing
aqueous solutions of Mog£hnd NaHPQ..! The resultant powder turned into a
black solution on addition of aqueous ammonia. frtedecular structure of this
compound could not be determined since X-ray chgsfaaphy was first
established in the early 1900’s. In 1933, the alystructure of the polyanion was
formulated as E[PMo01204q-5H.0 by Keggin and was named after Hirithe
progression of single crystal X-ray diffraction ydaa crucial role in the
development of POM chemistry and since then mahgrattructures based on V,
Nb, Ta, Cr, Mo and W have been determined and tegdf Applications for
POMs include catalysis? medicine®-tand battery materiafst?

In 1913, Werner was the first inorganic chemisteréiog the Nobel Prize "in
recognition of his work on the linkage of atomsnmolecules by which he has
thrown new light on earlier investigations and ageemup new fields of research
especially in inorganic chemistry® With his work, he paved the way for
nowadays’ coordination chemistry and thus of cawation polymers termed by
Bailar in 1964'* Such coordination polymers may be 1-, 2- or 3-disi@nal
materials constructed from coordination complexeaturing bridging ligands.
Over the past few decades, this class of mateasibeen termed Scaffolding-like
materials, metal organic frameworks (MOFs), hylmidanic-inorganic materials
and organic zeolite analogues with unavoidablelapewith experts on this field
such as Yaghi, Robson, Long and Row&elf. These materials have potential
applications in various fields such as gas stotage, separatior®?°
(enantioselective) catalysis!®?! magnetisnf? proton conductiod® drug

delivery**?>and nonlinear optical materias!®20.222>

The combination of the aforementioned two clasdesaterial results in the
designation POMOF, firstly reported by Hasuhakéral in 19972° This new
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material has the potential to combine the propeiePOMs with those of porous

frameworks.



2. Motivation and Objective

2 MOTIVATION AND OBJECTIVE

Coordination Polymers (CPs), also called MOFs, mbiag organic building blocks
(so-called linkers) and inorganic building blockso-{called secondary building
units (SBUs)) forming 3D porous frameworks. Hehe linkers contain functional
groups, such as carboxyl&f&’ aming® pyridyl?® nitrile,?® sulfonaté® or
phosphonaf¥, coordinating to the SBUs, which may be based nA’Z8 Ni,*°
Cu?®iNa?® Ag,%® Mg,?® Fe3? Cr'’ or other metals ions and thus building up a
network. Nowadays, many time honoured compoundd) as Prussian Blue and
Hofmann clathrates are part of the class of coatain polymers334 Due to the
fact that Prussian Blue has pores, it has a mughrldensity compared to Fe®.
Although in Prussian Blue the organic linker isatedely small, this is sufficient to
consider this material as a MOF. This leads to dbesideration of how the
properties of the resulting 3D network can be iafilced by modifying the building
units. When examining the ligands in the two compsuPrussian Blue and FeO,
it is noticeable that the cyanide ion is longentha oxo ligand, which explains the
porosity of Prussian Blue. This results in the agstion that the surface area of a
framework can be adjusted by the length of theeliniExtending a linker in a
coordination network decrease the density in twgsaa organic moieties are
lighter than most metal ions and the creation ofda spacers decrease the

proportion of the heavier metal atoms.

Since it is already known that a large number ofVBQare electrocatalytically
active, they are potential candidates for electnodeerials. However, there are
some drawbacks linked to high solubilities and kawface areas of POMs. These
kinds of issues can be solved by introducing sietabganic ligands, whereby the
solubility of the frameworks in aqueous solutiorsrases and by building up a
framework also the surface area of the compounceases. A combination of
POMs and MOFs result in polyoxometalate-based nwegdnic frameworks, so-
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called POMOFs$%3738 These compounds may combine and/or improve the
properties of POMs and MOFs. Until now, as showhigure 2.1, three subgroups
of POMOFs are known in literature: (a) POMs occubpg cavities of a MOF
structure (POM@MOF}?*?(b) POMs used as SBUs in the netwéf*344+4%nd

(c) POMs as part of the linker of the framew®tk’

(@) (b) (©)

Figure 2.1: (a) POM@MOF structure published by $alé?, colour code: Cu: light
blue, O: red, C: grey wire/tick, Keggin polyaniomgeen polyanion with orange
polyhedral model; (b) Kegging ions as SBUs in agaoiic-inorganic framework

published by Dolbecq et &l, colour code: Zn: light blue, O: red, C: greywistitk,

Keggin polyanions: green polyhedral models andA@jerson-Evans POMs as part of
the linker of the framework published by Yang éf,alolour code: Cu: light blue, I:
violet, O: red, C: grey wire/stick, N: blue, AndensEvans polyanions: green ring with
red polyhedral models.

This field of research is still in its infancy kautrrently getting an increasing amount
of attention due to emergent applications in maaid$ such as catalysié?”4°

proton conductioR?®!sorptiort* and electrode materiais.

Since the POMs as linkers approach is the leasbegarea of POMOF chemistry
and its formation of the product is predictable panmed to the other approaches,
this was chosen as the basis for the researchnpeelsa this thesis.

10
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3 INTRODUCTION

3.1 Polyoxometalates

Polyoxometalates (POMSs) are anionic metal oxidetehs composed of transition
metals (so-called metal addenda atoms M =W, Mo, Mband Ta) in high
oxidation state&3’ Since the first report of a POM [PM®aq]3~ by Berzelius in
1826 the application of polyoxometalates in differeréas such as catalysis,
mediciné™! and as electrode materfat8 amongst many others have been
developed. In an alkaline-aqueous medium, metal Mt with oxidation states of
5+ and 6+ and an ionization energy of 50 to 80 @vhfmonomeric tetraoxoanions
[MO4]* and [MQ]?.* Under acidic conditions, however,"Mions initially form
mixed oxo-hydroxo species that later react by pmhglensation to form
polyoxometalates. Not only does the pH have anémfte on the formation of POM
structures, but also the concentration of the egdst counterions and temperature
are responsible for the shape of PGS Generally, POMs are built from MO
octahedral units (so-called addenda octahedra) dahatlinked through edge-,
corner- or face-sharing units, whereas the last asare due to the repulsion of
the metal centres (see Figure 3.Iy).the initial phase of the formation of M@nits

(M =V, Nb, Ta, Mo and W), the coordination stafelee metal ions increase from
four to six, whereby the metal atom is coordinatesix oxygen atom$in the case
of links via shared edges, the structure can lmlisied by avoiding the electrostatic
repulsion between metal atoms due to the locatiometal atoms far from one
anothert

11
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Figure 3.1: The three possible unions between tvdg bttahedral units. (a): corner-
sharing, (b): edge-sharing and (c): face-sharingck corner represents an oxygen
position.

With increasing grade of condensation, it beconregnessively difficult for the
metal ions to avoid electrostatic repulsion, whgrébe linking by edges ceas¥s.
However, another explanation for this behaviouha, i.e. for M8* and W* the
terminal oxygen atoms are strongiybound! Terminal oxygen atoms are ricins
to each other regarding competition of the sapgenetal orbitat Thus, each
terminal oxygen atom is opposite to a bridging etygtom, whereby, the metal
atom is located to the terminal oxygéra(s—effect). Furthermore, the localization
of two metal atoms is due to electric repulsiomaein these metal centres. Due to
the n-bond to the terminal oxygen, the affinity to ndighiring metal ions is
reduced. Additionally, Lipscomb and co-workers disgred that no M@
octahedron in POMs have more than two terminal exyagoms.Figure 3.2 shows

the Lindgvist polyanion with its metal, terminaldabridging oxygen atoms.

12
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bridging
oxygen

terminal

/ oxygen

Figure 3.2: Ball-and-stick representation of thedqvist polyanion with its terminal and
bridging oxygen atoms.

3.1.1 Classification of POMs

3.1.1.1lso- and heteropolyoxometalates

In general, polyoxometalates can be subdivided twtm groups: isopolymetalate
(IPOM) ([MmOy]P~ with M =Mo, W, V, Nb and Ta) and heteropolymetala
(HPOM) ([XxMmOy]% with x<m, in which X is a heteroatom, i.e. Co, Al, Fe, Ga,
Si, Ge, P, As, V, and 3P>°°Amongst the IPOM metals, Mband W* are more
easily studied since they form-gz-M-O-bonds more readily then the other metals,

such as their ionic radius and charge issties.

As aforementioned, in 1826, Berzelius reported simethesis of the first POM
formulated as [PMo01204q]- 5H.0 by Keggin in 1933:2 This Polyoxometalate is
in the subclass HPOM. To date, more than 70 elesnenxtcept the noble gases),
which can function as heteroatoms, have been mxiSrHere, the heteroatoms
may be tetrahedral, octahedral, square-antiprisnaaiticosahedral coordinated. A
HPOM containing only one heteroatom is called a omuclear complex. In the

case of two heteroatoms, it is called a binuclearmex. The term "ternary HPOM"

13
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means that the complex contains one type of hetsroand two different poly
atoms (also called mixed HPOM3® The following Table 3.1 shows examples for

different classes of polyoxometalate based maserial

Table 3.1: Examples for different kinds of PO,

Class of POM Examples
[V 4019%, [NbeO19] ¥, [TasO14]%,
Isopolyanions [Cra013]%, [M07024%, [M0gO2q]*,
[M0360112(H20)16] 18, [We019]?%, [W7024]%
, [H2W12042) 20
Heteropolyanions [PW12040]*, [H7PsWagO164 >,
[P2W18062] %, [PV14042]°%", [MNM0gO32] ®
Isopoly- and Heteropolyanions with [Nb2W4Og]*, [PV2MO0100a]>
mixed metal addenda atoms

3.1.1.1.1 Lindgvist Anion [M 6O19]™

An example for an IPOM is the Lindqvist f@h¢]? anion (M = M&*, W8, p = 2;
M = V" Nb**, T*, p = 8) made up of 6 edge-sharing octahedral vedslting in
an expanded octahedron@f symmetry (see Figure 3.%5:%4This compound can

be further used as starting material for the s)sithef other POM&>

14
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Figure 3.3: Lindqvist hexatungstate aniond®g] .

3.1.1.1.2 Octamolybdate [MosO2¢]*

There are in total six isomera,(B, v, o, €, &) of octamolybdates known, whereby
the most stable ones are theandp isomers? The case of the isomers of the
octamolybdate demonstrates a good example forffaet ef counterions on the
shape of the polyanion. Since tinésomer is formed using large organic cations at
pH = 3 - 4, thed isomer is mainly formed utilizing small countersoat pH = 2. In
the following only thex isomer will be discussed. Theisomer, shown in Figure
3.4, consists of a ring of six MeCedge shared octahedral bicapped MoO
tetrahedra resulting to a polyanion with symmeliose to 4. Amongst others,
this compound is used as precursor for the syrghelsiM** and Fé" based
Anderson-Evans POMs (see section 3.1.1.2%.1).

15
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() (b)

Figure 3.4: [a-M0gO2¢ *: (a): Ball-and-Stick and (b): polyhedral represation. Colour
code: addenda atom Mo/octahedron: turquois sphetaledron and O: red sphere.

3.1.1.2 Examples of heteropolyoxometalates

3.1.1.21 Anderson-Evans polyanionX(OH) sM ¢O1g]™

The Anderson-Evans polyoxometalate has a planactate as shown in Figure
3.5. It is composed of six edge-shared addendaedta (MQ) with a central
octahedron heteroatom X. In this polyanion, X isreected to metal addenda atoms
M via six triple-bridgingus-O atoms forming the central octahedron. Ugisigand
double-bridgingu>-O atoms, the metal addenda atoms are linked tb eter.
Including terminal ® atoms, the octahedra of the metal addenda atoms ar
completed. In general, the Anderson-Evans structare be divided into two
subclasses: the non-protonatedype with the general formula [/MeOz4](*2")
which has the central heteroatom in high oxidatgtates (e.g. P&°7 |7*;%8

M = Mo®" or W*) and the protonate®-Type with the general formula
[X™(OH)sMeO1g)¢™- with heteroatoms in low a oxidation state (such as
Al 3+,69 Cr3+,7° Fe’a+;71 M = Mo®* or W5+)_72
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In theB-Type, the six protons are located at thepgpO atoms at the heteroatom’s
octahedron, meaning that there are tipre®H groups triangularly above and three
M3-OH groups triangularly below the plane of the P@iMhe heteroatom X with

the triangles in an antiprismatic (octahedral) mgeament (Figure 3.6).

The symmetry of the Anderson-Evans structuii2sis Numerous Anderson-Evans
POMSs containing heteroatoms with oxidation statesf2+ to 7+ are reported and

summarised in Table 3.2.

Figure 3.5: Anderson-Evans POM anion [¥®4" seen from a top view (top) and a
side view (bottodn Colour code: Heteroatom X: orange sphere/octabagdaddenda
atom/octahedron: M turquois sphere/octahedron anded sphere.
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Figure 3.6: B-Type Anderson-Evans POM with six gnstlocated at the sps-O atoms
at the heteroatom’s octahedron. Colour code: Hedwm X: orange sphere/octahedron,
addenda atom/octahedron: M turquois sphere/octabied®: red sphere, H: black

sphere.

Table 3.2: Examples for different Anderson-Evans3/B@ith oxidation states from 2+-
7+ and associated references.

Heteroatom AndersngGEvans ref.
Teb [TeWesO24)* 67
|7+ [IM06O24% 68
KR [AI(OH)sM0cO1g]*> o
crt [Cr(OH)sM06O15]> e
Pt [Pt(OH®WeO21]™ 73
Mn* [MNWgO24® &
Sp [SbW6Oz4] - 75
Zn? [Zn(OH)sM0gO1g]* E
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Table 3.2 continue:

Heteroatom Andersgr'uEvans ref.
Cw [Cu(OH)M0gO1g)* K
Ni2* [Ni(OH)eM0gO1g]* 78
Pt [Pt(OH%M0s018% £
Co** [Co(OH)MO06O14> 8
Rh* [Rh(OH)%MO06014]*> 81
Ga' [Ga(OH}M0sO15]> 8
Teb [TeM0sO24® 83

In the case of [IMeD24]> and [TeM@O24®, John Stuart Anderson attributed these
structures to the [MoéosO1g]® type, but the shape of both types of structures
differs* Aforementioned, [X(OHMeO14™ has a planar structure, but in the case
of [MOsMeO1g]™ (M = Mo,W), it has a tub-shape structure (see FEdu7) because

it does not contain a heteroatom, it belongs taytoep of IPOMS48°

(a) (b)

top view side view

Figure 3.7: Tub-shaped structure of [Mel@0sO14 *, polyhedral representation seen
from a top view (a) and a side view(b).
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The motif of the Anderson-Evans structure is ndy gmesent in POM chemistry,
but also occurs in other areas such as cationisteslt An example is

[Al 7(OH)12(H20)12]%*, where a ring of six Al is surrounding a central Zlion8®

The hydroxyl groups in this structure are bpthand s oxygen atoms in this
Anderson-Evans motif. The 128 molecules coordinate to the addenda atoms and

replace the terminal oxygen atoms.

3.1.1.2.1.1 The inorganic-organic Anderson-Evans polyoxometalat hybrid

As previously mentioned, the protona®dype Anderson-Evans POM contains
six protons situated at the spx-O atoms at the heteroatom’s octahedron.
Introducing organic tris(hydroxymethyl)methane hda ((OHCH)3CR) (Tris-R),
each of the three protons above and below the miathe POM can be substituted
by the organic ligand (see Figure 3’8)n principle, the group R can be any
imaginable group such as -MHOH, -CHOH, -Aryl and further derivatives of
imines and amides. So far, three approaches teasimodified Anderson-Evans
POMs have been reported: (I) The Tris-ligands gnghesized first, followed by a
condensation reaction in order to attach them ¢oR®M pre-functionalization),
(1) the Tris-ligands, f-MogO2¢* and a metal salt (such as Mn(OAc) Fe(acag)
are used as starting materials and form the PONidhgmnd (l11) the Tris-ligands,
which are already grafted onto the POM can be éurttmodified by organic
reactions such as amindation and Schiff base ma(iostfunctionalization).>8’
The [a-MogO2¢]* precursor (section 3.1.1.1.2) in approach (Igadly contains the
ring of six MoQ edge shared octahedra. The bicapping Mtfrahedra can be
replaced by M# or FE* ions by introducing them in the plane of the ritigys

forming the Anderson-Evans structure.
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)

pre-functionalization

an

Mn"(QAc); or

Fe'(acac);

(I11)
post-functionalization
e.g. amidation or
Schiff base reaction

Figure 3.8: The three approaches to synthesizindefson Evans-hybrids: (I) pre-
functionalization; (II) reaction of f-MosO,¢ *, metal salt and ligand; (I11) post-
functionalization. Colour code: Heteroatom-octahmaiXQ: orange octahedron,
addenda octahedron Mturquois octahedron, C: grey, H: black, N: blue,
R: = -NH, -OH, -CHOH, -Aryl and further derivatives of imines and das. (H atoms
are omitted for clarity, except in the case off¢r) protonated Anderson-Evans anion.)

R3

3.1.1.2.2 Keggin polyanion [XM12040]™

The Keggin polyanion is in the subclass HPOM andswis of twelve M@
octahedra, surrounding a tetrahedrally coordindietgroatom [X@.>® In other
words, this [XQ] unit is encapsulated by four B@13] units (“triads”) which are
linked by corner sharing to each other and to #wral [XQy] tetrahedrorf. The
metal addenda atoms for most of the Keggin polyaiare molybdenum and
tungsten. There is a number of reports of possibleroatoms known, including 3d
transition metals and main group element§ (B, As*, Fe*, C&**, Co** and C@"),
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but the most commonly used are, ;5 and G&*.4° This type of POM has an

overall symmetry off (see Figure 3.9.

Figure 3.9: Keggin structure with tetrahedron censurrounded by four corner shared
[M 3013] triads.

Depending on the metal addenda atoms molybdenuungsten, thdq symmetry

of the Keggin structure may differ and becomeg: Furthermore, it is known
that in the case of molybdenum there is a displacgin the Mo-O-Mo bonds from
“short” to “long”. This difference in bond lengtleduces the symmetry based on

the mirror planes of Mtriplets®®

3.1.1.2.3 The Wells-Dawson polyanion [XW1g0e2]% (X = PV, AsY)

In the case of the Wells-Dawson polyanions the roostmon heteroatoms aré'P
and A$*.88 The structure of the Wells-Dawson POM is formeahfrthe direct
union of two A-a-XWgO34]™ or two [A-B-XWeOz4]"™ trilacunary Keggin units (see
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section 3.1.3.)Lthrough the six upper crown oxygens (see Figur8)3.The p-
X2W1g062]% (X = PP*, As”*] Wells-Dawson « isomer results from twoAfa-
XWgOs4] units, whereas thgisomer is obtained by the union éf§-XW 034 and
[A-f-XW 9034 fragments. By combining twoAFS-XWoOz4] isomeric units, the
isomer is formed. The different isomerisation of\Owill be discussed in section
3.1.288

Figure 3.10: Wells-DawsormfX2WigOs2 & (X = P°*, AS™] polyanion.

3.1.2 Isomers of polyoxometalates

3.1.2.1lsomers of Keggin- and Wells-Dawson-type polyoxomalate

According to the structural studies on POMs by Bakel Figgis in 1970, there are
five structural isomers of Keggin polyanions £, y, 6 ande isomer) (see Figure

3.11)89Thea isomer represents the parent anion, whereas thé ande isomers
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are generated by rotation of 1, 2, 3 and 4QM] triads through 60 °. The parent
anion and their resulting isomers have symmetrie3q4pCsy, Coy, Cazv and Tg,
respectively’’ Amongst them, the isomer shows the highest stability, due to an
increase of rotated triads reducing the stabilitthe structuré! This observation
results from the increase of Coulomb repulsion whinders the p-dn orbital
overlapping® These isomers can be obtained by slight changeseaation

conditions, which underline the flexible natureR@dMs.

Similar to the Keggin-type structures, the WellsaBan POM can have three
structural isomers. The isomer is the parent anion, whereasgrendy isomers
can be obtained by rotation of 1 and 2 triads thho60 °, respectivel§?

@

_—

»

(o) o isomer (b) B isomer

-~

&

(e) € isomer (d) o isomer

_

&
e

(c) v isomer
CZV

" &

Td C3v

Figure 3.11: The five Baker-Figgis isomers of Keggolyanion. Rotated [bD:4] triads
are represented in the dark red polyhedra.

As for the Anderson-Evans structure, there is aldamous Al based analogous
cation to the--Keggin structured-AlO4Al15(OH)24(H20)12 " (“Al 13”) discovered

by Johanssoret al* The central AlQ tetrahedron is connected to twelve
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surrounding AlQ octahedra via edge-shared hydroxyl groups anad¢kehedral
corners are occupied by.@& molecules.

3.1.3 Lacunary derivatives of polyanions

Lacunary derivatives of parent anions can be aehidwy removing a various
number of octahedra under different reaction cemakt Lacunary species can be
obtained from, # andy isomers’*~*3In this thesis, only theisomer based lacunary

polyanions will be discussed.

3.1.3.1Lacunary derivatives based on the Keggin ioneg-XM 12040]™

Three possible lacunary species can be derived f&optenary ¢-XM 12040]™
Keggin structure, are shown in Figure 3.12. By elation of one octahedron, the
mono-lacunary species-XM11040]?" can be formed. On the other hand, e
Type species A-a-XMgOao]* is obtained by removing a corner shared-triad.
Likewise, theB-Type fragmentB-a-XMg¢Oasq]™ results from the removal of edge-

shared triad€?%3
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[0-XM,040]™

8
&
2

[B-0-XMgO3,]™

& o

Figure 3.12: Mono- and trilacunary species derifaamn [a-XM:2040 " Keggin
polyanion.

3.1.3.2Lacunary derivatives based on the Wells-Dawson iofa-X2W 18062]°-

For thea-Wells-Dawson polyanion, four possible lacunarycsge are known. The
monolacunary:- andoz-type derivatives are formed by removing one odabre
from the belt or from the cap, respectively. Thétela trilacunary species
[P2W150s¢]'2" (see Figure 3.13 (a)) is obtained by the remof/ahe [MsO:13] triad
corresponding to a cap, whereas the hexalacunaBs\[W:04g] ' (see Figure 3.13
(b)) is formed when two triads from the belt pontiof the parent anion are

removed®
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(2) (b)

Figure 3.13: Tri- and Hexalacunary species of éh@/ells-Dawson heteropolyanions
(@) [P2WisOsg] 12, (b) [H2P2Wi2Oag) 2.

3.2 Metal-Organic Frameworks (MOFs)

Recently, there is a growing interest in the fiefldmetal-organic frameworks
(MOFs), resulting in an increasing number of repodrtructures. These materials
have potential applications in various fields saslgas storagé;°separatiort®2°
(enantioselective) catalysis!®?! magnetisnf? proton conductiod® drug
delivery’*?® and nonlinear optical materigfs!82022.29\etal-organic-frameworks
are constructed of inorganic building blocks, stechsecondary building units

(SBUs) and organic ligands (also called linkers)olwlgenerate a 3D network.
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3.2.1 Primary Buildings Units (PBUS)

The term “Primary Building Units” (PBUs) comprisi® organic ligands and metal
atoms or polyatomic clusters, respectiv®yhe latter can be based onZriéNi,*°
Cu?3Na?® Ag,2® Mg,?® Fe?? Cr'’ and other metals ions, whereas the linkers have
essential functional groups (see section 3.2.2)rder to coordinate to the SBUs
(see section 3.2.3) resulting from the metal ions.

3.2.2 Linkers for MOFs

As shown in Figure 3.14, organic ligands, which ased in MOF structures,
contain coordinating functional groups such as @aytate?!?’ amin&®, pyridyl
nitrile,?® sulfonaté® or phosphonat& However, there are also some ligands, which

contain more than one type of functional group.
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Carboxylate Sulfonate

- - ¢ ¢ )
0”0 0~ o ‘ - od
BDC R-BDC o Q !g O
070
BPDC ‘

0=8=0
o
ADTS
Amine Nitrile Phosphate
I/N\I [N | Ny CN
o)
Mo N - U
HMT DABCO _
< ‘
N
4,4 bipyridine
CN
BPCN

Figure 3.14: Examples of organic ligands used f@Mconstructions.

One representative is R-BDC, where besides theoggldte functional groups in
BDC, a Br- or NH-group is present in ortho position. Every linkexsha given
geometry of linking point, ranging from linear up tetrahedral geometry. The

abbreviation codes and the geometry of the linkezdisted in Table 3.3.
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Table 3.3: Names of ligands, their abbreviationendnd associated references.

Abbreviations Name geometry ref.
BDC 1,4-benzenedicarboxylate linear 17
R group (such as Br-, NH
R-BDC aroup { o linear 17,19
etc.) functionalised BDC
BPDC biphenyl-4,4'-dicarboxylate linear 17
BTC 1,3,5-benzenetricarboxylate trigona 17
1,3,5,7-tetrakis(4-
ADTS | tetrahedral 9%
sulfonophenyl)adamantine
HMT hexamethylenetetramine tetrahedral %’
DABCO | 1,4-diazabicyclo[2.2.2]octane linear o8
4,4'-BPY 4,4'-bipyridine linear e
BPCN 4,4'-biphenyldicarbonitrile linear 7
1,3,5,7-tetrakis(4-
ADTP | tetrahedral 9%
phosphonophenyl)adamantine

3.2.3 Secondary Building Units (SBUS)

The metal atoms or polyatomic clusters mentiongtieémnotion of PBUs, form so-
called Secondary Building Units (SBUSs) in solutidimese SBUs can be seen as
junctions between linkers with a certain geomeffigure 3.15 shows three
examples for carboxylate based SBUs. The SBU, usdlde isoreticular MOFs
(IRMOFs)-series! is the ZnO cluster, in which a central oxygen atom is
tetrahedrally coordinated by four Znions. Furthermore, each Zn atom is

coordinated by one O atom of three carboxylatenliiga The first report of the use
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of ZniO as SBU was established by Yaghal.in 19991% Another example for a
junction is the Cucore utilized in HKUST-1, which was first reported1999 by
Williams et al. where two Cé' ions are coordinated by four carboxylate ligands
and two water molecules forming a paddle wheel shraplet®* Moreover, these
two H>O molecules can be replaced by a neutral N-dogandl (e.g. DABCO, 4,4'-
BPY) in order to expand the framewdf&®1%2Similar to the ZnO cluster in the
IRMOF-series, the SBU in MIL-101 which was firspoeted by Margiolaket al.

in 2005, contains a central oxygen atthin this case, however, this central O
atom is triply bridging three €tions establishing a trigonal SBU. In addition,leac
Cr atom is further coordinated by one O atom of focarboxylate and one B
ligand.

However, it is not necessary that a SBU is budlbfrmulticore clusters, even single

metal atoms such as Na, Ni and Ag can functionjasion?®

3.2.4 Topological consideration of MOFs

The combination of the building blocks SBU and énkeads to a framework. The
topology is influenced by both the structure of 88U and of the linker. Figure
3.15 shows three examples of SBUs and the corrdesppMOF structure obtained

by using the associated linker.
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1) 2 &)
T, node Paddle Wheel Trigonal

Figure 3.15: Three possible secondary building siBUs) and the associated linkers
forming three different frameworks: (1) £ (Colour code: Zn: light blue, O: red, C:
grey) and BDC forming MOF-5; (2) G{H20). (Colour code: Cu: violet, O: red, C:
grey)and BTC forming HKUST-1;(3) ¢ (Colour code: Cr: green, O: red, C: grey) and
BDC forming MIL-101. In order to see the coordinatisites, the metal cores of the SBU
units are already coordinated by carboxylate graudpsatoms are omitted for clarity.

In the cases of MOF-5 and MIL-101 the utilized Bnks BDC, however, the
resulting topology of the two structures is differeThis indicates that the choice
of the SBU is essential for the topology of tharfeavork.
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By replacing BTC with BDC in HKUST-1, the resultiogmpound forms 2D sheets
of Cu(BDC), which evidence further that the choafethe linker influences the
topology of the framework®* In this case, the # molecules which coordinate via
the O to the Cu atom, are replaced by DMF molecutesrder to achieve a 3D
structure these DMF molecules can be substituted,4yBPY or DABCO, thus

providing connections between the 2D layers.

Changing the geometry of the linker within a conadion polymer is not the only
option to achieve a novel structure, also extenthiegrganic backbone of the rigid
linker results in a new framework. Replacing BDCBBDC in MOF-5 for example
results in an elongated network with an isoreticataucture (so-called IR-MOF),
which reveals that both structures have the sarpeldgy!® However, if the
chosen organic ligand is too long, the stabilitytted network is reduced® This
results in catenation of frameworks, which stab#ithe overall material. There are
two types of catenation: interpenetration and imézving°®1%’ In the case of
interpenetration the networks are maximally dispthfrom each other by shifting
the second framework exactly one half of the pare ® thea, b andc directions.
This reduces the pore size of the material witlzolbliockage of adsorptive sites. In
interwoven frameworks, the distance between twavoids is minimized without
atomic overlapping, thus blocking potential adsegpsites. This results that the
topology of the resultant material can not longedescribed by a single network,

but how the individual frameworks are related toheathert%

3.2.5 Crystal-to-crystal (CTC) (topotactic) transformation

The crystal-to-crystal (CTC) transformation of adioation polymers is an
interesting topic having an effect of the dimensaldg and the physical properties
of the material. The crystal structure transfororatcan be influenced by the

expansion of coordination numbers, the removal/argke of solvent molecules
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and the rearrangement of bortsTo date, a CTC transformation can be done by
the change of the temperature of the MOF structuaereactions of the framework

with small molecules or by photochemical reactibfis.

Englert et al. demonstrated the change of the dimensions of arcHdin of

[ZnCly(u-bipy)]- to a 2D structure [ZpECl)2(p-bipy)]- by cooling down the
crystals below 130 K!! This process is reversible by warming up the campdo

360 K. Heat treating of MOF structures can causgelds of solvent molecules,
which might result in the distortion and sliding @fetworks, change in
conformation, coordination environment or spaceigsd*?1?°The removal of the
solvent molecules in the pores of the network a@fect the properties of the
structure, such as magnetism and luminescence miesdé!122 Furthermore, the
solvent molecules can be also reversible replagegugst molecules or other

solvent molecules!®

An example for the reaction of CPs with small males is the oxidation of Ki to
Ni®* with 12 in [NizL] 3(BTC)a- 6py- 36HO (L = bismacrocyclic ligand (£sHs2N10))
to form [NiL]3(BTC)a(l3)a- nk- 17HO, whereas the channels of the new formed

networks containzl ions and4 molecules!®

The CTC transformation via photocatalytic reactiequires olefins as part of the
linker in the MOF system. Under irradiation the$efins can react intermolecular

in a [2 + 2] cycloaddition, resulting in a chandetee network:?®

3.3 Polyoxometalate-based Metal-Organic Frameworks
(POMOFs)

A combination of the aforementioned materials ngn&Ms and MOFs result in
polyoxometalate-based metal organic frameworksaied POMOFS®3"3These

generated compounds may combine and/or improve@ar bave new properties
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which the individual components POMs and MOFs dbhmave. To date, three
subgroups of POMOFs are known in the literatureP@Ms occupying the cavities
of a MOF structure (POM@MOFES#? (b) POMs used as SBUs in the
networké®3743444%nd (c) POMs as part of the linker of the frameufé¢’ Figure
3.16 illustrates these three examples of POMOFQM@MOF system, Keggin
anions occupy the hollow space in a HKUST-1 netwaoinle so-called NENU-
series, published by St al*® (b) Keggin ions can also be part of SBUs in a 3D-
framework, as reported by Dolbeetal 3’. (c) In order to achieve a structure where
POMs are part of the linker, the Anderson-Evan®rang a good candidate,
published by Yangt al*’ Table 3.4 contains information of the three subpsoof

POMOF systems with associated examples of POMsedactences.

() (b) ©

Figure 3.16:(a) POM@MOF structure published by $alé?, colour code: Cu: light
blue, O: red, C: black, Keggin polyanions greenyanlion with dark blue polyhedral
model; (b) Kegging ions as SBUs in an organic-iramg framework published by
Dolbecq et af’, colour code: Zn: light blue, O: red, C: black, ¢@n polyanions green
polyhedral models and (c) Anderson-Evans POMs asqgbdhe linker of the framework
published by Yang et &l. colour code: Cu: light blue, I: violet, O: red, Glack, N: blue,
Anderson-Evans polyanions (green ring with red petiral models).
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Table 3.4: Table of different POMOF systems andeiased references.

POM building unit POM@MOF | POM as SBU | POM as Linker | ref.
TMS-POM(lacunary Kegging ion) X 42
Keggin ion X 0
Keggin ion X 4
Lindqvist ion X 3
Keggin ion X 36
Keggin ion X 37
Keggin ion X 4
Keggin ion X a4
Keggin ion X 50
Keggin ion X 124
Keggin ion X 125
Anderson-Evans ion X 9
TMS-POM(lacunary Keggin ion) X 38
Wells-Dawson ion X s
Anderson-Evans ion X a6
Anderson-Evans ion X ad
Lindqvist ion X 126

3.3.1 Properties of POMOFs

POMOF materials may have properties, which theviddal components POMs
and MOFs do not have. In the following, some exa®plf the three subgroups of

POMOFs and their properties will be discussed.
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(@): In the case of POM@MOF, Craigt al reported aerobic ¥ and thiol
oxidation by taking advantage of the catalytic gjes of the POM and the large
surface area of the MOF in [€@sH306)2]4[{(CH 3)aN} 4CuPWi1039H].4?

(b): In order to use POMs as SBUs in a 3D networkyidging atom such as
Ni, 38511277 363744 4950128 pg12540.12%etween the terminal oxygen atoms of
the POM and the functional group of an organicdinfusually a carboxylate or an
N-donor ligand) is needed. These compounds westigated as a catalyst for the
Hydrogen Evolution Reaction (HER}* electro-catalyst for the reduction of
bromate®® proton conductdf and photocatalyst for the reduction of rhodamine-B
(RhB)!?® and methylene blue (MBY, respectively. Nohra et al. synthesised a
compound with the formula
(TBA)3[PM0YsM0"'4036(OH)sZNns][CeH3(COO)]4/3:6H20 also called g(trim)as)
that shows the onset for the hydrogen evolutiontrea (HER) in an (1 M LiCl and
HCI (pH = 1)) medium at +20 m¥. Compared to platinum as an electrode which
has an onset for HER at -242 mY(t(im)4/3) shows an anodic shift which means

that this material is more active than®Pt.

Regarding the field of hydrogen technology, Veéeial. reported three POMOF
composites {[X(Hbpdc)(k0)2]2[PM1204q)} ™ (X = CL?*, Ni**; M = Mo, W), which
could be potential candidates for proton exchangenbranes in fuel celf$:>
However, compared to NafiBr(standard proton exchange membrane), which has
an activation energy4of ca. 0.15 eV (when it is fully humidified), tree®OMOF
systems exhibit a much higher activation energgbufut 1 e\P1*°That means, in
the case of POMOFs, further investigation is neaedeatder to apply them as an

alternative candidate to Nafi®n

(c):The third approach is based on the use of organiganic-POM hybrids,
which already contain organic ligands with suitatd®rdination groups, thus the
candidates for this purpose are Lindqvist- and AsaeEvans-based POM
hybrids. In 2008, Hasenknopét al. published amongst others the hybrids
[V 6013{(OCH2)3sCCHOC(0)(4-GHaN)}2]>~and [MnMaO18{(OCH2)sCNHCO
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(4-GsHaN)} 2], where these were used in a second step to catedin a Ru-
porphyrin-derivative via the pyridyl group§Rosset al. also used the previously
mentioned Mn-Anderson-Evans-hybrid in order to f@Dr and 3D-structures with
Cu?* and Zrt*, respectively® Furthermore, [MNnMgO1s{(OCH2)sC(CsHaN)} 2])*
was also used for the coordination t¢Cand Zi*.%6In 2016, Yanget al.employed
the aforementioned hybrid with Cul under variousdibons and demonstrated
coordination polymers linked by (lu moieties (where x = 2, 4) building up 2D-
and 3D-structured’ In this study, the 3D structure
(TBA)6[Cual4][MNM0 6018((OH2C)3C(CsHaN))2]2 was also investigated as a
catalyst for click reactions between azide- angradkderivatives.

3.4 Catalysis

3.4.1 A3-coupling

A three-component coupling of an aldehyde, an amikan alkyne (ACoupling)
using Cd*?* or Ag'* as catalyst, has proved to be a powerful methatder to
synthesize propargylic amines in one-pot reactama versatile building block for
biological active compound$®'3!Figure 3.17 shows an example c¥@oupling
using R to R for imaginary residue. In the first step the algihand the secondary
amine form an iminium catiol¥? Theoretically, it is also possible to use primary
amines instead of secondary amines, whereby areimiformed as the product of
the first step (also termed Schiff bas¥)Via tautomerism, the positive charge at
the nitrogen atom can be transferred to the cagtom of the former aldehyde
group. In parallel, a Cu based catalyst coordintdesn alkyne, followed by an
insertion of the Cipn between the triple bond and the terminal hydrogtom.
This activated form of alkyne couples with the esponding iminium ion to form

the desired product.
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In previous reports, this kind of reaction requiteatsh and inert conditions. We
were therefore interested in developing novel gatal which can work under mild

and aerobic condition's?

H—==~R"
Cu
H——~R*
H-Cu——7~R* Cu
1
! R2+_R3 RZ. .R3 RZ..R3
R "H N‘ j\]\ N
+ —_— >
-OH" R"" "H R'™H - H,0 R'J\
2 3 )
R‘N/R R4

H

Figure 3.17: A-Coupling of an aldehyde, an amine and an alkynardter to form
propargylic amines.

3.4.2 Catalytic reaction for the implementation of furfur al with amines

Rare earth metal (RE= Dy, Eu, La) containing compounds are well knoagm
catalysts for the reaction of furfural and amines, form trans4,5-
diaminocyclopentenones. These structural motifsvarsatile building blocks for
the retrosynthetic pathway of (-)-agelastatint®A This architecturally unique
cytotoxic tetracyclic alkaloid was first isolatebin the axinellid sponge Agelas
dendromorph&3413° Over decade, the conversion of the commercialbilable
biomass furfural to diastereoselective cyclopemesohave been intensively
established and explored. Figure 3.18 shows thetioga of furfural with
morpholine to forntrans-4,5-dimorpholinocyclopent-2-en-1-o4&:137
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H MeCN, r.t.

0
H —N 0
o 0 N RE** _/
W v [j — \ + 2H,0
o p
-

19)

Figure 3.18: Synthesis of trans-4,5-dimorpholindogent-2-en-1-one from furfural and
morpholine.

Figure 3.19 illustrates the propose mechanismisfréactiont® In the first step, a
RE®* ion coordinates to the formyl group of furfurahus increasing the
electrophilicity on the carbon of the aldehyde. Hutivated formyl group reacts
with the amino group of the secondary amine formamgiminium cation and
releasing an OHanion. In the next step, a RHon coordinates to the oxygen of
the furan ring, which results in an increased ebgttilicity on C5 of the furan ring.
A nucleophile (e.g. BNH) can react with this carbon atom, releasing Wwhich
forms HO with the previously released Oidn. The RE' then detaches from the
oxygen of the furan ring which is followed by agiopening step, causing a charge
separation (oxygen atom is negatively charged,ogén atom is positively
charged). A ring closing step follows (shown widd rarrows), connecting the C5
and C1 atoms of the aforementioned intermediaselltieg in a neutralrans-4,5-

diaminocyclopent-2-enone derivative.
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RE3+
_’l + I B
H & H o H 7 N
_RE3+
R,NH
-t
- 3+
0 Q" A RE
C VNS 2 RN o NR, _REM RyN CI) NR,
2 5 =~ S

NR, NR,

Figure 3.19: Proposed overview of the general mawdma of the reaction of furfural and
a secondary amine using a rare earth metal in axiestate 3+ as Lewis acid, which
acts as a catalyst.

3.4.3 Electrocatalysis

Another interesting field of catalysis is electrtadgsis, where a catalyst can be
utilized as an electrode material (heterogeneoestrecatalysisf or in solution
(homogeneous electrocatalysi¥) One interesting area in this field is the splitin

of water into its components (equation (3%)).

2H,0 »2H, + 0, (3.1)

Amongst many other methods, linear sweep voltamm@iSV) and cyclic
voltammetry (CV) are the most common methods usesleéctrochemistry. Here,
the three-electrode setup is used, where the patestmeasured between the
reference and the working electrode and the cuisetgtected between the working
and the counter-electrod&:*° During an electrochemical process a reactant can

be oxidized or reduced, respectively:
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+e~ He”
Aoy = A = Apeq (32)
—e~ —e

As shown in Figure 3.20, Bnear sweep voltammogramstarts at an initial
potential Etart (1), at which no electrode process takes placbs&yuently, the
potential will be altered by a constant rate (sbedascan ratep, until the reversal

potential & (2) is reached, indicated by the arrow in thedliom of the sweep scan.

E\ (@)

Current

Estan (1)
———

Potential

Figure 3.20: Linear sweep voltammetry.

Before describing and explaining the shape of icyoltammogram, it should be
noted that in this work the convention accordingtBAC is used for the evaluation
of cyclic voltammogram, which isThe international, or IUPAC convention displays
negative (reducing) potentials to the left of 0.80¢ positive (oxidizing) potentials to
the right. Cathodic (reduction) currents are digpthas negative (down) values along

the ordinate, while anodic (oxidation) currents displayed as positive (upj*

As shown inFigure 3.2Qthelinear sweep voltammogram begins at&21) on the

left hand side of the current/voltage plot wherecnoent flows. As the voltage is
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increased by a constant scan rate to the rightdébixe values), a potential is
reached at which the reactant A is being electnootedly oxidized. At this stage

two parallel processes take pldte:

By increasing the potential E, the oxidation of@pe A takes place, which causes

a concentration gradient at the electrode and @ease of the current.

According to the Nernst equation:

RT Aox
E = EO + ;lna (33)

Inserting the constants R and F, transforming fraatural logarithm to decadal

logarithm and choosing the temperature 25 °C, ¢juaton is:

0.059V Aox

E - EO + Ared

log (3.4)

E: potential

Eo: standard potential

R: gas constant (8.314510 J/(mol-K3)

T: temperature in Kelvin

z: number of electrons involved in the electrocheahreaction
F: Faraday constant ( = 9.6485309 Cdmol)*43

Aox: activity of oxidized species

Ared: activity of reduced species

the concentration of the reduced species A decseblsmvever, a diffusion layer

is gradually formed, surrounding the surface ofdleetrode, which counteracts the
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concentration gradient and thus reduces the nuoifbelectrochemical reactions.
The resulting current sinks again, an oxidatiorkg#as observed and the potential

reaches E where the voltammogram ends.

In the case afyclic voltammetry (a cyclic voltammogram is shown in Figure 3.21)
the electrochemical processes are the same asiearlisweep voltammetry.
However, a cyclic voltammogram does not stop,ard&her, this value is fixed as

a turning point and the sign of the scan rate belchanged.

E\ (2)

Current
X

Estan (1)
——

Potential

Figure 3.21: Cyclic voltammogram.

At this point, the resulting productoAis partly distributed due to diffusion
processes into the electrolyte; however, the enuaient of the electrode is still
surrounded by it. This means the concentratiorefititial species A around the
electrode approaches zero. This can be also se#e ityclic voltammogram, as
with the change of the sign of the scan rate threenticontinues to decrease. At
this stage the oxidized species gets reduced aghareas with further continuing

scan rate the concentration of A increases ardumélectrode surface. At a certain
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potential, species A, which surrounds the electrbdeomes reduced taeA This

Is accompanied by a strong increase of negativeesyyrwhere the processes
mentioned for the anodic current are also takimgelfor the cathodic one, but for
the reduction of A to Ad¢ This results in a reduction peak (ll) and thelicyc

voltammogram ends at the initial potentiakk

3.4.4 Photo-electrocatalysis

Photocatalysts can facilitate chemical reactionth wie help of irradiation. This
type of material must fulfill certain propertiesonder to be called a photocatalyst.
As before, the catalyst can be present in homogenoheterogeneous media. In
this work, only heterogeneous catalysis will bedssed, but firstly, the differences
between conductors, semi-conductors and insulai@escribed. As shown in
Figure 3.22, all three types of materials havelanae and conduction band, and in
the case of semi-conductors and insulators, a lzgnag) added. The valence
(HOMO) band contains electrons, whereas the cormu@UMO) band is empty
by definition. Furthermore, a bandgap is an ar@arsging the valance band from
the conduction band. In the case of a conductar, thlence band and the
conduction band overlap. By applying an electritage, movement of the valence
electrons takes place because these have enougbupied energy states in the
conduction band to mové? If the valence band and the conduction band are
energetically separated from each other, first allsbandgap is created, as is the
case for the semi-conductor (Figure 3.22 (b)).roteoto bring the electrons from
the valence band into the conduction band, a ceamiount of energy is needed.
For semi-conductors such as ZnO and zTte value is about 3.2 eV, which
corresponds to 388 nm or 25810°tM°14By increasing the bandgap, the energy
which is needed to bring electrons from the valetacéhe conduction band is

increased, until this barrier is too large for aglgctron transfer. This kind of
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material is called an insulator. The bandgap cancdleulated by using the
absorbance of the solid state UV-vis spectrumterftauc method.

() (b) (©)

Irnndnrrinu band

conduction band conduction band bandgap

I PO A Tbandgap

valence band valence band valence band

conductor semi-conductor insulator

Figure 3.22: Schematic drawing of a conductor &mi-conductor (b) and insulator (c).

For a photocatalyst, the material class of a semdigotor is required because the
electrons in the valence band can be transportethgéoconduction band by
irradiation (heat or light}** By a transition of an electron from HOMO to LUMO,
a hole (R) is created in the valence band. This results Ttharge separation,
whereby the negatively charged electrons can bd tmea reduction and the
positively charged holes for an oxidation of onermre reactant¥’ In principle,
this charge separation is easier to achieve wherb@mdgap is small, but would
increase the probability of a recombination oéed H, reducing the efficiency of
the systent?® On the other hand, a charge separation in a senguctor with a

large bandgap requires more energy.

The combination of photo- and electrocatalysis teeathe field of photo-
electrocatalysis. Here, the photocatalyst servea agorking electrode. Linear
sweep voltammetry (explained in section 3.4.3hesmethod used and a Xe lamp

(300 W, A =185 - 2000 nm) is utilized with a frequency chagt scan of for
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example 0.33 Hz. Figure 3.23 shows an example fdradiocatalytic study. At the
moment when the light is switched on the curreataases dramatically. When the

light is switched off, however, it drops again. §hbehavior indicates a
photocatalytically active material.

light off
light on

N

Current

Potential

Figure 3.23: Linear sweep voltammetry with a certiiequency chop light scan shining
on the catalyst.
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4 EXPERIMENTAL SECTION

4.1 Instrumentation

4.1.1 Fourier Transform-Infrared (FT-IR) Spectroscopy

Infrared spectra were recorded on a Perkin EImec®pm GX FT-IR spectrometer
as KBr pellets in the range 400 @érto 4000 crit with a resolution of 8 crh The
following abbreviations were used to describe tbakpcharacteristics: br = broad,

sh = shoulder, s = strong, m = medium and w = weak.

4.1.2 Elemental Analysis (EA)

To determine the carbon, hydrogen, nitrogen anfiliistfactions of the samples,
elemental analysis was carried out using a "Varor®Cube" device from Perkin

Elmer.

4.1.3 Single crystal X-ray diffraction (SCXRD)

The structures in this thesis were measured usigescrystal X-ray diffraction
(SCXRD) on area detector diffractometers: IPDS Mo{Ka, A =0.71073 A,
detector: image plate), STADIVARI (Mod A =0.71073A; Cu-k,

A = 1.5405 A, detector: Dectris Pilatus 300K (daiec€MOS)) and STADIVARI
(Ga-Ka, A =1.34143 A, detector: Dectris Eiger2 R 4M (da&iedype: HPC))
(STOE) and Supernova (MoK A = 0.71073 A; Cu-I§, A = 1.5405 A, detector:

Dectris Pilatus R 200K (detector: HPA)) (RigakuheTmeasurements were taken
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at temperatures of 150 K and 180 K. The crystalewattached to the goniometer
head with perfluoroether oil. In order to determihe unit cell, first some frames
were recorded at different angles of rotation. Ta@omplete measurement based
on the orientation matrix and the lattice consteas performed, the data integrated
and corrected for Lorentz and polarization factdtee structure determination and
refinement were performed using SHELXT? or OLEX21%° Figures were

produced using the program Diamond %#4.

4.1.4 Powder X-ray diffraction (PXRD)

To check the purity of crystalline compounds, @diffiograms of the samples were
recorded using a STOE STADI-P diffractometer withu-ICo radiation
(A = 1.5405 A) at room temperature and processed tiss\WinXPow softwaré>?
The simulated PXRD patterns of the crystal strieguwere generated using
PowderCell 2.3%3

4.1.5 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectra of the compounds were measured uddnglkeer Ultrashield plus 500
(500 MHz) and Varian 500 MHz spectromett- and *3C-measurements were
recorded using deuterated solvents and referendettamethylsilane (TMS) as an
internal standard(= 0 ppm).
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4.1.6 Topology

The topologies of some of the obtained crystalcstines were assigned using the
program ToposPro 5.3.3.4 and the figures were medlusing the program
Mercury 3.10. 154155

4.1.7 Analysis of the coordination geometry of the metatentres

The coordination geometries of selected metal esntiithin the crystal structures

were determined using the program SHAPE.

4.1.8 Solid state UV-vis spectroscopy

Solid state UV-vis spectra were recorded on a VARIBARY 500 Scan UV-vis -
NIR spectrophotometer in the range 200 nm to 80@tarscan rate of 600 nm/min.
Samples were dispersed in a drop of mineral oisfactroscopy (Nujol mulls) and
sandwiched between two quartz glass plates.

4.1.9 Electrochemistry

Electrocatalytic studies were performed using an&G 273 A. Potentials are
guoted against a saturated calomel electrode (SI3t€).counter electrode was a
platinum gauze of large surface area. All experisevere performed at room

temperature.
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4.1.10 Photo-electrochemistry

Photo-electrocatalytic studies were performed ziig a Xe lamp (300 W,

A =185 - 2000 nm) with a 0.33Hz chop light scan angotentiometer CS350
single channel potentiostat of the company CorfTestruments with a linear

sweep voltammetry scan mode over the range -0@ V.4 V at a scan rate of
0.01 V/s. A 3-electrode system with Ag/AgCl as #&erence electrode and a
platinum wire as a counter electrode was used.sSHmeple to be examined was
spin-coated onto a ZnO-coated fluorine-doped til@XFTO) substrate and used

as working electrode.

4.2  Synthesis and synthetic strategies

All reactions were carried out in both in air, undeert atmosphere and
solvothermal conditions (Figure 4.1). Crystals wap&ined either by diethyl ether
vapour diffusion into the mother liquor (Figure 3@ using layering method
(Figure 4.3). Crystalline powder of these compouart$ ligands were obtained by
stirring of the reactants. The methods pe- and postfunctionalization are

described in section 3.1.1.2.1.1. Chemicals werelfased from Alfa Aesar, Sigma
Aldrich, VWR Chemicals, ROTH, Merck, TCIl or Honeweand were used

without further purification.
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Figure 4.1: Setup for solvothermal reaction (autad) , Reaction mixture is placed in
teflon container (A) and closed with teflon lid (Bhis container will be placed in the
stainless steal container (C), covered with melaigy(D) and (E), the spring is put on
top of (E), followed by (G) and sealed with (H)efitthe autoclave can be transferred in
an oven and the reaction can be started.

Mother aluminium transfer vial standing for
Liquor foil mother liquor sealed crystallization
vial into
vapour vial

Figure 4.2: Diethyl ether vapour diffusion. The hdantaining the mother liquor is
covered with an aluminium foil. This vial is theartsferred into a bigger vial containing
diethyl ether. The bigger vial will be sealed amgkfor crystallization.

52



4. Experimental Section

.‘j - N — = ;‘g B | f B
reactant A boundary layer reactant B vial standing for
in solvent A solvent A:B/1:1 in solvent B sealed crystallization

Figure 4.3: Layering method. Reactant A in solv&iig put into the vial, followed by the
buffer layer consisting of solvent A and B in ratial. Then reactant B in solvent B will
be layered on top of the buffer layer. The vial bd sealed and kept for crystallization.

4.3 Synthesis of previously reported precursors (Pre) rad
linkers (L)

4.3.1 [N(n-CaHg)4]4[M0sO2g] (1)

[N(n-CaHo)4]4[a-MosgOz2¢] (1) was synthesized according to the literature method
A solution of NaMoOs-2H0O (5.00 g, 20.70 mmol) dissolved in 12 mkHwas
acidified with 5.17 mL of 6,0 M aqueous HCI (31.®dnol) with vigorous stirring
over a period of 2 min at room temperature. Theolation of tetrabutylammonium
bromide (3.34 g, 10.40 mmol) dissolved in 10 miOHvas added and the resulting
suspension stirred for 10 min. The resulting wiptecipitate was isolated by
filtration and was washed with 20 mL o&®, 20 mL of ethanol, 50 mL acetone
and 20 mL diethyl ether, The solid was air driegigdd 4.85 g (2.30 mmol, 89 %
based on Mo). The product was characterized usiiRFspectroscopy (KBr,
cmih): 3473 (br, w), 2968 (s), 2938 (sh), 2878 (s),274), 1883 (br, w), 1702 (w),
1484 (s), 1386 (m), 1348 (sh), 1288 (w), 1138 @&¢ (sh), 918 (s), 857 (s), 812
(s), 664 (s), 559 (M), 522 (m), 501 (m), 417 (w).
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4.3.2 Nag[Al(OH) sM0o6O1g]- 2nH20 (n = 2-10) (2)

Nas[Al(OH) sM06QO1¢] (2) was synthesized according to the literature methGEb

a solution of 25 mL of D and 10 mL of acetic acid AlE6HO (1.5g,
6.21 mmol) and N&oOas-2H0 (3.5 g, 14.50 mmol) were added under stirring.
The pH value was adjusted to 1.8 by addition oP@%ydrochloric acid. The
resulting reaction mixture was kept at room tempueeain an open 100 mL flask
and after one week white crystals were isolatefiltogtion and dried in air to yield
2.0 g (1.76 mmol, 73 % based on Mo). The product eferacterized using FT-IR
spectroscopy (KBr, cr): 3299 (br, s), 1619 (m), 957 (sh), 919 (s), (@8 648
(s), 576 (sh), 525 (sh), 451 (m), 388 (s).

4.3.3 [N(n-CsHg)4]3s[MnMo 6018{(OCH 2)sCNH2}] (3)

[N(n-C4Ho)4]3[MnMo s018{(OCH 2)3sCNH2}2] (3) was synthesized according to the
literature method® A mixture of [N{O-CsHg)sJa[a-MosOz¢] (1) (8.00 g,
3.70 mmol), Mn(CHCOOX:- 2H0 (2.49 g, 5.60 mmol) and
tris(hydroxymethyl)amino methane (1.56 g, 12.80 M)nio 150 mL acetonitrile
was refluxed for 20 h. Then the orange suspensasowmoled to room temperature
and the brown precipitate was filtered off and digled. The filtrate was placed in
a diethyl ether atmosphere and after 2 h the iagulthite precipitate was filtered
off and discarded. Then the filtrate was again egddo diethyl ether vapour. After
one day, orange crystals had formed. For a higieddt,the diethyl ether diffusion
was continued for another 10 days. The crystalg wellected by filtration and air-
dried to yield 7.459g (3.94 mmol, 80 % based on .Mmhe product was
characterized using FT-IR spectroscopy (KBr;1gm3442 (br, m), 2961 (m), 2938
(sh), 2878 (m), 1650 (w), 1484 (m), 1386 (w), 128) 1047 (s), 941 (sh), 920 (s),
902 (sh), 830 (w), 799 (w), 662 (br, s), 562 (W§94w), 414 (w).
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4.3.4 [N(n-CsHo)4]s[MnMo 601s{(OCH 2)sCN=CH(4-CsH4N)}2] BDMF (4)

For the synthesis of [N(n-CaHg)s]s[MnMo 601s{(OCH 2)sCN=CH(4-
CsH4N)}2] BDMF (4) reported in the literatu®, an alternative procedure was
developed. A mixture of [N¢CaHg)4]s[MNMoeO1s{(OCH2)sCNH2} 2] (3) (100 mg,
0.053 mmol) and 4-pyridinecarboxaldehyde (0.1 m14 fing, 1.06 mmol) were
dissolve in 2 mL DMF by heating gently. The reactimixture was placed in a
diethyl ether atmosphere and after 1 day, orangsais had formed. A quantitative
yield of 107 mg was achieved by continuing thetdieether diffusion for further
7 days. Elemental analysis (%) calc. for M@ sCeo5N7.5H1335
(2096.918 g/mol)  [Nf-CaHg)a]slMNMoeO18{(OCH2)sCN=CH(4-GH4N)} 2] 0.5
DMF: C: 39.81; N: 5.01; H: 6.42. Found: C: 39.40;9\22; H: 6.57. FT-IR (KBr,
cmy): 3571 (br), 3433 (br), 2972 (s), 2925 (sh), 28661674 (s), 1641 (sh), 1599
(m), 1563 (w), 1487 (m), 1461 (sh), 1408 (sh), 1885 1326 (w), 1260 (w), 1230
(w), 1174 (sh), 1155 (w), 1095 (s), 1026 (s), )1 921 (s), 905 (sh), 822 (w), 803
(w), 740 (sh), 668 (s), 566 (m), 520 (sh), 464 (w).

4.3.5 4-HOOC(CeH)CH2NHC(CH20H)3 (L1)

O OH
OH
OH
o H,0
Br + HO OH >
rt,20h
NH, NH oH
HO
OH

4-HOOC(CeH4)CH2NHC(CH20H)3 (L1) was synthesized according to the
literature method?® 4-(chloromethyl)benzoic acid (10.0 g, 58.6 mol)swaded
over a period of 2 min to a solution of tris(hydymethyl)amino methane (35.6 g,
294 mmol) in 300 mL BED. The reaction mixture was stirred for 20 h atmoo
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temperature, whereas the solid 4-(chloromethyl)benzacid was completed
dissolved after 30 min and a white precipitate ol after 7 h of addition. The
white precipitate was filtered off and washed Wi#D (2 x 20 mL) and acetone (2
x 15 mL), followed by drying under vacuum to yiel6.2 g (68 %). The product
was characterized usirtgl NMR (DMSO-d): & = 3.21 (s, 6H), 3.82 (s, 2H), 7,43
(d,2H), 7.81 (d, 2H).

4.4  Synthesis of novel precursors (Pre) and potentiainkers (L)

4.4.1 [N(n-CaHo)4]s[(MnMo 6018)((OCH2)3CNHCH 2(CsH4)COOH)((OCH2)3
CNHCH2(CsH4)COO)]- 3DMF (5)

A mixture of [N(n-CsHo)a]4[a-MogO2¢] (1) (1.100 g, 0.50 mmol), Mn(OAg)2H0
(0.201g, 0.75mmol), 4-HOOC{4)CHNHC(CH.OH);s (L1) (0.438 ¢,
1.71 mmol), tetrabutylammonium bromide (0.215 §,/70nmol) and 20 mL DMF
was stirred for 22 h at 85 °C. The resulting susmenwas centrifuged and the
orange supernatant was placed in a diethyl ethevsgithere and after 2 days orange
crystals had formed. For a higher yield, the die#tier diffusion was continued
for another 13 days and the crystals were air dogdeld 1.012 g (57 % based on
Mn; 64 % based on Mo). Elemental analysis (%) clc.MnMoeO2sCssNeH171
(2391.901 g/mol) ([N§-CaHo)4]4[(MNM0eO18)((OCH.)sCNHCH:(CsH4) COOH)
((OCHz)sCNHCH,(CeH4)COO)]): C: 44.19; N: 3.51; H: 7.21. Found: C: 4.R!:
3.58; H: 7.28. FT-IR (KBr, cr¥): 3470 (br, m), 2964 (s), 2932 (sh), 2875 (s),3L71
(sh), 1675 (s), 1611 (sh, w), 1479 (s), 1390 (i2p8L(w), 1156 (w), 1087 (m),
1043 (m), 942 (sh), 922(s), 904 (sh), 771 (sh), 870569 (w), 505 (w), 455 (w).
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4.4.2 [N(n-CsHo)4]3[(AIMo 6018)((OCH2)sCCH20CH2C(CH20H)3)2]- 2H20
(6)

A mixture of Na[Al(OH)sM0sO1g]-2nH20 (n = 2-10)(2) (0.354 g, 0.33 mmol)
and dipentaerythritol (0.170 g, 0.66 mmol) was @issd in 10 mL HO under
stirring. The resultant white turbid solution wdeen stirred for 30 min. After
addition of tetrabutylammonium bromide (0.333 )3Lmmol), the mixture was
stirred for 20 more min (pH = 5). Then the reactioixture was transferred in a
25 mL Teflon container, which was sealed in a $tamsteel reactor. The reaction
mixture was heated to 120 °C over 1 h and then k¢phat temperature for
96 hours, followed by cooling to room temperaturgna cooling rate of 3.96 K/h.
White crystals were obtained and air dried to y&RP8 g (0.18 mmol, 54 % based
on Mo). Elemental analysis (%) calc. foesB160AIM0eN3039 (2191.48 g/mol)
(IN(n-C4Ho)4]3[(AIM0 6018)((OCH.)3:CH2COCHC(CH.OH)3)2]- 7H20): C: 36.35;
N: 1.87; H: 7.17. Found: C: 36.59; N: 2.10; H: 6.6T-IR (KBr, cm?): 3438 (br,
m), 2961 (s), 2937 (sh), 2878 (s), 1648 (w), 148), (375 (w), 1313 (w), 1197
(w), 1135 (m), 1109 (sh), 1020 (m), 944 (sh), 921 898 (sh), 826 (w), 743 (sh),
665 (s), 569 (w), 523 (w), 477 (sh), 450 (w).
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4.4.3 4-N=C(CeH4)CH2NHC(CH20H)s (L2)

Y

N
A OH H,0
B + HO OH
r reflux, 30 min

NH, NH oH

HO
OH

4-(bromomethyl)benzonitril (5.0 g, 0.03 mol) waslad over a period of 2 min to
a solution of tris(hydroxymethyl)aminomethane (1§,9.13 mol) in 150 mL kD.
The suspension was stirred for 1 h, followed byusefg for 30 min. During this
time, the suspension turned to a colourless, skgation. The solution volume was
reduced to 50 mL on a rotary evaporator. This smiutvas extracted with ethyl
acetate (6x100 mL) and the organic phase dried bae8Qs. The solvent was
removed under vacuum and the residue washed vathydiether (3x50 mL). The
solid was dried under vacuum to yield 4.43 g ot (74 %). Elemental analysis
(%) calc. for GoH16N203 (236.27 g/mol): C: 61.00; N: 11.86; H: 6.83. Foufid
61.07; N: 11.55; H: 6.84H NMR (500 MHz, DMS0)3 7.75 (d,J = 8.2 Hz, 2H),
7.57 (d,J = 8.1 Hz, 2H), 4.31 (t) = 5.4 Hz, 3H), 3.84 (s, 2H), 3.39 (#= 5.3 Hz,
6H).3C NMR (126 MHz, DMSO0): 148 (p-£CH>), 132 (0-G), 129 (m-G), 119
(Cc=n), 109 (G-C=N), 61 (HOCH), 61 (CNH), 45 (CHNH).

4.4.4 [N(n-CaHo)4]3[(MnMo 6018)((OCH2)3CNH(CsH4)C=N)2]- 6MeCN (7)

A mixture of [N(-CaHo)4]4[a-MogOz2¢] (1) (0.822 g, 0.38 mmol), Mn(OAg)2H0
(0.155 g, 0.58 mmol), 4-4C(CsH4)CH.NHC(CHOH)z (L2) (0.312 g, 1.32 mmol)
and 15 mL MeCN was refluxed for 21 h. The resul8ogpension was centrifuged

and the orange supernatant was placed in a diethgl atmosphere and after 6
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days orange crystals had formed. For a higher yibtldiethyl ether diffusion was
continued for another 8 days and the crystals \aerdried to yield 0.44 g (36 %
based on Mn, 41.3% based on Mo). Elemental arsaly%h) calc. for
MnMo06024C72N7H130(2086.41 g/mol) ([Nf-CaHo)4]3[(MNM0eO18)((OCH.)sCNH
(CsHa)C=N)2]): C: 40.34; N: 4.70; H: 6.29. Found: C: 39.97;MN67; H: 6.36. FT-
IR (KBr, cntl): 3450 (br, m), 2964 (s), 2938 (sh), 2875 (s),1298), 1675 (m),
1611 (m), 1485 (s), 1384 (m), 1156 (w), 1081 (843 (s), 941 (sh), 920 (s), 902
(sh), 828 (w), 670 (s), 569 (m), 468 (m).

4.4.5 4-NO2(CeH4)C=ONHC(HOCH )3 (L3)

NO,
Q K,CO;
/©)‘\Cl . HO TBAHSO,
O)N HO\/\’\/OH MeCN, reflux o. n.
NH, O~ NH OH
HO
OH

KoCOs (17.27 g, 125 mmol), tris(hydroxymethyl)aminometea(15.14 g, 125
mmol) and tetrabutylammonium hydrogensulfate (TBAYS0.17 g, 0.01 mmol,
0.0002 mol%) were added to a solution of 4-nitratwgh chloride (9.278 g,
50.00 mmol) in 150 ml acetonitrile. The resultingiare was refluxed overnight.
The resulting mixture was filtered off and the swit/of the filtrate was removed
under vacuum to yield 11.08 g of a white solid I}ie32 %). Elemental analysis
(%) calc. for GiH1aN20e (270.241 g/mol): C: 48.89; N: 10.37; H: 5.22. Fdu@:
49.24; N: 10.52; H: 5.16H NMR (500 MHz, DMSO) 3 (ppm) = 8.26 - 8.28 (m,
2 H), 8.02 - 8.04 (m, 2 H), 4.75 (55.95 Hz, 3 H), 3.74 (dI-5.95 Hz, 6 H)}*C
NMR (126 MHz, DMSO): & (ppm) = 166.0 (C), 149.1 (C), 144.4 (C), 129.3
(2xCH), 123.6 (XCH), 63.5 (C), 60.3 (C}).
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4.4.6 [N(n-CsHo)4]3[MnMo 601s{(OCH 2)sCNHC=0(CsH4)NO2}2] [ 6DMF (8)

A mixture of [N{O-CsHo)sJsa-MogO2¢ (1) (0.822g, 0.382 mmol),
Mn(OACc)s- 2HO (0.155 g, 0.578 mmol), 4-NQCsH4)C=ONHC(HOCH)3 (L3)
(0.357 g, 1.32 mmol) and 15 mL DMF was stirred2drh at 85°C. The resulting
suspension was centrifuged and the orange supetneda placed in a diethyl ether
atmosphere and after 3 days orange crystals hatktbrFor a higher yield, the
diethyl ether diffusion was continued for anotheltad/s and the crystals were air
dried to vyield 0.214g (15% based on Mn, 17.5%seda on
Mo). Elemental analysis (%) calc. for Mn@s3C7oN10H151 (2399.669 g/mol)
(IN(n-C4Ho)4]z [MNM06O18{(OCH2)sCNHC=0(GH4NO)} 2] BDMF): C: 39.54;
N: 5.84; H: 6.34. Found: C: 39.24; N: 5.91; H: 6.ET-IR (KBr, cm?): 3299 (br,
m), 3058 (w), 2961 (s), 2930 (sh), 2870 (s), 18571605 (m), 1552 (sh, m), 1529
(m), 1492 (m), 1378 (w), 1341 (m), 1288 (w), 1184,(1102 (m), 1028 (m), 941
(s), 922 (s), 906 (sh, s), 871 (w), 848 (w), 81}, 9 (sh, w), 670 (br, s), 560 (w),
512 (w), 460 (w).

4.4.7 (CeéHs)NHC(CH20H)3 (L4)

OH KOH (2 eq)

©/ Br HQN CuCl (15 mol%) OH
+ OH >
DMEF, reflux 17 h HN\E\OH
OH

OH

KOH (5.61 g, 0.1 mol) and tris(hydroxymethyl)aminetimane (18.17 g, 150 mol)
were placed in a Schlenk flask followed by its exaton. Then under Nlow CuCl
(0.74 g, 15 mol%), bromobenzene (5.2237 mL, 7.851L@b mol) and 50 mL dry

DMF were added. Oxygen was removed using a freamgghaw process. The
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reaction mixture was refluxed for 17 h, followed d¢yoling to room temperature
and quenching by adding 50 mL>® under ice bath cooling. The resulting
precipitate was filtered off and washed with 50 BXCM. The aqueous phase was
extracted with DCM (4 x 50 mL). The combined orgaphases were dried over
dry Na&SQs and the solvent was removed under reduced pres$hee crude
product was dissolved in a minimum amount of DCM gquurified by column
chromatography (gradient: 0 — 10 %, MeOH - DCM)yteld 1.288 g (13 %).
Elemental analysis (%) calc. fordEl1sNOs (197.23 g/mol): C: 60.90; N: 7.10; H:
7.67. Found: C: 60.59; N: 6.96; H: 7.4l NMR (500 MHz, DMSQ):3 (ppm) =
7.79 (dJ = 7.8 Hz, 2H), 7.03 (] = 7.4 Hz, 2H), 6.57 (t] = 7.4 Hz, 1H), 4.48 (1]

= 5.3 Hz, 3H (OH), 1H (NH)), 3.55(dl = 5.3 Hz, 6H).23C NMR (126 MHz,
DMSO): d(ppm) = 147 (C), 129 (CH), 117 (CH), 116 (CH), €l), 61 (CH).

4.4.8 [N(n-CsHg)4]3[(MnMo 6018)((OCH2)sCNHCeH5s)2]- MeCN- H20 (9)

A  mixture of [N{M-CsHo)sJs[0-M0gO2¢] (1) (0.822 g, 0.38156 mmol),
Mn(OAc)z- 2H0 (0.155 g, 0.5775 mmol), ¢8s5)NHC(CH.OH)s (L4) (0.260 g,
1.32 mmol) and 10 mL MeCN was refluxed for 19 heitlthe orange suspension
was cooled to room temperature and the brown ptatgpwas filtered off and
discarded. The filtrate was placed in a diethyeetitmosphere and after 7 days, a
dark brown oily phase had formd on the bottom efvial. Another 3 days later,
brown-orange crystals had formed on top of the piigse. For a higher yield, the
diethyl ether diffusion was continued for anothelia§s. The crystals were collected
by filtration and air-dried to yield 0.40 g (34 %d2d on Mn, 39.0 % based on
Mo). Elemental analysis (%) calc. for Mn@p4C7oNsH135 (2075.424 g/mol)
(IN(n-C4Ho)4]3[(MNM06018)((OCH2)3CNHGCsHSs)2]- LMeCN- 1HO): C: 40.16; N:
4.01; H: 6.59. Found: C: 40.49; N: 3.98; H: 6.79-IR (KBr, cnmi}): 3417 (w),
3337 (w), 3191 (w), 3059 (w), 2964 (s), 2932 (4875 (s), 1675 (m), 1605 (s),
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1504 (sh), 1479 (s), 1384 (m), 1321 (w), 1295 (@51 (w), 1194 (w), 1156 (w),
1099 (sh), 1087 (sh), 1055 (s), 1024 (sh), 94192), (s), 903 (sh), 849 (w), 813
(br, w), 756 (w), 666 (br, s), 565 (w), 503 (w),34&v), 444 (w), 420 (w), 418 (w).

4.4.9 [N(n-CaHo)4]2[Mn 2M04014((OCH2CH2)2NCH2CH20H)2] (10)

A mixture of [N(n-CsHg)4]a[a-M0gO2¢] (1) (0.82 g, 0.38 mmol), Mn(OAg) 2H.O
(0.16 g, 0.58 mmol) and triethanolamine (TEAKO.51 g, 3.40 mmol) in 20 mL
acetonitrile was refluxed for 20 h. Then the vidaspension was cooled to room
temperature and the brown precipitate was filtefédnd discarded. The resulting
violet filtrate was placed in a diethyl ether atplosre and after 2 days white
crystals had formed, followed by violet crystaloter 4 days later. The diethyl
ether diffusion was continued for another 16 dawsl uhe solution became
colourless. The mixture of white and violet crystaias filtered off, stirred in 4 mL
acetonitrile for a few minutes and the left overteltrystals were filtered off and
discarded. These transparent crystals were analyseds
[MoO2{(HOC2H4N(C2H40).}]. 1°® The pure phase of violet crystals was obtained
after a diethyl ether diffusion into the violetifdte for 18 days to yield 0.22 g (19 %
based on Mo, 50 % based on Mn). Elemental analy8ig calc. for
Mn2M040O20C44N4Hgs (1496.90 g/mol) ([Nf-CaHo)a]2[Mn2Mo4(O)14((OCHCHz)2
NCH2CH20OH)y]): C: 35.30; N: 3.74; H: 6.60. Found: C: 35.21; :N77; H: 6.49.
FT-IR (KBr, cn?): 3419 (br, m), 2964 (s), 2938 (sh), 2875 (s),4L.F4), 1637 (w),
1485 (s), 1384 (m), 1295 (w), 1251 (w), 1175 (w)56@ (w), 1074 (s), 1049 (sh),
992 (w), 930 (s), 907 (s), 782 (s), 717 (s), 665682 (W), 580 (W), 534 (w), 464
(w).
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4.5 Synthesis of extended structures

4.5.1 Synthesis of rare earth containing polyoxometalat®ased metal
organic frameworks (RE-POMOFs)

4.5.1.1RE(DMF) 6RE(DMF) sRE3(DMF) 1q(MnMo §O18)((OCH2)3
CNHCH 2(CeH4)COO)2]3-XDMF (RE = La - Nd) (11)

A boundary layer of a mixture of DMF/MeOH (1:1/v&mL) was rapidly pipetted
over a solution of [N{CaHg)a]a[(MNM0eO18)((OCH2)sCNHCH,(CsH4)COOH)
((OCH.)sCNHCH,(CsH4)COO)]- 3DMF (5) (10 mg, 0.0042 mmol) dissolved in
1mL DMF. A solution of RE(N@s-5/6HO (RE=La-Nd) (10 mg,
0.0231 mmol) dissolved in 1 mL MeOH was rapidlygited on top to give a three
layered system. Yellow crystals (1) were obtained from the lower layer after

five days and were dried under vacuum.

The following compounds were synthesized accordmghe aforementioned

layering method:

Compound11)La layering: Yield: 4.5 mg (47 % based@)). Elemental analysis
(%) calc. for GaH2s3LasMn3M018N3101046784.987 g/molfLa(DMF)sLa(DMF)s
Laz(DMF)10[(MNM06018)((OCHz)sCNHCH;(CsH4)COOQ)]3- 4DMF): C: 26.02, N:
6.40, H: 3.76. Found: C: 26.15, N: 6.52, H: 3.9I:IR (KBr, cml): 4312 (br, sh),
3315 (br, w), 2930 (m), 2855 (sh), 2817 (sh), 169501612 (sh), 1552 (w), 1499
(w), 1424 (m, sh), 1386 (m), 1303 (w), 1251 (m)73.1w), 1115 (m), 1070 (m),
1040 (m), 949 (s), 912 (s), 776 (w), 663 (br, F Esh), 460 (w), 414 (w).

Compound11)-Ce layering: Yield: 3.9 mg (42 % based(6)). Elemental analysis
(%) calc. for GaaH246N300108MIN3M018Ces (6717.945 g/mol) (Ce(DME)
Ce(DMF)Ces(DMF)10[(MNM06018)((OCH2)sCNHCHx(CeH4) COO)] 3- SDMF):

C: 25.75, N: 6.25, H: 3.69. Found: C: 25.64, N56.8: 3.44. FT-IR (KBr, crm):
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4315 (br, sh), 3317 (br, w), 2932 (m), 2857 (si82@ (sh), 1655 (s), 1613 (sh),
1549 (w), 1501 (w), 1427 (m, sh), 1387 (m), 1300, (1253 (m), 1178 (w), 1118
(m), 1073 (m), 1043 (m), 951 (s), 915 (s), 777 ®5 (br, s), 566 (sh), 461 (w),
415 (w).

Compound11)-Pr layering: Yield: 3.2 mg (35 % based@)). Elemental analysis
(%) calc. for GasH229N27010sMNn3sMo18Prs (6502.622 g/mol) (Pr(DMEPr(DMF)s
Prs(DMF)10[(MNM06018)((OCHz)sCNHCH;(CsH4)COQ)]3): C: 24.94, N: 5.82, H:
3.47. Found: C: 25.18, N: 5.44, H: 3.47. FT-IR (K&m"): 4315 (br, sh), 3316 (br,
w), 2933 (m), 2858 (sh), 2821 (sh), 1653 (s), 119, 1550 (w), 1500 (w), 1428
(m, sh), 1389 (m), 1300 (w), 1251 (m), 1176 (w)14Im), 1071 (m), 1042 (m),
950 (s), 913 (s), 775 (w), 664 (br, s), 563 (sb) 4w), 413 (w).

Compound11)-Nd layering: Yield: 3.7 mg (41 % based@)). Elemental analysis
(%) calc. for GasHoodN27010sMN3sMo1gNds  (6519.294 g/mol) (Nd(DMF)
Nd(DMF)sNd3(DMF)10[(MNM06O18)((OCHz)sCNHCH;(CeH4)COO)]3): C:

24.87, N: 5.80, H: 3.48. Found: C: 24.52, N: 5433.46. FT-IR (KBr, crm): 4310
(br, sh), 3313 (br, w), 2932 (m), 2857 (sh), 2848 (1651 (s), 1613 (sh), 1553 (w),
1498 (w), 1425 (m, sh), 1387 (m), 1305 (w), 1252, (@176 (w), 1117 (m), 1071
(m), 1041 (m), 948 (s), 913 (s), 777 (W), 664 &r,567 (sh), 461 (w), 415 (w).

In order to obtain larger amounts in microcrystelipowder form of(11)
[N(n-CaHg)4] Al (MNM06018)((OCHz)sCNHCH,(CeH4) COOH)((OCH)sCNHCH;,
(CsH4)COO)]- 3DMF(5) (200 mg, 0.084 mmol) was dissolved in 20 mL DME an
a solution of RE(NG)3-5/6H0 (RE = La - Nd) (200 mg, 0.462 mmol) dissolved in
20 mL MeOH was added under stirring over a periddl ominute at room
temperature. The solution turned turbid within @ands and was stirred for a

further 1.5 h. The resulting powder was dried unad&uum.
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The La - Nd containing compound$1) could best be obtained using a stirring
method:

Compound11)La stirring: Yield: 76 mg (41 % based (). Elemental analysis
(%) calc. for GaiH239N20010/MN3Mo1glas (6638.799 g/mol) (La(DME)-a(DMF)s
Laz(DMF)10[(MNM0gO1g)((OCH)sCNHCH,(CeH4) COOY]3- 2DMF): C: 25.51, N:
6.12, H: 3.63. Found: C: 25.33, N: 6.37, H: 3.97-IR (KBr, cmt): 4311 (br, sh),
3317 (br, w), 2931 (m), 2856 (sh), 2815 (sh), 169511613 (sh), 1553 (w), 1498
(w), 1425 (m, sh), 1388 (m), 1304 (w), 1252 (m)781w), 1116 (m), 1073 (m),
1041 (m), 951 (s), 913 (s), 778 (w), 660 (br, §)7 Esh), 461 (w), 415 (w).

Compound11)Ce stirring: Yield: 77 mg (40 % based (@)). Elemental analysis
(%) calc. for GsoH260N32011dMN3M018Ce; (6864.133 g/mol) (Ce(DMBLe(DMF)
Ce(DMF)10[(MnM06018)((OCH.)sCNHCH,(CesH4)COO)]3- 5DMF): C: 26.25, N:
6.53, H: 3.82. Found: C: 26.02, N: 6.74, H: 3.9B:IR (KBr, cnml): 4310 (br, sh),
3317 (br, w), 2931 (m), 2856 (sh), 2818 (sh), 169511613 (sh), 1555 (w), 1497
(w), 1423 (m, sh), 1384 (m), 1301 (w), 1254 (m)781Iw), 1119 (m), 1073 (m),
1042 (m), 952 (s), 913 (s), 778 (w), 662 (br, &) Esh), 461 (w), 415 (w).

Compound11)-Pr stirring: Yield: 82 mg (45 % based (5)). Elemental analysis
(%) calc. for GasH228N270109VIN3MO018P15 (6502.622 g/mol) (Pr(DMEPr(DMF)
Pr3(DMF)10[(MNM06018)((OCH,)sCNHCH,(CsH4)COOY]3): C: 24.94, N: 5.82, H:
3.47. Found: C: 25.13, N: 5.47, H: 3.48. FT-IR (K&m'): 4312 (br, sh), 3315 (br,
w), 2931 (m), 2852 (sh), 2817 (sh), 1653 (s), 119, 1552 (w), 1489 (w), 1424
(m, sh), 1387 (m), 1305 (w), 1253 (m), 1178 (w)121Im), 1072 (m), 1042 (m),
950 (s), 913 (s), 777 (w), 662 (br, s), 566 (sb) 4w), 415 (w).
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Compound11)Nd stirring: Yield: 79 mg (43 % based (#)). Elemental analysis
(%) calc. for GasH229N270105MN3M0o1Nds  (6519.294 g/mol)(Nd(DMFs)
Nd(DMF)sNd3(DMF)10[(MNM06018)((OCHz)sCNHCH;(CeH4) COO)]5): C:
24.87,N:5.80, H: 3.48. Found: C: 24.62, N: 5833.56. FT-IR (KBr, crit): 4312
(br, sh), 3315 (br, w), 2932 (m), 2855 (sh), 2849 (1650 (s), 1613 (sh), 1552 (w),
1497 (w), 1424 (m, sh), 1386 (m), 1306 (w), 125}, (1175 (w), 1116 (m), 1070
(m), 1042 (m), 949 (s), 914 (s), 776 (w), 663 &)r,566 (sh), 460 (w), 414 (w).

The purity of the microcrystalline compounds rasgltfrom the stirring method
was confirmed by PXRD (section 5.3.1.1.3).

4.5.1.2RE(DMF) 4(H20)]2[RE3(DMF) 6][(MnMo 6018)((OCH2)sCNHCH 2
(CeH4)COO)2]3-xDMF (RE =Y, Sm - Lu) (12)

A boundary layer of a mixture of DMF/MeOH (1:1/v&mL) was rapidly pipetted
over a solution of [N{-CaHg)s]a[(MNM0eO18)((OCH.)sCNHCH,(CsH4)COOH)
((OCH)sCNHCH,(CeH4)COO)]- 3DMF (5) (10 mg, 0.0042 mmol) dissolved in
1 mL DMF. A solution of RE(N@s5/6HO (RE=Y, Sm-Lu) (10 mg,
0.0231 mmol) dissolved in 1 mL MeOH was rapidlygited on top to give a three
layered system. Yellow crystals (i2) were obtained from the lower layer after

five days and were dried under vacuum.

The following compounds were synthesized accordmghe aforementioned
layering method:

Compound12)Y layering: Yield: 3.2 mg (35 % based (5)). Elemental analysis
(%) calc. for GagH23eN28010dVIN3YsMo1g (6351.738 g/mol) ([Y(DMRYH20)]2
[Y 3(DMF)e[(MNM06018)((OCHz)sCNHCH,(CsH4)COO)]3- 8DMF): C: 26.09, N:
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6.18, H: 3.75. Found: C: 25.76, N: 6.44, H: 4.1T:IR (KBr, cnil): 4314 (br, sh),
3315 (br, w), 2930 (m), 28556(sh), 2817 (sh), 16501613 (sh), 1552 (w), 1450
(W), 1424 (m, sh), 1386 (m), 1304 (w), 1251 (m)73.1w), 1165 (m), 1070 (m),
1040 (m), 952 (s), 912 (s), 776 (W), 665 (br, §F Bsh), 460 (W), 412 (w).

Compound(12)-Sm layering: Yield: 4.5 mg (52 % based @)). Elemental
analysis (%) calc. for GdH194N220100MN3M01sSME  (6220.446 g/mol)
([SM(DMFu(H20)]2[Sme(DMF)e[(MNM06018)((OCH2)3CNHCH,(CsH4) COO)] -
2DMF): C: 23.17, N: 4.95, H: 3.14. Found: C: 23.815.20, H: 3.45. FT-IR (KB,
cm): 4313 (br, sh), 3313 (br, w), 2930 (m), 2855 (2819 (sh), 1650 (s), 1613
(sh), 1554 (w), 1499 (w), 1425 (m, sh), 1386 (n803 (w), 1251 (m), 1177 (w),
1117 (m), 1071 (m), 1041 (m), 949 (s), 912 (s), #¥)p 665 (br, s), 565 (sh), 462
(w), 414 (w).

Compound12)-Eu layering: Yield: 5.6 mg (62 % based(®¥)). Elemental analysis
(%) calc. for G2dH215N25010sMN3Mo1sEUs (6447.747 g/mol)
([Eu(DMF)4(H20)]2[Eus(DMF)e][(MNMo0 6018) ((OCH2)3CNHCH(CsH4) COO))] 3-
5DMF): C: 24.03, N: 5.43, H: 3.36. Found: C: 23.855.71, H: 3.60. FT-IR (KB,
cmy): 4313 (br, sh), 3315 (br, w), 2930 (m), 2856 (2817 (sh), 1650 (s), 1612
(sh), 1553 (w), 1499 (w), 1424 (m, sh), 1386 (n303 (w), 1251 (m), 1175 (w),
1114 (m), 1070 (m), 1042 (m), 949 (s), 912 (s), &g 665 (br, s), 565 (sh), 460
(w), 414 (w).

Compound12)-Gd layering: Yield: 3.6 mg (42 % based()). Elemental analysis
(%) calc. for Gi7H18N210101MN3M018Gdk (6181.802 g/mol) ([GA(DMRJH20)]2
[Gd3(DMF)g][(MnMo0 6018)((OCHz2)sCNHCH,(CsH4)COO)]3- IDMF): C: 22.73,
N: 4.76, H: 3.05. Found: C: 22.37, N: 4.95, H: 3.B5-IR (KBr, cm?): 4312 (br,
sh), 3317 (br, w), 2930 (m), 2855 (sh), 2819 (46K0 (s), 1613 (sh), 1552 (w),
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1499 (w), 1424 (m, sh), 1388 (m), 1303 (w), 125), (1175 (w), 1118 (m), 1070
(m), 1040 (m), 949 (s), 913 (s), 776 (W), 663 E)r,565 (sh), 462 (w), 414 (w).

Compound12)-Tb layering: Yield: 4.1 mg (45 % based @)). Elemental analysis
(%) calc. for GagH215N250105MN3M018Ths (6482.554 g/mol) ([Tb(DMREYH20)]2
[Tb3(DMF)e][(MNMo 6018)((OCHz)sCNHCH(CsH4)COO)]3- 5DMF): C: 23.90,
N: 5.40, H: 3.42. Found: C: 23.75, N: 5.56, H: 3.68-IR (KBr, cm?): 4312 (br,
sh), 3315 (br, w), 2930 (m), 2855 (sh), 2818 (46K0 (s), 1612 (sh), 1556 (w),
1498 (w), 1424 (m, sh), 1387 (m), 1303 (w), 125}, (1176 (w), 1115 (m), 1071
(m), 1040 (m), 948 (s), 912 (s), 776 (W), 663 &)r,566 (sh), 460 (w), 415 (w).

Compound(12)Dy layering: Yield: 4.2 mg (48 % based dB)). Elemental
analysis (%) calc. for GHisDYysMnsMo1sN210101  (6208.411 g/mol)
(IDY(DMF) 4(H20)]2[Dy3(DMF)s[(MNM06018) ((OCH2)3CNHCH:(CsH4) COO))] 3-
1DMF): C: 22.63, N: 4.74, H: 3.04. Found: C: 22.H15.06, H: 3.38. FT-IR (KBr,
cmy): 4312 (br, sh), 3315 (br, w), 2931 (m), 2855 (2817 (sh), 1651 (s), 1612
(sh), 1552 (w), 1499 (w), 1425 (m, sh), 1386 (n304 (w), 1251 (m), 1175 (w),
1115 (m), 1071 (m), 1040 (m), 949 (s), 912 (s), #¥p 663 (br, s), 565 (sh), 461
(w), 414 (w).

Compound12)-Ho layering: Yield: 4.0 mg (43 % based@)). Elemental analysis
(%) calc. for G2dH208N240104MN3M018HOs (6439.485 g/mol)
([Ho(DMF)4(H20)]2[Hoz(DMF)e[(MNM060O18)((OCHz):CNHCH:(CsH4) COO)] 3-
4DMF): C: 23.50, N: 5.22, H: 3.26. Found: C: 23.R65.44, H: 3.58. FT-IR (KBr,
cml): 4312 (br, sh), 3316 (br, w), 2930 (m), 2855 (€817 (sh), 1651 (s), 1612
(sh), 1552 (w), 1499 (w), 1426 (m, sh), 1386 (n303 (w), 1251 (m), 1175 (w),
1116 (m), 1070 (m), 1041 (m), 949 (s), 912 (s), #¥)p 665 (br, s), 565 (sh), 461
(w), 414 (w).
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Compound12)-Er layering: Yield: 3.8 mg (39 % based @&)). Elemental analysis
(%) calc. for G4H25"N310111MN3Mo1gETrs (6962.785 g/mol)
([Er(DMF)4(H20)]2[Er3(DMF)e][(MNMO0 6018) ((OCHz)sCNHCH(CeH4) COO)] 3:
11DMF): C: 25.36, N: 6.24, H: 3.72. Found: C: 24.8B 6.45, H: 3.93. FT-IR
(KBr, cmd): 4312 (br, sh), 3316 (br, w), 2930 (m), 2856 (2817 (sh), 1650 (s),
1613 (sh), 1552 (w), 1499 (w), 14254 (m, sh), 1885 1305 (w), 1251 (m), 1175
(w), 1115 (m), 1071 (m), 1040 (m), 949 (s), 913 786 (W), 663 (br, s), 566 (sh),
460 (W), 414 (w).

Compound(12)Tm layering: Yield: 3.4 mg (35 % based @8)). Elemental
analysis (%) calc. for f{aH25MN310111MN3Mo1gsTms  (6971.161 g/mol)
([Tm(DMF)4(H20)]2[ Tm3(DMF)s[(MNM06018) ((OCHz)sCNHCH,(CeH4) COO)] 3
-11DMF): C: 25.33, N: 6.23, H: 3.72. Found: C: 25.R:: 6.46, H: 3.89. FT-IR
(KBr, cmY): 4313 (br, sh), 3315 (br, w), 2931 (m), 2855 (€817 (sh), 1651 (s),
1612 (sh), 1552 (w), 1499 (w), 1422 (m, sh), 1388, 1303 (w), 1252 (m), 1175
(w), 1115 (m), 1071 (m), 1040 (m), 949 (s), 912 {88 (w), 663 (br, s), 565 (sh),
461 (w), 414 (w).

Compound12)Yb layering: Yield: 3.8 mg (44 % based &)). Elemental analysis
(%) calc. for GagH219N250108MN3M018Y bs (6553.127 g/mol) (([Yb(DMREYH20)]2
[Yb3(DMF)s[(MNM060O18)((OCH2)sCNHCH;(CsH4)COOQO)]3- 5DMF): C: 23.64, N:
5.34, H: 3.31. Found: C: 23.93, N: 5.71, H: 3.38:IR (KBr, cmt): 4312 (br, sh),
3315 (br, w), 2932 (m), 2855 (sh), 2817 (sh), 169521612 (sh), 1552 (w), 1499
(w), 1426 (m, sh), 1386 (m), 1303 (w), 1253 (m)74.1w), 1117 (m), 1070 (m),
1041 (m), 949 (s), 912 (s), 775 (w), 663 (br, &6 fsh), 460 (w), 415 (w).

Compound12)-Lu layering: Yield: 3.1 mg (34 % based (@)). Elemental analysis
(%) calc. for GagH21sN250109MN3Mo1slus (6562.762 g/mol) ([Lu(DMR(H20)].
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[Luz(DMF)e[(MNM06O18)((OCHz)sCNHCH,(CesH4)COO)]3: 5DMF): C: 23.61, N:
5.34, H: 3.30. Found: C: 23.24, N: 5.66, H: 3.65:IR (KBr, cm): 4313 (br, sh),
3315 (br, w), 2932 (m), 2855 (sh), 2817 (sh), 16911612 (sh), 1553 (w), 1499
(w), 1425 (m, sh), 1386 (m), 1305 (w), 1251 (m)73.1w), 1116 (m), 1070 (m),
1040 (m), 949 (s), 913 (s), 776 (w), 663 (br, F Esh), 461 (w), 414 (w).

In order to obtain larger amounts in microcrystedlpowder form of Dy containing
(12) [N(n-C4Ho)4] a[(MNM06018) ((OCHz)sCNHCH(CsH4) COOH)((OCH)sCNH
(CeH4)COO)]- 3DMF(5) (200 mg, 0.084 mmol) was dissolved in 20 mL DME an
a solution of Dy(N@)z-6H0 (200 mg, 0.462 mmol) dissolved in 20 mL MeOH
was added under stirring over a period of 1 mimatteoom temperature. The
solution turned turbid within 30 seconds and wasest for a further 1.5 h. The
resulting powder was dried under vacuum to yieldmi{8(40% based ofb)).
Elemental analysis (%) calc. forifgH264DysMn3sMo01sN320112 (7012.443 g/mol)
([Dy(DMF) 4(H20)]2[Dy3(DMF)s][(MNMo0 6018)((OCH;)3CNHCH.(CsH4) COO)] 3
-12DMF): C: 25.69, N: 6.39, H: 3.79. Found: C: Z5.4: 6.12, H: 3.96. FT-IR
(KBr, cmY): 4313 (br, sh), 3315 (br, w), 2931 (m), 2855 (€817 (sh), 1651 (s),
1613 (sh), 1552 (w), 1499 (w), 1425 (m, sh), 138§, (L305 (w), 1251 (m), 1176
(w), 1115 (m), 1071 (m), 1040 (m), 949 (s), 913 {86 (w), 663 (br, s), 566 (sh),
460 (w), 415 (w).

The purity of this microcrystalline compound resgtfrom the stirring method
was confirmed by PXRD (section 5.3.1.2.3).
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4.5.2 Synthesis of transition metal containing polyoxometlate-based metal
organic frameworks (TM-POMOFs)

4.5.2.1IN(n-C4H0)4]s| CuCI(DMF){MnMo 6018((OCH2)sCN=CH(4-CsH4N))2}2]
BDMF (13)

4-pyrdinecarboxaldehyde (0.4 mL, 456 mg, 4.24 mm@l} added to a solution of
[N(n-C4Ho)4]3[MNM06O18{(OCH2)sCNH2} 2]  (3) (200 mg, 0.11 mmol) and
CuCb[2H20 (9 mg, 0.05 mmol) dissolved in 4 mL DMF. Thisagan mixture was
sealed and stirred at 85 °C for 20 h. The reactias cooled to room temperature
and the suspension was centrifuged. Then the safa@tnwas placed in a diethyl
ether atmosphere and after 1 day, dark green tsystd formed. For a higher yield,
the diethyl ether diffusion was continued for amotthi4 days. The crystals were
collected by filtration and air-dried to yield 1%ty (80% based on Cu). Elemental
analysis (%) calc. for G3H231N1404CIMN2CuMor2  [N(Nn-CsHo)4]s
[CUCI(DMF){MnMo0 6015((OCH,)sCN=CH(4-GHaN))2} 2] (4050.36999 g/mol): C:
36.47; N: 4.84; H: 5.75. Found: C: 36.21; N: 4)d35.82. FT-IR (KBr, crmt): 3482
(br, m), 2964 (s), 2932 (sh), 2875 (s), 1675 (8%11(w), 1485 (m), 1384 (m), 1321
(w), 1251 (w), 1156 (w), 1093 (s), 1030 (s), 943 923 (s), 904 (sh), 830 (w), 803
(w), 665 (br, s), 563 (w), 518 (w), 462 (w).

4.5.2.21Zn(DMF) 4][Zn(DMF) 2MnMo 601s{(OCH 2)sCN=CH(4-CsH4N)}2] 2]
10DMF (14A) and  [(Zn(DMF))2(Zn(DMF) sMnMo 6015
{(OCH 2)sCN=CH(4-CsH4N)}2)2] 9DMF (14B)

Compound$14A) and(14B)were obtained as a mixture of crystals using eriag
method. A boundary layer of a mixture of DMF/acétde (1:1/v:v, 2 mL) was
rapidly pipetted over a solution of [N{C4Ho)4]3s[MNM0gO18{(OCH2)sCN=CH(4-
CsHaN)} 2] BDMF (4) (10 mg, 0.005 mmol) dissolved in 1 mL DMF. A sabut of
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ZnCl (9 mg, 0.051 mmol) dissolved in 1 mL acetonitilas rapidly pipetted on

top to give a three layered system. Crystald 42) and(14B) were obtained from

the buffer layer after one day. FT-IR (KBr, ¢n(14A)+(14B): 3418 (br), 2972 (s),

2925 (sh), 2866 (s), 1648 (s), 1612 (sh), 1563 1490 (w), 1434 (m), 1375 (m),
1326 (w), 1247 (m), 1174 (w), 1148 (w), 1115 (989 (m), 1063 (sh), 1023 (s),
947 (s), 922 (sh), 912 (sh), 888 (sh), 866 (shy, 8, 802 (w), 671 (s), 655 (s),
592 (sh), 566 (sh), 543 (sh), 520 (sh), 461 (w}, 42).

4.5.2.3[Cd(DMF) 2][Cd][N( n-C4Hg)4]2[MnMo 601s{(OCH 2)sCN=CH(4-
CsHaN)}2]22DMF (15)

A boundary layer of a mixture of DMF/acetonitril&:I/v:v, 2 mL) was rapidly
pipetted over a solution of [R{CsHo)s]s[MNM0gO1e{(OCH2)s:CN=CH(4-
CsHaN)} 2] BDMF (4) (10 mg, 0.005 mmol) dissolved in 1 mL DMF. A sabut of
Cd(NGs)2 4H20 (15 mg, 0. 049 mmol) dissolved in 1 mL acetoldtwas rapidly
pipetted on top to give a three layered systemsi@ty of(15) were obtained from
the buffer layer after one day and were dried ungeuum to yield 8.8 mg
(quantitative yield). Elemental analysis (%) cdtar. CgaH144N1405:Mn2Mo12Ccb
(3668.083 g/mol) [C@DMF][Cd][N(n-CsHg)s]2[MNM0eO1e{(OCH2)3:CN=CH(4-
CsHaN)} 2]22DMF: C: 27.50; N: 5.35; H: 3.96. Found: C: 27.55;5.52; H: 3.74.
FT-IR (KBr, cmt): 3405 (br, m), 3224 (sh), 3156 (sh), 2960 (sBg&(m), 2870
(m), 1646 (s), 1560 (sh, w), 1492 (sh, w), 1461 ¢gh 1436 (m), 1382 (m), 1323
(W), 1294(sh), 1249 (w), 1116 (sh), 1091 (m), 1060 (sh),61(¢9, 950 (s), 922 (s), 907
(sh), 879 (sh, s), 825 (w), 808), 662 (br, s), 566 (M), 518 (sh), 461 (W), 408.(

In order to obtain larger amounts in microcrystalipowder form of(15)
[N(n-C4Ho)4]3[MnM06O18{(OCH2)sCN=CH(4-GHsN)} 2] BDMF (4) (100 mg,
0.048 mmol) was dissolved in 20 mL DMF and a solutof Cd(NQ). 4H.O
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(150 mg, 0.486 mmol) dissolved in 20 mL acetomtmwas added under stirring
over a period of 1 minute at room temperature. 3diation turned turbid within
30 seconds and was stirred for a further 1.5 hréselting powder was dried under
vacuum to yield 88 mg (quantitative yield). Elensnanalysis (%) calc. for
CgaH144N1405:Mn2Mo12Cde - (3668.083 g/mol)  [Cd(DME)[CA][N(n-CsHg)4]2
[MNM06018{(OCH2)3:CN=CH(4-GHasN)} 2].2DMF: C: 27.50; N: 5.35; H: 3.96.
Found: C: 27.61; N: 5.65; H: 3.61. FT-IR (KBr, ¢jn 3405 (br, m), 3224 (sh),
3156 (sh), 2960 (sh), 2936 (m), 2870 (m), 1646 XSK0 (sh, w), 1492 (sh, w),
1461 (sh, w), 1436 (m), 1382 (m), 1323 (w), 12684), 1249 (w), 1116 (sh), 1091 (m),
1060 (sh), 1026 (s), 950 (s), 922 (s), 907 (sh9, @R, s), 825 (W), 80@v), 662 (br, s), 566
(m), 518 (sh), 461 (w), 413 (w].he purity of this microcrystalline compound resgt
from the stirring method was determined by PXR2fisa 5.3.2.4.3).

4.6 Catalytic studies

4.6.1 A3-Coupling

The basis of ACoupling is described in section 3.4.1.

General reaction procedure: 250 mg of 4 A molecsitares were placed into a vial.
In the course of the reaction, 1 eq. of water adpced as a side product, which is
excluded by the use of the molecular sieves. Themw!86 of compound13) and
5mL of isopropanol were added. Subsequently, aky®.6 mmol, 1.2 eq.),
aldehyde (3.0 mmol, 1.0 eq.) and amine (3.3 mmdl,et}.) were added. The
reaction mixture was refluxed overnight. After cdetpn of the reaction (TLC
monitoring) the reaction mixture was cooled to rommperature and filtered over
Celite®. The residue was washed with 15 mL isopropanen tthe solvent was

removed under reduced pressure. The resulting qoualduct (yellow oil) was
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dissolved in minimum amount of ethylacetate and ifigdr by column
chromatography (gradient: 0 — 5 %, ethylacetatexahe).

Compound16): 1-(1,3-diphenylprop-2-ynyl)piperidine

Pale yellow oil, 430 mg, 52 %4 NMR (CDCk, 500 MHz)§ (ppm) = 7.67 (d, J =
7.5 Hz, 2H), 7.58-7.52 (m, 2H), 7.42-7.29 (m, 6883 (s, 1H), 2.62-2.57 (m, 4H),
1.62 (dp, J = 12.9, 7.5 Hz, 4H), 1.48 (dd, J = 1%.8 Hz, 1H)}3C NMR (CDCE,
126 MHz)3 (ppm) = 138.5 (C), 131.7 ¢€H), 128.4 (XCH), 128.1 (XCH), 127.9
(2xCH), 127.3 (XCH), 123.2 (C), 87.7 (C), 85.9 (C), 62.3x(2H,), 50.6 (CH),
26.1 (XCHy), 224.3(XCHy).

Compound17): 1-(3-(4-fluorophenyl)-1-(4-phenylprop-2-ynyl) pyrrolidine

Pale yellow oil, 437 mg, 49 %1 NMR (CDCk, 500 MHz)& (ppm) = 7.63-7.52
(m, 2H), 7.50-7.42 (m, 2H), 7.11-6.93 (m, 3H), 4(851H), 2.72-6.60 (m, 4H),
1,87-1.72 (m, 4H):*C NMR (CDCE, 126 MHz)$ (ppm) = 163,5 (C), 161.6 (C),
135.4 (C), 133.7 (RCH), 129.9 (XCH), 119.2 (C), 115.7 &CH), 115.2 (XCH),
86.2 (C), 86.1 (C), 58.4 (CH), 50.2 (e}H23.6 (CH).

Compound18): 1-(1-cyclopentyl-3-phenylprop-2-ynyl)piperidine

Pale yellow oil, 746 mg, 93 %4 NMR (CDCk, 500 MHz)$ (ppm) = 7.49-7.43
(m, 2H), 7.34-7.25 (m, 3H), 3.24 (d, J = 9.4 Hz)1RI69 (s, 2H), 2.47 (s, 2H),
2.32-2.17 (m, 1H), 1.97-1.86 (m, 1H), 1.84-1.74 (), 1.71-1.41 (m, 12H}C
NMR (CDCk, 126 MHz)3 (ppm) = 131.6 (2CH), 128.0 (2CH), 127.5 (CH),
123.7 (C), 88.0 (C), 85.6 (C), 63.6 (CH), 50.8 (42,3 (CH), 30.7 (CH), 30.2
(CHp), 26.2 (CH), 25.3 (CH), 25.1 (CH), 24.6 (CH).
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4.6.2 Catalytic reaction for the implementation of furfur al with morpholine

The basis of catalytic reaction for the implemantaof furfural with a secondary

amine is described in section 3.4.2.

General reaction procedure: In air, 4 A moleculaves (250 mg) were weighed
into a vial. The use of molecular sieves is neagssance 1 eq. of water is produced
as a side product during the reaction. Then 4 mU@eEN, the appropriate amount
of (11)Ce or(12)-Dy) (0.5 % and 1 %), furfural (4L, 0.048 g, 0.5 mmol, 1 eq.)
and morpholine (8L, 0.087 g, 1 mmol, 2 eq.) were subsequently addée.

reaction was stirred at room temperature and tinearsion of the reaction was
monitored by sampling and determined by NMR measargs. Therefore, the
samples was filtered over Cefiftewashed with DCM and the filtrate was

concentrated under reduced pressure.
Compound19): trans-4,5-dimorpholinocyclopent-2-en-1-one

yellow oil, which solidified on standing, 1H NMR@MHz, CDC}) 6 7.61 (1H,
dd,J = 6.2, 2.2 Hz), 6.24 (1H, dd,= 6.2, 1.8 Hz), 3.82, (1H, s), 3.73 (4HJ)t
4.5 Hz), 3.69 (4H, t) = 4.7 Hz), 3.29 (1H, d] = 3.0 Hz), 2.87-2.80 (2H, m), 2.70-
2.56 (6H, m).

4.6.3 Photo-electrocatalytic studies

The basis of photo-electrocatalytic studies is diesd in section 3.4.4.

Samples for photo-electrocatalytic studies wer@gmed by spin coating. 10 mg of
the respective compound was suspended in 1 mL matlzand 5QuUL of this
suspension were spin coated (1000 rpm) onto a Zagedcoated fluorine-doped
tin oxide (FTO) substrate and heat treated withnémared lamp for 1 min. This

process was repeated ten times for every sample.
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Then the sample and a gold electrode were sandavlatigveen plastic plates, thus
they are connected and can be utilized as worliegirede. A Xe lamp (300 W)
with a 0.33Hz chop light scan and a potentiometiér inear sweep voltammetry
over the range -0.8 V to 1.4 V at a scan rate @1 ¥/s as method were used for

the studies.

4.6.4 Electrocatalytic studies

A one-compartment cell with a standard three-edeletrconfiguration was used for
cyclic voltammetry experiments. The reference ebeld was a saturated calomel
electrode (SCE) and the counter electrode a platigauze of large surface area;
both electrodes were separated from the bulk elgtér solution via fritted
compartments filled with the same electrolyte. Woeking electrode was a 3 mm
outer diameter GC. Prior to each experiment, smhstwere thoroughly de-aerated
for at least 30 min with pure argon. A positivegmare of this gas was maintained
during subsequent work. The concentration of comg¢il2)-Dy in aqueous media
was 0.4 mM. The composition of the various medialiich the experiments were
performed was as follows: for pH = 3.0, 0.2 M.N& + H,SQy; for pH = 5.0,
0.4 M NaCHCOO + CHCOOH,; for pH=7.0, 0.4 M 0.4 M NaRQ; + NaOH.
The stability of the different compounds in solatizvas assessed by cyclic
voltammetry. All experiments were performed at rotemperature, which is
controlled and fixed for the laboratory at 20°CsRlés were very reproducible from
one experiment to the other and slight variatidnseoved over successive runs are
rather attributed to the uncertainty associatech wiite detection limit of the
equipment and not to the working electrode prettneat nor to possible

fluctuations in temperature.
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S RESULTS AND DISCUSSION

The core of compoundg) to (9) contain an Anderson-Evans POM $i10s015}
(M3 = AP* or M) fragment. In all cases, two triply deprotonated
tris(hydroxymethyl)methane-based ligands are a#tddb this moiety at the 1
centre via the deprotonated hydroxyl groups, abawe below the plane, thus
completing the core structure of the Anderson-Eva@M {M3*Mo0sO.4}. The
resulting general formula is {L - (MMMo0sO24) - L}™ (n = 3 or 4), so-called
L—-POM - L or POM hybrid. The six Mo metal addermtams and the central
heteroatom NI have octahedral coordination geometry and thedioation sites
of M3* are filled by six oxo ligands, which are furthbased with the organic ligand
and Mo centres of the surrounding octahedra. Ierora define the length of the
potential L — POM — L linker, the distance betweka terminating atoms of the
organic unit is given in terms ofuke, Where T is the terminal atom and func is the

functional group it belongs to.

5.1 Previously reported precursors (Pre)

5.1.1 [N(n-CsHog)4]3[MnMo 6018{(OCH 2)sCN=CH(4-CsH4N)}2] BDMF (4)

The reaction was carried out vigpastfunctionalization (section 3.1.1.2.1.1) by
dissolving a mixture of [N{-CiHo)s]s[MNM06O1s{(OCH2)3sCNHz}2] (3) and

4-Pyridinecarboxaldehyde in DMF, followed by exp@sto ether vapour in order

to isolate compoun@) in the form of crystals.
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5.1.1.1Single crystal structure

The crystallographic data of compouf are given in Table 8.1.

The single crystal X-ray diffraction analysis relsethat compoun) crystallizes

in the triclinic space grouf-1 with the unit cell parameters a = 16.346(3) A,
b =17.020(3) A, ¢ =20.078(4) Aq =83.67(3) °,p = 71.79(3) °,y = 67.63(3) °
and V = 4907(2) A The structure of the polyanion (), which is shown in Figure
5.1, is composed of an Anderson-Evans POM {MeBlg} fragment and two
triply deprotonated ligands {(OGHCN=CH(4-GHN)}*>. The general

description of this kind of compound was explaiaethe beginning of this chapter.

18.8 A

Figure 5.1: L — POM — L moiety i@). Colour code: Anderson-Evans polyanions: green
ring with red polyhedral models, H: black, O: red, grey, N: blue. TBA counterions and
DMF molecules are omitted for clarity.
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The Ny - Npy distance of the ligands attached to the Andersacam& POM within
one L—POM-L is 18.8 A. As previously mentionele synthesis of4) has
already been reported, but so far without any ahydtucture. For this reason, there
is no possibility to compare the;\NNpy distance of compoun@) of this work with
the previously published ortéInstead, the N-Npy distance can be compared to
that of [MNMasO18{(OCH2)3C(4-GsHaN)} 2]~ and [MnMaO1s{(OCH2)sCNHCO
(4-CsHaN)} 2], which have distances of 14.7 A and 19 A, respelsti*®#

The POM hybrid has a total charge of 3-, which @@labced by three
tetrabutylammonium ([NtCsHg)4]") cations. Furthermore, there are three DMF
molecules per asymmetric unit, whereas one of theseidentified in the lattice
via the SQUEEZE function within PLATOR?®

5.1.1.2Powder X-ray diffraction

Figure 5.2 shows the simulated (simu) and experiaiéaxp) PXRD-patterns of
(4). It is clearly seen that the experimental resuiives a good accordance (#)-
simu. Merely, the ratio of the intensities of tlespective reflections differ. This
deviation can be explained due to the fact thastmeilated pattern was generated
from a single crystal measurement made at 180 Kereds, in contrast, the

experimental PXRD was performed at room temperature
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Figure 5.2: Simulated (simu) and experimental (6XRD-patterns ofd).

5.1.1.3Solid state UV-vis studies

Figure 5.3 shows the solid state UV-vis spectrummarhpound4). The spectrum
reveals one absorption band\at 525 nm, which can be allocated to a d-d electron
transfer from they orbital to the ¢ orbital within one MA* ion. Additionally, the
maximum absorption at = 280 nm can be assigned to electron transfera fro
highest occupied molecule orbitals (HOMOS) of oxygeoms (ligand ="edonors)

to lowest unoccupied molecular orbitals (LUMOswdtal atoms (="eacceptors),
so-called ligand to metal charge transfer (LMCTheTchange of absorbance at
A = 350 nm was caused by the change of the lampgitive record of the spectrum.

The bandgap of 2.85 eV was found using the Taubodet

80



5. Results and Discussion

LMCT 801
0.8 j

0.74

604

404

(ahv)?(eV cm?)?

0.6
20+

0.54

Absorbance

E, = 2.85 eV

T T T
2 3 4 5

0.4+
Energy (eV)

0.3
0.2+

0.14

0.0

. ———————— ; :
200 300 400 500 600 700 800
A [nm]

Figure 5.3: Solid state UV-vis spectrum of compof{4hd

5.1.1.4Conclusion

Compound4) was obtained via postfunctionalization by dissolving a mixture of
[N(n-CaHg)4]s[MNMo0601s{(OCH2)sCNH2} 2] (3) and 4-pyridinecarboxaldehyde in
DMF, followed by exposure to ether vapour in orteisolate compoun() in the
form of crystals. This is an alternative synthetiate, which simplifies the isolation
of the desired product and also gives a higherdyampared to the reported
synthesis stratedi. Furthermore, isolation in the form of single cajstallowed
for a SCXRD to be performed. The compound was dtevacterized by PXRD,
EA, UV-vis and FT-IR spectroscopy.
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5.2 Novel precursors (Pre)

5.2.1 [N(n-CsHo)4]a[(MnMo 6018)((OCH2)sCNHCH 2(CsH4)COOH)((OCH2)3
CNHCH2(CsH4)COO)]- 3DMF (5)

The reaction was carried out by stirring a mixtof@N(n-CsHg)4]4[M0gO2¢] (1), 4-
HOOC(GH4)CH.NHC(CHOH)3 (L1), Mn(OAck:-2H0O and DMF for 22 h at
85 °C. Afterwards, compoun@®) was isolated as crystalline material by exposure

to ether vapour.

5.2.1.1Single crystal structure

The crystallographic data of compoui&) are given in Table 8.2.

The single crystal X-ray diffraction analysis shaivat compound5) crystallizes
in the monoclinic space groufP2i/c with the unit cell parameters:
a=22.3589(8) A, b=17.1768(9) A, c=32.5454(A2)p = 100.346(3) ° and
V =12296.0(9) A The structure of the polyanion (), which is shown in Figure
5.4 (a), is composed of an Anderson-Evans POM {M&Mg fragment, one triply
deprotonated ligandL1) {(OCH2)sCNHCH,(CesHs)COOH}*- and one fourfold
deprotonated ligan(L1) {(OCH2)sCNHCH;(CsH4)COO}*.
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(a) (b)

229 A

Figure 5.4: L — POM — L moiety ifb): Single hybrid (a) and 1D “zigzag” chains (b).
Colour code: Anderson-Evans polyanions: green viftlp red polyhedral models, O:
red, C: grey, N: blue, H: black. TBA counterionglddMF molecules are omitted for
clarity. For (b): C and N atoms: wire/stick designd only H atoms of carboxylate
groups are shown.

The general description of this kind of compound ea&plained at the beginning

of this chapter.

The Qcoo- Ocoo distance of the ligands attached to the Anderscan& POM
within one POM hybrid ranges from 22.3 A to 22.91dcomparison to compound

(4), precurso(5) is on average 4.3 A longer.

The POM hybrid has a total charge of 4-, which ialabced by four
tetrabutylammonium ([NtCsHg)4]*) cations. Furthermore, there are three DMF
molecules per asymmetric unit, whereas one of tleeséd be identified in the
lattice via the SQUEEZE function within PLATON?

The single hybrids of5) form 1D zigzag chains via hydrogen bonds between t
carboxylate groups of the organic ligands of twibedent hybrid units. Here, the
H-.-O distance between two hybrids is 1.4939(3@)nfl the O-H.---O angle
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amounts to 163.6 °. According to Legon and Milléhese suggest moderate
hydrogen bond&° Figure 5.4 (b) shows one of these “zigzag” chaivisere it is
also seen that the carboxylate groups of the hybridhe middle are both
deprotonated. On the other hand, the other two ithybcontain protonated
carboxylate groups, which means that the hybrttiémiddle should have a charge
of -5 and the other two polyanions a charge oD<3e to the fact that the hybrids
are in principle identical it can be assumed thatistically each hybrid contains

one protonated and one deprotonated ligand and blaarge of -4.

Figure 5.5 shows an extract of the chains formedth®y POM hybrids in
perspectives along, b and c-axis, respectively. In the structure, two types of
L — POM — L units form the chains resulting in téypes of chains with an A-B
alternation. For a better understanding, thesetyywes of links within the chains
are coloured in green and red. The view alondthgis (see Figure 5.5 (b)) shows
that each chain is formed by an A-B alternatiorg@en and red hybrids. It also
reveals that in tha-c plane, the chains lie parallel to each other &edshortest
distance between two terminal oxygen atoms of teighbouring polyanions is
8.7 A. In theb-c plane (Figure 5.5 (a)) and theb plane (Figure 5.5 (c)) the chains
have a tilted angle of 107.5 ° and 96.3 °, respelti
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Figure 5.5: View along the a-axis (a), b-axis (Imdac-axis (c). Colour code: Anderson-
Evans polyanions: green, red, polyhedral models;e@; H (only of carboxylate groups):
black, C: grey wire/stick, N: blue wire stick. TBAunterions and DMF molecules are

omitted for clarity.
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5.2.1.2Powder X-ray diffraction

Figure 5.6 shows the simulated (simu) and experiaiéaxp) PXRD-patterns of

(5). The D values of the reflections @)-exp shows a good agreemen(Gpsimu.

— (5)-exp
— (5)-simu

Intensity [a.u.]

D 1 W R

R

10 15 20 25 30
26 [°]

Figure 5.6: Simulated (simu) and experimental (6XRD-patterns ofb).

5.2.1.3So0lid state UV-vis studies

Figure 5.7 shows the solid state UV-vis spectrumashpound5). The spectrum
reveals one absorption band\at 524 nm, which can be allocated to a d-d electron
transfer from the orbital to the ¢ orbital within one MA* ion. Furthermore, the
maximum absorption at = 300 nm can be allocated to a LMCT. The change of
absorbance at = 350 nm was caused by the change of the lampgltine record

of the spectrum. The bandgap of 3.12 eV was fowmbuhe Tauc method.
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Figure 5.7: Solid state UV-vis spectrum of compo{fd

5.2.1.4Catalytic studies

Photo-electrocatalytic studies

Photo-electrocatalytic studies of compouid) were performed with a Xe lamp
(300 W) with a 0.33 Hz chop light scan and a poveméter with linear sweep
voltammetry over the range -0.8 V to 1.4V at anscate of 0.01 V/s in 0.5 M
NaSQO; (pH = 8.6) solution. A 3-electrode system with AgCl as a reference
electrode and a platinum wire as a counter eleetveete used. Compouifs) was

taken up in methanol and spin-coated on a ZnO-ddéigorine-doped Tin Oxide

(FTO) substrate and used as working electrode.

The results of the photo-electrocatalytic studsgswn in Figure 5.8, demonstrate

that compoundb) is a potential catalyst for water splitting.

By the use of linear sweep voltammetry under iatidn of artificial sunlight (see
Figure 5.8 (a)), the current starts to develop poi@ntial of -0.2 V vs. Ag/AgCl

87



5. Results and Discussion

and shows the highest value of 5.81* bA/cn? at 1.4 V vs. Ag/AgCIl. Due to the
fact that these values do not significant changer aépeating the measurement
another two times, the stability of compoufl) can be confirmed under these

conditions.

Since compoun¢b) was applied onto a ZnO-based substrate and Zn@lebkght
in the UV region, which also has photo-electrogaial properties for water
splitting, the measurement was repeated with U\éf€ditter (< 420 nm) in order
to exclude the catalytic effect of the ZnO basestnate (see Figure 5.8 (b)). In
addition, three measurements of linear sweep vaoitetry were recorded in order
to confirm the stability of compoun®) under these conditions.

(@ L
& 067 1strun ”\JLW
£ 0.5+ 2nd run L_L—EA
< 04- 3rd run [ L'T'W
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E .
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Figure 5.8: Photo-electrocatalytic results of compd(5) recorded in 0.5 M N&SQ,
(pH = 8.6) over the range -0.3 V to 1.4 V at a scate of 0.01 V/s and sunlight
simulation without any filter (a) and with a filtéittering the radiation below 420 nm (b).
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Figure 5.9: Comparison of photocatalytic studiexompound5) in 0.5 M NaSQ
(pH = 8.6) over the range -0.3 V to 1.4 V at a scae of 0.01 V/s: Studies with and
without filter (< 420 nm), for comparison in eacase the final 3rd cycle was chosen.

Figure 5.9 shows the direct comparison of cataltiiclies with and without filter.

It is clearly seen that a development of a curvétit the filter occurs at a potential
of OV vs. Ag/AgCI, which corresponds to a shift #D.2 V compared to
measurement without any filter. On alternationhaf $can rate the current increases
to a maximum of 1.31- TomA/cn? at 1.4 V vs. Ag/AgCl. This shows that filtering
radiation below 420 nm reduces the catalytic atstiof the system by. 77 %.

5.2.1.5Conclusion

Compound (5) was successfully synthesized by stirring a mixtuoé
[N(n-C4Ho)4]a[M0gO2¢| (2), (4-GsH4COOH)CHNHC(CH0OH)3 (L1),
Mn(OAc)s-2HO and DMF for 22 h at 85 °C and was isolated in fibven of

crystals, whereby a crystal structure could be rdeteed. Furthermore, this
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compound was also characterized by PXRD, EA, UVand FT-IR spectroscopy.
Preliminary photo-electrocatalytic studies revlattcompound5) shows catalytic
properties applicable to water splitting. Thesaligs require further investigation

including optimizing the coating @5) onto the substrate.

5.2.2 [N(n-CsHog)4]3[(AIM0 6018)((OCH2)3sCCH20CH2C(CH20H)3)2]- 2H20
(6)

The reaction was carried out vigee-functionalization (section 3.1.1.2.1.1) under
solvothermal conditions. A mixture of BJAI(OH)sM0eO1g]- 2nH20 (n = 2-10),
dipentaerythritol, tetrabutylammonium bromide ang®Hvas stirred for 30 min in
a Teflon container, which was then sealed in algss steel reactor. The reaction
mixture was heated to 120 °C within 1 h period dreh kept at that temperature
for 96 hours, followed by cooling to room temperatwith a cooling rate of 3.96
K/h, resulting in white crystalline material.

5.2.2.1Single crystal structure

The crystallographic data of compouit] are given in Table 8.3.

The single crystal X-ray diffraction analysis relsethat compoungb) crystallizes
in the monoclinic space groug2:/n with the wunit cell parameters:
a=13.9305(11) A, b=23.8385(13) A, c=15.338%5@A, p=113.593(7)°,
V = 4667.0(6) &A. The structure of the polyanion {6), which is shown in Figure
5.10, is composed of an Anderson-Evans POM {Ad®@} fragment and two
triply deprotonated dipentaerythritol {(OGHCCH,OCH,C(CH,OH)s}* ligands.
The general description of this kind of compound eaplained at the beginning

of this chapter. The none-coordinating methoxy geoof the organic ligands
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attached to the POM unit are disordered and thgelstnGhethoxy- Omethoxydistance
within one L — POM - L is 18.9 A.

18.9 A

Figure 5.10: L — POM — L unit if6). One part of disorder is omitted for clarity. Calo
code: Anderson-Evans polyanions: green ring witlingie polyhedral models, O: red, C:
grey, H: black. TBA counterions and water molecalesomitted for clarity.

The POM hybrid has a total charge of 3-, which @@labced by three
tetrabutylammonium ([N{C4sHo)4] ") cations. The-butyl groups of the TBA ions
are highly disordered with one disordered over ecsp position of an inversion
centre. The central-N atoms is disordered eithée sif the inversion centre and
could not be refined satisfactorily. The electroensity of this TBA ion was
calculated using the SQUEEZE function within PLAT@N In addition, two

lattice water molecules were identified.

The single L — POM - Ls db) form 1D zigzag chains via hydrogen bonds between
a hydroxyl group of the end of a ligand and a teahoxygen of the {AIM@O1s}

unit (see Figure 5.11 and Figure 5.12). Here, the ® distance between two
hybrids is 1.93 A and the O-H---O angle is in Hrege 163.3 °to 133.4 ° due to the
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disorder of the ligand. According to Legon and Bl these suggest moderate

hydrogen bond&®

Figure 5.11: H-bond between a hydroxyl group ofehd of a ligand and a terminal
oxygen of the {AIMgD1g} unit. Only H atoms of hydroxyl groups are sho@olour
code: Anderson-Evans polyanions: green ring witlingie polyhedral models, O: red, C:
grey, H: black. TBA counterions and water molecalesomitted for clarity.

Figure 5.12 shows an extract of the chains formethe POM hybrids along, b
andc-axis, respectively, whereas the view long ¢kexis shows the side view of
the chains. In the crystal structure, two differ¢ypges of chains with an A-B
alternation are present. The tilted angle betwaendf these chains amounts to
162.472(542) °. Furthermore, the chains might be kegether by electrostatic

interaction of HO molecules and TBA cations.
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(@ (b) (©)

X

Figure 5.12: View along the a-axis (a), b-axis @3 c-axis (c). Colour code: Anderson-
Evans polyanions: green ring with orange polyhednaldels, O: red, C: grey wire/stick.
TBA counterions, water molecules and H atoms arigt@dfor clarity.

5.2.2.2Powder X-ray diffraction

Figure 5.13 shows the simulated (simu) and experiah¢exp) PXRD-patterns of
(6). The comparison of both patterns show that the ddtintensities of reflections
and their shifts along theédzaxis are not in good accordance. This deviationbea
explained due to the fact that the simulated pattems generated from a single
crystal measurement made at 180 K, whereas, imasinthe experimental PXRD
was performed at room temperature and it is imptes$o account for a solvent

loss.
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Figure 5.13: Simulated (simu) and experimental JéX¥RD-patterns of6).

5.2.2.3Solid state UV-vis studies

Figure 5.14 shows the solid state UV-vis spectriicommpound6). The spectrum
reveals one maximum absorptiomat 258 nm, which can be assigned as LMCT.

No d-d transitions are observed in line with theklaf d electrons. The bandgap of
3.77 eV was found using the Tauc method.
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Figure 5.14: Solid state UV-vis spectrum of comgb(@).

5.2.2.4Conclusion

Compound(6) was successfully synthesized viapee-functionalization under
solvothermal conditions and isolated in the forntfstals. The crystal structure
reveals that the hybrids form 1D zigzag chainshydrogen bonds between an
methoxy group of one hybrid and a terminal oxygéra meighbouring hybrid.
Furthermore,(6) was also characterized by PXRD, EA, UV-vis and IRT-
spectroscopy. This compound, with its terminal @tyg@toms and the organic
ligands, is a potential linker for the construct@POMOFs. However, a synthesis

of such a framework based on this POM hybrid haseen developed yet.
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5.2.3 [N(n-CsHog)4]3[(MnMo 6018){(OCH 2)sCNH(CesH4)C=N}2]- 6MeCN (7)

The reaction was carried out by refluxing a mixtof¢N(n-CsHg)a]alM0gO2¢] (1),
4-N=C(CsH4)CH2NHC(CHOH)3 (L2), Mn(OAc)-2H0 in MeCN for 21 h. The
desired compound7) was isolated as crystalline material by exposorether

vapour.

5.2.3.1Single crystal structure

The crystallographic data of compou(¥d are given in Table 8.4.

The single crystal X-ray diffraction analysis relsethat compound?) crystallizes

in the triclinic space group-1 with the unit cell parameters a = 20.3358(3) A,
b =28.4667(5) A, ¢ =30.2411(5) A, a = 67.3340(10) °, B =70.1380(10) °,

y = 76.5140(10) ° and V = 15087.5(5§.AThe structure of the polyanion (i),
which is shown in Figure 5.15, is composed of andé&son-Evans POM
{MnMoeO1g} fragment and two triply deprotonated ligandd.2) {4-
N=C(CsH4)CH;NHC(CH.O)3} *.

The general description of this kind of compound ea&plained at the beginning

of this chapter.

The Nc=n - Nc=n distance of the ligands attached to the Andersaamg POM
within one POM hybrid ranges from 22.1 A to 23.7 A.
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23.7 A

Figure 5.15: L — POM — L moiety {{7). Colour code: Anderson-Evans polyanions:
green ring with red polyhedral models, O: red, @y N: blue, H: black. TBA
counterions and MeCN molecules are omitted foritglar

Figure 5.16 shows an extract(@) with a disordered organic ligand. This disorder
can be explained by the inversion of the nitrogethe amine, which connects the
Tris unit with the organic residd&! Furthermore, most of the structures of this
work contain this kind of disorder caused by thekkat N atoms (kink at N

disorder). Not only amines but also Schiff basesadfected by this effect.
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Figure 5.16: L — POM moiety i¥) with disordered organic ligand. Colour code:
Anderson-Evans polyanions: green ring with red petjral models, O: red, C: grey, N:
blue. TBA counterions, MeCN molecules and H atam®mitted for clarity.

The POM hybrid has a total charge of 3-, which @&@labced by three
tetrabutylammonium ([N{-C4Ho)4]™) cations. Furthermore, there are eighteen
MeCN molecules per asymmetric unit, whereas elef¢hese could be identified
in the lattice via the SQUEEZE function within PLAN.1%°

5.2.3.2Powder X-ray diffraction

Figure 5.17 shows the simulated (simu) and experiah¢exp) PXRD-patterns of
(7). It is clearly seen that the experimental resuiivess a good accordance (-

simu. The five weak low angle reflections in thensiated pattern are not
observable in the measured one as a result ofigmalsto noise ratio at low

diffractions angles.
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Figure 5.17: Simulated (simu) and experimental {éX¥RD-patterns of7).

5.2.3.3Solid state UV-vis studies

Figure 5.18 shows the solid state UV-vis spectriicompound7). The spectrum
reveals one absorption band\at 527 nm, which can be assigned to a d-d electron
transfer from thexf orbital to the g orbital within one MA* ion. The maximum
absorption ah = 271 nm can be allocated to a LMCT. The changabsbrbance
at A =350 nm was caused by the change of the lammgluhe record of the
spectrum. The bandgap of 3.12 eV was found usiag@ #uc method.
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Figure 5.18: Solid state UV-vis spectrum of comgb(i).

5.2.3.4Conclusion

Compound (7) was successfully synthesized by refluxing a mixtuof
[N(n-C4Ho)4]a[M0gO2¢| (2), 4-N=C(CeH4)CHNHC(CH0OH)3 (L2),
Mn(OAc)z-2HO and MeCN for 21 h and was isolated in the forncfstals,
whereby a crystal structure could be determinedhEumore, this compound was
also characterized by PXRD, EA, UV-vis and FT-IR&poscopy. This compound,
with its terminal oxygen atoms and the organicrgs is a potential linker for the
construction of POMOFs. However, a synthesis ohsuframework based on this
L —POM - L has not been developed yet. Althouglomainous material results
from reactions aimed at creating frameworks nolsiogystals have been obtained

to date.
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5.2.4 [N(n-CsHog)4]3s[MnMo 6018{(OCH 2)sCNHC=0(CsH4sNO2)}2][6DMF (8)

The reaction was carried out by stirring a mixtof@N(n-CsHg)4]4[M0gO2¢] (1), 4-
NO2(CeHs)C=ONHC(HOCH)z (L3), Mn(OAc): 2H0O and DMF for 24 h at 85 °C.
Afterwards, compoun(B) was isolated as crystalline material by exposoiether

vapour.

5.2.4.1Single crystal structure

The crystallographic data of compoui@) are given in Table 8.5.

The single crystal X-ray diffraction analysis relsethat compoun@8) crystallizes

in the orthorhombic space groupbcn with the unit cell parameters:
a=63.585(4) A, b=18.1926(12) A, c=26.6998(A2)V = 30886(3) K. The
structure of the polyanion ¥8), which is shown in Figure 5.19, is composed of an
Anderson-Evans POM {MnM#®1g} fragment and two triply deprotonated ligands
(L3) {(OCH2)sCNHC=0(GHiNO)}*.
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5. Results and Discussion

Figure 5.19: L — POM — L unit i{B). Colour code: Anderson-Evans polyanions: green
ring with red polyhedral models, O: red, C: grey,Bue, H: black. TBA counterions,
DMF molecules and H atoms are omitted for clarity.

The general description of this kind of compound wa&plained at the beginning

of this chapter.

The Quoo - Onoo distance of the ligands attached to the Andersaam& POM
within one L — POM - L ranges from 22.8 A to 23.3 A

The POM hybrid has a total charge of 3-, which @&@labced by three

tetrabutylammonium ([N{-CzHg)4]*) cations.

The asymmetric unit contains one complete [MrOWE{(OCH2)3
CNHC=0O(GHiNO2)}2]*>  polyanion, one half of the  hybrid
[MNM0601{(OCH2)sCNHC=0(GHiNO2)}2]*, 4.5 tetrabutylammonium cations
and 6 DMF molecules, whereas four of the catiomsfanr DMF molecules could
be refined, the N atom and ondoutyl group of the remaining half of a TBA cation
are disordered about the twofold axis. The remginibutyl groups are disordered,
thus the cation could not be refined satisfactoriiyectron density apparently

resulting from two further DMF molecules was alduserved, but could not be
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5. Results and Discussion

modelled. The contribution of the half cation amwebtDMF molecules were
therefore modelled using the SQUEEZE function witALATON 1°°

5.2.4.2Powder X-ray diffraction

Figure 5.20 shows the simulated (simu) and expeariaiéexp) PXRD-patterns of
(8). It is clearly seen that the experimental resoiives a good accordance (&)-

simu.

— (8)-exp

‘ — (8)-sim
h

Intensity [a.u.]

i
| I
e LAM A | SVNANIEEV NS S U | W VO SN

4 6 8 10 12 14 16 18 20 22 24
26 [°]

Figure 5.20: Simulated (simu) and experimental JdX$RD-patterns of8).

5.2.4.3S0lid state UV-vis studies

Figure 5.21 reveals the solid state UV-vis spectoficompound8). The spectrum
shows one absorption band\at 526 nm, which can be allocated to a d-d electron
transfer from the,f orbital to the g orbital within one MA" ion. The maximum

absorption ah = 291 nm can be allocated to a LMCT. The changabsbrbance
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at A = 350 nm was caused by the change of the lammgluhe record of the

spectrum. The bandgap of 2.92 eV was found usiag@ #uc method.
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Figure 5.21: Solid state UV-vis spectrum of compb(@).

5.2.4.4Conclusion

Compound (8) was successfully synthesized by stirring a mixtuoé
[N(n-CaHog)4]a[M05Ozs] (1), 4-NOy(CeH4)C=ONHC(HOCH)3 (L3),
Mn(OAc):-2HO and DMF for 24 h at 85 °C and was isolated in fibven of
crystals, whereby a crystal structure could be rdateed. Furthermore, this
compound was also characterized by PXRD, EA, UVand FT-IR spectroscopy.
This compound, with its terminal oxygen atoms ahd organic ligands, is a
potential linker for the construction of POMOFs €Tiitro group can be converted

into an amine group and thus become a suitabldi@uat group for building up
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5. Results and Discussion

networks. However, a synthesis of such a framewaded on this POM hybrid has
not been developed yet.

5.2.5 Steps towards developing the POM as linker stratgg(c) to the
synthesis of POMOFs

5.2.5.1[N(n-C4Hg)4]3[(MnMo 6018)((OCH2)sCNH(CeH5)2]- MeCN- H20 (9)

The first strategy was to synthesi8) as a “proof of principle” if the “inverse”
POMOF methodology might proof fruitful. This appobainverts the nature of the
node to be organic rather than inorganic. For nresebwanting to establish robust
and simple approach this line of inquiry was abaredio The reaction was carried
out by refluxing a mixture of [N¢CsHo)4]4[M0gO2¢] (1), (CeHs)NHC(CHOH)3
(L4), Mn(OAc): 2H0 and MeCN for 19 h. Afterwards, compou®jwas isolated
as crystalline material by exposure to ether vapour

5.2.5.2Single crystal structure

The crystallographic data of compoui®) are given in Table 8.6.

The single crystal X-ray diffraction analysis relsethat compoun) crystallizes

in the triclinic space group-1 with the unit cell parameters a = 13.9550(10) A,
b=17.1438(14) A, ¢ =19.1438(16) A, o =81.478(7) °, P = 78.320(6) °,

y = 83.957(6) ° and V = 4422.2(6F AThe structure of the polyanion (&), which

is shown in Figure 5.22, is composed of an Andeisgns POM {MnM@O:1s}
fragment and two triply deprotonated ligarfig) {(OCH2)sCNHCsHs)} 3.

The general description of this kind of compound ea&plained at the beginning
of this chapter.
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5. Results and Discussion

The GarzeCparadistance of the ligands attached to the Anderscam& POM within
one L — POM - L amounts to 15.7 A.

15.7 A

Figure 5.22: L — POM — L unit i{®). Colour code: Anderson-Evans polyanions: green
ring with red polyhedral models, O: red, C: grey, tlue, H: black.

The POM hybrid has a total charge of 3-, which @@labced by three
tetrabutylammonium ([NtC4Ho)4]") cations. Additionally, there are one MeCN

and one water molecules per POM hybrid.

5.2.5.3Powder X-ray diffraction

Figure 5.23 shows the simulated (simu) and experiah¢exp) PXRD-patterns of
(9). The comparison of both patterns shows that tinellsiied pattern is shifted by

+0.3 °in B. This can be explained, considering the fact thatsimulated pattern
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was generated from a single crystal measurement mad 80 K, whereas, in
contrast, the experimental PXRD pattern was obteateoom temperature.

—(9)-simu
—(9)-exp

| M

Intensity [a.u.]

//JM | IS T Y T RV A

5 10 15 20 25 30 35
26 [°]

Figure 5.23: Simulated (simu) and experimental JdX$RD-patterns of9).

5.2.5.4S0lid state UV-vis studies

Figure 5.24 shows the solid state UV-vis spectriicommpound9). The spectrum
reveals one absorption band\at 527 nm, which can be allocated to a d-d electron
transfer from thex orbital to the ¢ orbital within one MA* ion. Furthermore, the
maximum absorption at = 278 nm can be allocated to a LMCT. The change of
absorbance at = 350 nm was caused by the change of the lampgltine record

of the spectrum. The bandgap of 2.83 eV was fowiuguthe Tauc method.
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Figure 5.24: Solid state UV-vis spectrum of comgb(@).

5.2.5.5Conclusion

Compound9), which was designed to test an inversive approaahb,successfully
synthesized by refluxing a mixture of [INCsHo)aJalM0sO2 (1),
(CsHs)NHC(CH0OH)3 (L4), Mn(OAc): 2H0 and MeCN for 19 h and was isolated
in the form of crystals, whereby a crystal struetwould be determined.
Furthermore, this compound was also characteriggt®RD, EA, UV-vis and FT-
IR spectroscopy. The L — POM - L can be further ived by e.g. Friedel-Crafts
acylation/alkylation. This compound is a potentiaker for the construction of

POMOFs. However, this synthetic approach demanasnany steps creating the
desired POMOFs.
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5.2.6 [N(n-CaHog)4]2[Mn 2M04014((OCH2CH2)2NCH2CH20H)2] (10)

In order to see if trialcohol ligands could be usedccupy theiz-OR sited of the
Anderson-Evans POM, the use of triethanolamine wsglored. Under the
conditions used two crystalline products could $mated. One is the previously
reported [MoQ{(HOC2H4N(C2H4O),}] 1°8 (see Figure 5.25) and the secon(.B).
As already described in section 4.4.9 compoyhd) can be isolated using
fractional crystallization. Neither compound inve$/the Anderson-Evans POM
but compound10) does have a heterometallic POM core. The reawtamcarried
out by refluxing a mixture of [NtCaHg)4]4f]M0sOz¢] (1), triethanolamine (TEAB),
Mn(OACc)z- 2H0O and MeCN for 20 h. Afterwards, compouiid) was isolated as

crystalline material by exposure to ether vapour.

Figure 5.25: Structure of [Mo&(HOC:HisN(C:H40)2}]. Colour code: Mo: green, O:
red, C: grey, N: blue, H: black.
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5.2.6.1Single crystal structure

The crystallographic data of compoufid) are given in Table 8.7.

Compound [MBMo4(u2-O)s(Or)s((ns-O)CHCH2)2NCH,CH-OH),]>  (10)

crystallizes in the monoclinic space groBgi/n with the unit cell parameters:
a=9.9770(11) A, b=16.1440(18) A, c¢=18.730%2) p=95.186(9) ° and
V = 3004.5(6) &. The structure of the polyanion (h0), which is shown in Figure
5.26, is composed of the centrosymmetric dianiohigteropolymolybdate
{Mn 2Mo04016} and two twofold deprotonated triethanolamine Idgrnwhereas the

charge of the polyanion is balanced by two tetrdaaotmonium cations.

(a) (b)

Y o€l

Figure 5.26: L — POM — L moiety {{10) without (a) and with (b) polyhedral model.
Colour code: Mo@ MoGs: green polyhedra, MnéN: red polyhedra, Mn: orange, Mo:
green, O: red, C: grey, N: blue, H: black. TBA ctarions are omitted for clarity.
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The inorganic core structure is built from two {f10}, two {Mo ®*Os} and two
{Mn3*0sN} moieties. The oxidation states of the metal cemtwvere calculated by
valance sum calculator. As shown in Figure 5.28Mheatoms are opposite to each
other and each Mn atom is between two Mo atoms f@ans that each {MnrQ}
octahedron is edge sharing with a {Mg©ctahedron and a {Mo§) pentahedron,
whereas a {MoG} and a {MoGs} unit, which are opposite to each other, are stuari

an edge.

The analysis with the computer program SHAPEeveals that the geometries of
the five-coordinated Mo atom in the {M@punit, the six-coordinated Mo atom in
the {MoGOs} moiety and the six-coordinated Mn atom in the {®kN} part (shown

in Figure 5.27) are distorted from the ideal shdpe deviation value of Mo from
the idealized Johnson trigonal bipyramid (JTBPYQmgetry is 1.903. In the case
of the {MoGs} moiety, the deviation value of Mo from the ideadd pentagonal
pyramid (PPY) geometry is 30.345. For Mn in the {®\} part, the deviation
value from the idealized octahedron (OC) geomet8/,977The continuous shape
measurements (CShM’s) are listed in Table 8.14atien 8.2.1.

(@) (b) (©)

Figure 5.27: Coordination polyhedra of Mo in {Me(), Mo in {MoG;} (b) and Mn in
{MnOsN} (c).
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In the {MoGs} units the Mo-O bond lengths display large vaoatranging from
1.700(2) - 2.3228(19) A (shortest: Mo-terminal Corat (Q); longest: Mo-
Orea/us-0), while the O-Mo-O angles are between 68.55@%2.20(10) °.

In the case of the {Mo§) group the Mo-O bond lengths reach from 1.706(3) -
2.517(2) A. Also in this case, the largest distasadtributed to a Mo-@a and the
shortest to a Mo-hbond. The O-Mo-O angles extent from 70.70(8) -.&7(L1) °.

In the {MnOsN} part, the Mn-O distances are between 1.865(2) 2815(2) A,
while the O-Mn-O angles are in the region of 74834(176.79(10) °. The Mn-N
bond length is 2.286(3) A, whereas the N-Mn-O asmgfall in the range
79.32(9) - 148.74(8) °. At the same time, the arugl@48.74(8) ° corresponds to
the elongated Jahn-Teller axis of ¥nwhich is defined by the fda atom of a
triethanolamine ligand and anréa of a deprotonated ethoxy group of another

triethanolamine ligand, lying opposite to each athe

The triethanolamine ligands are connected to thergamic core via two
deprotonated ethoxy groups forming apz@oordination site binding to one Mn
and two Mo centres. The third ethoxy group is ptiitonated and not coordinating
to any metal. The &hoxyOethoxy distance between two ends of the ligands within
one POM hybrid is 13.6 A.

5.2.6.2Powder X-ray diffraction

Figure 5.28 shows the simulated (simu) and expeariaiéexp) PXRD-patterns of
(10). It is clearly seen that the experimental redudtvgs a good accordance(id)

simu.
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—— (10)exp
— (10)simu

L\ LJ[.‘I .l‘ o ._lﬁ.l.l-l J P | AN A

Intensity [a.u.]

10 15 20 25 30 35
20[7]

Figure 5.28: Simulated (simu) and experimental @R D-patterns of10).

5.2.6.3Solid state UV-vis studies

Figure 5.29 shows the solid state UV-vis spectriicompound10). The spectrum
reveals three absorption bands\at 751 nm, 534 nm and 479 nm, which can be
allocated to d-d electron transfers from thgotbital to the g orbital within one
Mn3* ion. The maximum absorption &t= 290 nm can be allocated to a LMCT.
The change of absorbancelat 350 nm was caused by the change of the lamp

during the record of the spectrum. The bandgap.3f 8V was found using the
Tauc method.
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Figure 5.29: Solid state UV-vis spectrum of comuh({10).

5.2.6.4Conclusion

Compound (10) was successfully synthesized by refluxing a mixtusf
[N(n-CsHg)a]alM0gO2¢] (1), triethanolamine (TEAE), Mn(OAc)-2HO and
MeCN for 20 h and was isolated in the form of calstwhereby a crystal structure
could be determined. Furthermore, this compound wlas characterized by
PXRD, EA, UV-vis and FT-IR spectroscopy. This compad, with its terminal
oxygen atoms and the organic ligands, is a potditker for the construction of
POMOFs. Furthermore, the hydroxyl groups can bestfoamed to an azide using
NaNs and used as a reactive group for click reactioriotsn a triazole-based
network. Though, a synthesis of such a framewodetian this POM hybrid has
not been developed yet. As a strategy for AndeEsaams POM-based POMOFs,

this clearly needs much more study.
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5.3 Extended structures

Table 5.1 summarizes the previously reported anelio— POM — L hybrids.

Table 5.1: Summary of the previously reported aomehL. — POM — L hybrids.

L — POM - L Abbreviation Hetero / central Lenath Extended functional  Additional
for Linker atom of POM 9 structures group remarks
POMOFs
no (post- 3+ (13), (14A), . .
L AP Mn 18.8 A pyridyl  with Cu, Zn
functionalization) (114B), (15) and Cd
POMOFs
3+ with RE
L1 Mn 229 A (11), (12) carboxylate (RE=Y, La
—Lu)
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Table 5.1 continue:

Abbreviation Hetero / central

L-POM-L

for Linker atom of POM
no
(commercially Al3
available)
L2 Mn3*
Mn3*

M W e ©

116

Length

189 A

23.7 A

23.3A

Extended
structures

no

no

no

functional
group

hydroxyl

nitrile

nitro

Additional
remarks

no

no

no
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Table 5.1 continue:

L-POM-L

Abbreviation Hetero / central

for Linker

L4

no
(commercially
available)

atom of POM

Mn3*

Mn3*

117

Length

15.7 A

13.6 A

Extended
structures

no

no

functional group

phenyl

hydroxyl

Additional
remarks

no

Disruption
strategy
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5.3.1 Rare earth containing polyoxometalate-based metal rganic
frameworks (RE-POMOFS)

5.3.1.1RE(DMF) 6RE(DMF) sRE3(DMF) 1[(MnMo 6018)((OCH2)sCNHCH 2
(CeH4)COO):]s- xDMF (RE = La - Nd) (11)

The series of compound comprising the fanfilyt) could be obtained both by
layering method and by stirring of the reactants
[N(n-CaHg)4] 4l (MNM06018)((OCHz)sCNHCH,(CeH4) COOH)((OCH)sCNHCH;,
(CeH4)COO)]- 3BDMF(5) with the respective RE(N{R salt.

53111 Single crystal structure

For the description of the structure of the senégl1ll), Ce was chosen as a
representative for RE.

The crystallographic data of compoufid)-Ce are given in Table 8.8.

The single crystal X-ray diffraction analysis relsedahat compound11)Ce
crystallizes in the monoclinic space groB@: with the unit cell parameters:
a=19.2936(2) A, b=25.6462(2) A, c=26.1388(3)p = 90.1440(10) ° and
V =12933.6(2) A The network structure of compoufid.)}-Ce is shown in Figure
5.30 and consists of three {(MnMB1g)((OCHz)sCNHCH(CsH4)COO)Y}>, one
{Ce(DMF)g} 3*, one {Ce(DMF3}3* and one {CgDMF)10} °* units.
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24A-
232A

Figure 5.30: Structure dfL1)-Ce. Colour code: Anderson-Evans polyanions: géen
with red polyhedral models, Ce: orange, O: red,gtey wire/stick, N: blue wire/stick.
Lattice DMF molecules and H atoms are omitted farity. DMF molecules
coordinating to Ce atoms are represented by theat@ns.

For a simple description of the structure, Ander&vans POMs with different
connection modes are marked in different colousssBown in Figure 5.31 (a) an
Anderson-Evans hybrid (shown in green) coordin&tesne {Ce(DMF3}3* unit
(with Ce2 as central atom) via one terminal oxy(@hatom. Furthermore, another
Anderson-Evans hybrid (coloured in red) binds ts {€e(DMF)} 3 moiety via
two O atoms opposite to the green Anderson-Evans PONk fidd marked
Anderson-Evans hybrid is also attached to one {G4RR} 3" (with Cel as centre)
unit through two ®@atoms, which lie across from the twe&oms coordinating to
the first {Ce(DMF}} 3* moiety. A third Anderson-Evans hybrid (marked lod) is
connected to the {Ce(DME})** unit via one @atom opposite to the ones of the red
Anderson-Evans polyanion. This blue coloured AnaierSvans hybrid also links
via a carboxylate group, which is part of the oigdinker, to one {C&(DMF)1} °*
unit. As shown in Figure 5.31 (b), five additionAhderson-Evans POMs
coordinate to this {C£DMF)10} °* unit via carboxylate groups coming from two

green, two blue and two red Anderson-Evans hybrids.
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(a) (b)

14.0 A

Figure 5.31: (a): Structure dfLl1)-Ce. DMF molecules and H atoms are omitted for
clarity. (b): six Anderson-Evans polyanion coording to {Ce(DMF)1}°* unit via
carboxylate groups. Colour code: Anderson-Evangauaibns: green, red, blue
polyhedral models, Ce: orange, O: red, C: grey vatek, N: blue wire/stick. Lattice
DMF molecules and H atoms are omitted for clafiy¥F molecules coordinating to Ce
atoms are represented by their O atoms.

The distance between the¥Xeentres in the {Ce(DME)3* and the {Ce(DMFg} **
units is 12.4 A, whereas the distances betweerMwatoms of the POM moieties
are about 12.2 A. The Mn-Ce distance between aafosehybrid and a Ce ion of
the {Ce(DMF)}3* and the {Ce(DMR} 3* parts, respectively, ranges from 6.1 A to
6.9 A. The Ce-Ce distances within the §8MF)10} °* unit are 4.2 A, whereas the
Ce-Mn distance between themit and a hybrid is in the range 12.1 Ato 14.0 A
The Q:oo-Ocoo distance within one POM hybrid ranges from 22.t02&3.2 A. In
comparison to compour(8), the hybrids ir(11)Ce are on average compressed by
0.3A

In (11)>Ce several DMF molecules, which coordinate to @e centres, are
disordered. For this reason, only the O atoms af BMF molecules of the
{Ce(DMF)g} 3" unit, one DMF molecule of the {CeDM$}* moiety and six DMF

molecules of the {C£DMF)10} °* part could be refined. Furthermore, there are two
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DMF molecules in the lattice, whereas 15 additioDdF molecules can be
identified in the lattice via the SQUEEZE functiaithin PLATON 1°°

The green coloured Anderson-Evans polyanion is rdesed. During the
refinement process it was not possible to modsldisorder with partial occupancy
atoms, but only as single components with highlig@nopic thermal ellipsoids
with significant residual electron density surroungdthis polyanion. Considering
the  Anderson-Evans POM as a wheel the organic parts
{(OCH2)sCNHCHx(CgH4)COO} corresponds to its axle. The POM can rotate
around this axis and is bonded to just one Ce asorthat the POM can undergo a
high amplitude of vibration. The amplitude of theration of the atoms within the
POM increases as we move further from the centrabkdm. Due to the fact that
the organic ligands are not linear, with the C-Mdbdorming a kink, this organic
part is also twofold disordered about the directidmotation (kink at N disorder,
see section 5.2.3.1). For some of these ligandsdiborder could be modelled, for

others it was necessary to use one set of highseanpic atoms.

The analysis with the computer program SHAPEeveals that the geometries of
the eight-coordinated Ce atom in the {Ce(DMB})3} unit (with Ce2 as centre),
the nine-coordinated Ce atom in the {Ce(DMPB})3} moiety (with Cel as core),
the eight coordinated Ce atom in the {Ce(DMB}p,cod(Ocoo)2} part (with Ce3 as
centre), the nine-coordinated Ce atom in {Ce(DMEX6)2(Ocoo)a} Unit (with Ce4
as central atom) and the nine-coordinated Ce atdghei{Ce(DMF)(Q,co9(Ocoo)s}
moiety (with Ce5 as core) (shown in Figure 5.32) distorted from their ideal

shapes.

The deviation values of Ce2 and Ce3 from the idedlisquare antiprism (SAPR)
geometry are 0.517 and 0.307, respectively. Theatlem value for Cel, Ce4 and
Ce5 from the idealized spherical capped squar@resm (CSAPR) geometry are
1.538, 2.542 and 1.289, respectively. The contisushape measurements
(CShM's) are listed in Table 8.15 in section 8.2.2.
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(b)

Ce2 Cel

Ce3 Ce4 Ce5

Figure 5.32: Environment of the {Ce(DMED)s} (a), {Ce(DMF)(0Oy)3} (b) and
{Ce(DMF)10(0O0C(GHa)e} (c) units. Colour code: Ce: orange, O: red, Cegr
wire/stick. DMF molecules coordinating to Ce atasns represented by their O atoms.

5.3.1.1.2 Topological analysis

Compound(11)Ce forms a 3D network and therefore its topoldgmaalysis
requires the identification of the appropriate the and building units”. The
topological analysis reveals that the structurearhpound(11)Ce includes four
different topological relevant units. Amongst othet contains two Mn cores
resulting from two independent {(MNNO1s)((OCH2)3CNHCH;(CsH4)COO)}
units (green and blue spheres), representing taplyrdinating linker hybrids.
Furthermore, it comprises one MnCeunit, which is based on one
{(MnMo 6018)((OCH,)sCNHCH(CsH4)COO)}, one {Ce*(DMF)s} and one
{Ce®**(DMF)s} units (red spheres), whereas the POM coordirtatéise Ce ions via

each two terminal atoms, which means that this idywas originally a sixfold
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linker, but became extended by the Ce cationslamireduced to a fourfold linker.
The blue and green spheres are connected to #dspheres, which represent the
coordination of the blue and green labelled AndesiSeans POM moieties of the
hybrids to the {C&(DMF)s} and {Ce**(DMF)s} units, respectively, via terminal
oxygen atoms of the POMs. The fourth componentheftopology are the Ge
centres originating from one {G&(DMF)1q} unit (purple sphere). As shown in
Figure 5.33 it is clearly seen that each purpleesplis hexagonally connected to
each two green, blue and red spheres. This refsethencoordination of the POM-
hybrids to the {C&*(DMF)10} moiety via the carboxylate groups. Furthermore,
each blue and green sphere binds to each two puanpde one red sphere.

Additionally, every red sphere links to two purpb&e green and one blue sphere.

Figure 5.33: Topological net ¢il1)-Ce along the a-axis created from the L — POM — L
3-connecting, which is green and blue, from th@drecting, which is red and 6-
connecting, which is the ganit.
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The topology can be identified as a 3,4,6-coor@id&-nodal net with point symbol
{610.8%.10%{6 %2{6 °.10} and labeled a3,4,6T281

5.3.1.1.3 Powder X-ray diffraction
Figure 5.34 shows the PXRD patterns of sefidg-RE with RE = La - Nd. The

simulated pattern({1)Ce simu) serves as reference. From all PXRD pettef

(11)}RE, it is clearly seen that the samples contaendisired products. However,
the patterns with the labelling “I” (= synthesized layering method) show some
extra reflections at e.g. 6.2 ° i® 2nd 24.1 ° in @, respectively. This reveals that
during the crystallization process at least oneemtlinknown compound
crystallizes. It was found that the formation oisthy-product could be avoided

using stirring method (labelled in Figure 5.34 wigh).

— (11)}Ce simu
_‘_J_»_.._J k. o (11)yNd |

(11yNd s

(11)Prl
— (11)Prs
(11)Cell
H (11)Ces

A —— (11)Lal

— (11)yLas

Inetnsity [a.u.]

s 1 15 20 25
20[°]

Figure 5.34: PXRD-patterns of tl{g¢1)-RE series (with RE = La - Nd), simu is
abbreviation for simulation, “s” is abbreviation fetirring method, “I" is abbreviation
for layering method.
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For further characterization and properties compo{@i)Ce was chosen as a
representative for this RE-series.

5.3.1.1.4 Solid state UV-vis studies

Figure 5.35 shows the solid state UV-vis spectrdncampound(11)}Ce. The
spectrum demonstrate one absorption band=a626 nm, which can be assigned
to a d-d electron transfer from thg orbital to the g orbital within one MA* ion
atom. The maximum absorption’at 300 nm can be allocated to a LMCT. The
change of absorbanceat 350 nm was caused by the change of the lampgluri
the record of the spectrum. The bandgap of 2.76va¥ found using the Tauc
method.
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0.5+

LMCT 20
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4
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Figure 5.35: Solid state UV-vis spectrum of compbldl)-Ce.
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5.3.1.1.5 Catalytic studies

Catalysis of the reaction of furfural with morpholine
Rare earth metal containing compounds are well knasvcatalysts for the reaction
of furfural and morpholine, to forrtrans-4,5-dimorpholinocyclopent-2-en-1-one

(19).¥" Therefore, the catalytic performance of compoirig-Ce was investigated

for this reaction (see Figure 5.36).

(11)-Ce (0.5/1 mol%) N/

m L2 [ j MeCN, r.t. -
N
Y . o

Figure 5.36: Synthesis of trans-4,5-dimorpholindogent-2-en-1-one from furfural and
morpholine.

Figure 5.37 and Figure 5.38 show the time-depenstendies of the conversion of

furfural to (19) using*H-NMR for loadings of 0.5 and 1 mol%, respectively.
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20h | ‘ '
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Figure 5.37: Time-dependent studies of conversgingtH-NMR for loading of
0.5 mol%.

In order to follow the progress of the conversittrg integral of the proton in the
H spectra of the aldehyde group of furfural at Qfm was compared to the
desiredrans-product’s coupling constant of H4 and H5 at 3.pgnpwhich has the

J=3.0 Hz.
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3h L _JuLM

30 min
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Figure 5.38: Time-dependent studies of conversgingtH-NMR for loading of 1 mol%.

Additionally, Figure 5.39 shows the summary of tesults from theH-NMR
studies shown in Figure 5.37 and Figure 5.38. BEselts reveals that the catalyst
(11)-Ce is highly efficient for the reaction of furfuraith morpholine to form
trans-4,5-dimorpholinocyclopent-2-en-1-one. It was fouhet after 30 min the
conversion for the reaction with the loading of h6l% achieved a value of 86 %,
whereas a plateau was reached with the complefidimeoconversion after three
hours (red line). In comparison, the reaction wlitmol% loading of the catalyst
provided a conversion of 76 %, but the plateauicatthg the completion of the
conversion (blue line), was also reached afteretiieurs. The study demonstrates
that the efficiency of the cataly§l1)-Ce found to be similar although the amount
of catalyst was decreased to 0.5 mol%, resultintheinsignificant decrease in

conversion of the desired product.
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Figure 5.39: Conversion of furfural as a functioftione in the reaction of furfural with
morpholine with 0.5 mol% and 1 mol% loadings of ¢h&alyst(11)-Ce , respectively.
The conversion was determined'sByNMR spectroscopy.

Photo-electrocatalytic studies

The preparation of the working electrode and pledéatrocatalytic studies of

compound(11)}Ce were performed under the same condition&pfsee section
5.2.1.4).

Figure 5.40 shows the results of the photo-eleatadytic studies of11)-Ce and
thus its potential application for water splitting.

Utilizing artificial sunlight during linear sweepitammetry (see Figure 5.40 (a)),
an onset of the current appears at a potenti@l.8f\/ vs. Ag/AgCl with a maximum
value of 3.47-1® mA/cn? at 1.4 V vs. Ag/AgCl. The stability of compou(itil)
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Ce under these conditions was confirmed by recgritiree measurements of linear

sweep voltammetry where the values did not changsiderably.

Likewise, in the case of utilizing the filter with UV-cutoff, three runs of linear
sweep voltammetry were recorded, in order to contine stability of compound
(11)Ce under these conditions. (see Figure 5.40 Tih)¢. direct comparison of
catalytic studies with and without filter are shoimrFigure 5.41.

0.4
< (3
E b
o 1st cycle
E 0.2 2nd cycle
= 3rd cycle
c
o
3 L)

e
04 02 00 02 04 06 08 10 12 14
Potential vs. Ag/AgCI [V]
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0.05-— 3rd cycle | ’ Mﬂ Nﬁ ‘
» w I

1 \‘\ ‘&u’
o.oo—wm,,
04 02 00

Potential vs. Ag/AgCI [V]

Current [mA/cm?]

1.0 1.2 1.4

Figure 5.40: Photo-electrocatalytic results of cavupd(11)-Ce recorded in 0.5 M
NaSQ (pH = 8.6) in the range -0.5 V to 1.4 V and a scate of 0.01 V/s and sunlight
simulation without any filter (a) and with filteigrthe radiation below 420 nm (b).

For the filtered sample the onset of current begihga potential of -0.2 V vs.
Ag/AgCI, which corresponds to a shift of +0.1V ¢ac shift) compared to
measurement without filter. Over the course of ghan the current increases to
reach a maximum of 7.66-Z@nA/cn? 1.4V vs. Ag/AgCl. This reveals that
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filtering radiation below 420 nm reduces the cdtalgnctivity of the system by
75 %.

Additionally, starting at a potential of +1.2 V tberrent slightly increases at phases
even when the light of the Xe lamp is switched &ince this process is light
independent, this behavior occurs both under é&tterand unfiltered light
conditions, indicating a mere electrochemical pssce

0.4
—— without filter

034 [ With 420 nm filter L. L LI
E b 1
(8]
< I
E 0.2-
£ )
5
O 014

il |

T T T T T T T T T T T T T T T T T T 1
04 -02 00 02 04 06 08 10 12 14
Potential vs. Ag/AgCI [V]

Figure 5.41: Comparison of photocatalytic studi€€@mpound11)-Ce in 0.5 M NgSQ,
(pH = 8.6) in the range -0.5V to 1.4 V and a scate of 0.01 V/s: Studies with and
without filter (< 420 nm), for comparison in eacase the final 3rd run was chosen.

5.3.1.1.6 Conclusion

The family of(11) was successfully synthesized and isolated indhma bf crystals
and powder. This series contains the rare earthlsngom La to Nd, whereas the

Ce containing compound was chosen as a representaticharacterizations such
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as SCXRD, UV-vis spectroscopy and additionally,abaic properties of this

series.

The PXRD patterns of the whole series reveal thatclenging the reaction
conditions from the layering method to stirring ddions of the reactants the
desired POMOFs could be obtained in the form oémowders and an unknown
impurity, which appears during the crystallizatjgmocess of the layering method,
could be avoided. Furthermore, the whole series @agacterized by FT-IR

spectroscopy.

Compound11)-Ce shows interesting catalytic properties forrteection of furfural
and morpholine to formtrans-4,5-dimorpholinocyclopent-2-en-1-one. In the
absence of a catalyst, under similar conditiongehetion takes longex 80 days)
and the thermodynamically stable product 2,4-diaeyclopentene-2-enone is
formed instead of the desired produns4,5-dimorpholinocyclopent-2-en-1-
onel®?In respect of the successful transformation difad to the desired product
in high conversion requires further investigatidr(Iil)}-Ce with alternative amine
derivatives using primary and secondary aminepanticular aniline derivatives,

pyperidine, pyridine etc.

Preliminary photo-electrocatalytic studies reveattcompound11)Ce shows
catalytic water splitting properties. However, thestudies need further
investigation and the process of coating(bf)}Ce onto the substrate has to be

optimized.

5.3.1.2JRE(DMF) 4(H20)]2[RE3(DMF) 6][((MnMo 6018)((OCH2)sCNHCH 2
(CeH4)COO)2]3-xDMF (RE =Y, Sm - Lu) (12)

The series of compour{@2}RE (RE =Y, Sm — Lu) was obtained by over-layering
a buffer solution of DMF/MeOH (1:1/viv) on top of &olution of
[N(n-CaHg)4]a[(MNM06O18)((OCH,)sCNHCH,(CesH4) COOH)((OCH)3CNHCH;
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(CeH4)COO)]-3DMF (5) in DMF. Afterwards, a solution of the respective
RE(NGs)3 salt in MeOH was layered on top of the buffer lajaue to the diffusion
of the reactants through the layers, crystals formédnereby a series ¢12) could
be obtained. Furthermore, it was possible to olitanDy-based POMOF ¢12)

in the form of powder by mixing the reacta(8) dissolved in DMF with
Dy(NQs)s- 6HO dissolved in MeOH.

5.3.1.2.1 Single crystal structure

For the description of the structure of the senég12), Dy was chosen as a

representative for RE.
The crystallographic data of compoufi@)-Dy are given in Table 8.9.

The single crystal X-ray diffraction analysis showsat compound(12)Dy
crystallizes in the monoclinic space groB@:/c with the unit cell parameters:
a=19.5819(7) A, b=25.2560(10) A, c=25.32339) B =90.306(3) ° and
V =12523.7(8) A The unit cell is very similar to the one of corapd (11)-Ce
and is closely isostructural, but the smaller iorddius of Dy* seems to have
resulted in a change of the space group fR#nto the centrosymmetric space
group P2:/c. The framework structure of compou(tR)-Dy is shown in Figure
5.42 and consists of three {(MnMD18)((OCH,)sCNHCH,(CsHs)COOY}*, two
{Dy(DMF) 4(H20)}** and one {Dy(DMF)s}°* moieties. Furthermore, five DMF

molecules can be determined in the lattice by uiegDlex2 solvent magk3
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Figure 5.42: Structure of compouiitR)-Dy. Colour code: Anderson-Evans polyanions:
green ring with red polyhedral models (a), Andergarans polyanions: green, red
polyhedral models (b), Dy: orange, O: red, C: greiye/stick, N: blue wire/stick. Lattice
DMF molecules and H atoms are omitted for clafiyyF and HO molecules of the
{Dy(DMF)4(H-0)}** units are represented by their o atoms. DMF mdkof the
{Dy3(DMF)e}** moiety are omitted for clarity.

For a simple description of the structure, AnderBgans POMs with different
coordination modes are marked in different coloAs shown in Figure 5.42 (b)
the red coloured Anderson-Evans POM coordinatesvto{Dy(DMF)4(H20)}3*
units via two terminal oxygen atoms. Additionalligese Dy* moieties are further
linked to green marked hybrids by one terminal @tygatom resulting in a
coordination number of eight. Within this part bétstructure (Figure 5.43) the Dy-
Mn distances are 6.1 A and 6.8 A and the Mn-Mnadiisé between one green and
one red hybrid is 12.1 A. The Mn-Mn distance betweee to another green POM
amounts to 23.6 A. The Dy-Dy distance is 12.1 AeTlength of one €»o
functional group to the other one within one hybadges from 22.7 A to 22.9 A,

which is in comparison to the free hyb(B) compressed on average by 0.3 A.
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(@) (b)

12.1 A

Figure 5.43: Extracts of the structure (@2)-Dy. Colour code: Anderson-Evans
polyanions: green, red, polyhedral models, Dy: @@nO: red, C: grey wire/stick, N:
blue wire/stick. DMF, water molecules and H atomes @amitted for clarity.

The analysis with the computer program SHAPEeveals that the geometry of the
eight-coordinated Dy atom in the {Dy(DMKMH-0)(Q)3} unit (Figure 5.44) is

distorted from the ideal shape.

Figure 5.44: The environment of the {Dy(DM{f20)(O)s}. Colour code: Dy: orange,
O: red.

The deviation value of this By core from the idealized square antiprism (SAPR)
geometry is 0.646. The continuous shape measurenf€®hM’s) are listed in
Table 8.16 in section 8.2.3.
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(a) (b)

Dummy atom

Figure 5.45: (a) Six Anderson-Evans polyanion camating to the {Dy(DMF)e}°* unit

via carboxylate groups, (b) extract of the disoet{Dy;(DMF)s}°* unit. Colour code:

Anderson-Evans polyanions: green, red, polyhedi@els, Dy: orange, O: red, C: grey

wire/stick, N: blue wire/stick, dummy atom: browMF, water molecules and H atoms
are omitted for clarity.

In addition, the carboxylate groups of the hybdderdinate to the {DyDMF)g} °*
moiety, where the ratio of red to green polyanioosrdinating to this core is 4:2
(see Figure 5.45 (a)).

The inversion centre of the centrosymmetric spawaigP2:/c in the crystal
structure 0o{12)-Dy is between Dy3 and its inversion equivalent By8ee Figure
5.45 (b)) within the {Dy(DMF)e} °* moiety. Due to this inversion center the middle
Dy atom of the {Dy(DMF)e}°* unit is disordered. Furthermore, the coordinating
carboxylate groups and the phenyl groups bountiéeet carboxylate groups are
also disordered (kink at N disorder, see secti@B5l). Nevertheless, the twofold

disorder could be modelled for all of the orgamngahds.

Due to the high degree of disorder, it was not ipbss$o determine the geometries
of the Dy atoms within the {DYDMF)g}°* unit.
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Placing a dummy atom (Figure 5.45 (b)) betweerldold disordered Dy3 atom
(Dy3A and Dy3B) approximate distances of 12.6 Al@7 A between the Dy
atoms of the {DY(DMF)g}°* moiety to the Mn atoms of the L — POM - L units

could be estimated.

5.3.1.2.2 Topological analysis

The topological analysis ¢12)-Dy reveals that the structure has the same togolog
as for the closely isostructural compoyd)-Ce (see section 5.3.1.1.2) In Figure

5.33, in this case the blue and the green L — PQId are equivalent.

5.3.1.2.3 Powder X-ray diffraction

Figure 5.46 shows the PXRD patterns of sgi@3RE with RE =Y, Sm - Lu. The
simulated pattern({2)-Dy simu) serves as reference. It is clearly skan all the
measured samples, as well the ones with “I"(= sysitted via layering method) as
the one with “s”(= synthesized under stirring cdiwais) show a good accordance
to (12)Dy simu. However, the synthesis under stirring ditbon was only
successful in the case of Dy, in all other ten sdlse PXRD patterns did not agree
to the simulated pattern. For this reason, theernpa are not shown in Figure 5.46.
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Figure 5.46: PXRD-patterns of tl{¢2)-RE series (with RE =Y, Sm - Lu), simu is
abbreviation for simulation, “s”. is abbreviatiorf stirring method, “I” is abbreviation
for layering method.

For further characterization and properties complo{dr2)-Dy was chosen as a

representative for this RE-series.

5.3.1.2.4 Solid state UV-vis studies

The UV-vis spectrum of compour(il2)-Dy is shown in Figure 5.47. This spectrum
shows one absorption band\at 530 nm, which can be denoted to a d-d electron
transfer from thexf orbital to the g orbital within one MA* ion. The maximum
absorption ah = 276 nm can be allocated to a LMCT. The changabsbrbance
at A =350 nm was caused by the change of the lammgluhe record of the

spectrum. The bandgap of 2.46 eV was found usiag@ #uc method.
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Figure 5.47: Solid state UV-vis spectrum of compb{12)-Dy.

5.3.1.2.5 Catalytic Studies

Catalysis of the reaction of furfural with morpholine

According to the catalytic properties @f1)}Ce, which can catalyze a domino
condensation/ring-opening/electrocyclization prgced the transformation of
biomass furfural totrans4,5-dimorpholinocyclopent-2-en-1-one, an altewsti
hard Lewis acid rare earth metal ion is requireahgidering the series of rare earth
metls La-Lu, there is a decrease in both the ateoatid and in the radii of the RE
ions, caused by the lanthanide contractfdmccording to the HSAB principle, the
Lewis acidity increases with decreasing of theaaadii. Therefore(12)-Dy was

chosen as alternative catalyst.

Figure 5.48 and Figure 5.49 show the time-depenstendies of the conversion of
furfural to (19) using *H-NMR for loadings of 0.5 and 1 mol% fi2)-Dy,
respectively. The results show similarities to itheestigations o{11)Ce with an
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increase of efficiency related to the conversioriuofural of 7 % at a loading of

1 mol% after 30 min.

20 h

& i e J‘,L_d e i
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Figure 5.48: Time-dependent studies of conversgingtH-NMR for loading of
0.5 mol%.
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Figure 5.49: Time-dependent studies of converssgimgtH-NMR for loading of 1 mol%

In summary, Figure 5.50 shows the results fromtkh&IMR studies of Figure 5.48
and Figure 5.49. The cataly{4®)-Dy is highly efficient for the reaction of furfura
with  morpholine to form trans4,5-dimorpholinocyclopent-2-en-1-one.
Considering the 0.5 mol% loading (#2)Dy, a conversion of 85 % is achieved
after 30 minutes and a plateau is reached aftee thours, indicating the completion
of conversion (red line). In the case of the logdih 1 mol% a conversion of 83 %
is achieved after 30 min, but the plateau, indmgptthe completion of the

conversion (blue line), was also reached afterethiaurs.

These results are a proof that a 0.5 mol% loadir{$j2)-Dy is adequate, where the

completion of the reaction is reached after thraari
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Figure 5.50: Conversion of furfural as a functiohtione in the reaction of furfural with
morpholine with 0.5 mol% and 1 mol% loadings of ¢h&alyst(12)-Dy , respectively.
The conversion was determined'ByNMR spectroscopy.

Photo-electrocatalytic studies

Compound (12)}Dy has also been studied as a photo catalyst fwtop
electrochemical catalysis of water splitting. Tliere, the preparation of the
working electrode and the catalytic studies werefopmed under the same
conditions of(5) (see section 5.2.1.4).

The photo-electrocatalytic studies of compo(h2)-Dy are shown in Figure 5.51
and Figure 5.52 and exhibit photo-electrocatalgtimperties of this compound for
water splitting.

Using an artificial sunlight while a run of a limesweep voltammetry (see Figure
5.51 (a)), the current begins to develop at a piatleof -0.15 V vs. Ag/AgCl with
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a maximum value of 4.04- £GnA/cn? at 1.4 V vs. Ag/AgCl. Recording three runs
of linear sweep voltammetry, the stability of corapd (12)}Dy was confirmed

under these conditions where the values did natgdnaignificantly.

Additionally, measurements utilizing a filter with UV-cutoff (<420 nm) were
performed three times in order to approve the btalof (12)Dy under these
conditions (see Figure 5.51 (b)).
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Figure 5.51: Photo-electrocatalytic results of cavopd(12)-Dy recorded in 0.5 M
NaSQ (pH = 8.6) over the range -0.2 V to 1.4 V at arscate of 0.01 V/s and sunlight
simulation without any filter (a) and with filteigrthe radiation below 420 nm (b).
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Figure 5.52: Comparison of photocatalytic studi€ésampound12)-Dy in 0.5 M NaSQ
(pH = 8.6) over the range -0.2 V to 1.4 V at a scate of 0.01 V/s: Studies with and
without filter (< 420 nm), for comparison in eacase the final 3rd cycle was chosen.

The direct comparison of catalytic studies with awthout filter are shown in
Figure 5.52. It is clearly seen that a developneéiihe current for filtered sample
occurs at a potential of 0.1 V vs. Ag/AgCl, whidrmesponds to a shift of +0.25 V
compared to measurement without filter (anodictshWith progress of the scan
the current increases to reach a maximum of 1.170ni&cn? at 1.4V vs.
Ag/AgCI. This demonstrates that filtering radiatibelow 420 nm reduces the
catalytic activity of the system by 73 %.

In addition, a mere electrochemical process ocdndicated by an onset at a
potential of +0.8 V, which is light-independent& this behavior is observable in
phases both with and without irradiating light dw fphoto-electrode and under
filtered and unfiltered light conditions.
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This behavior appears to be more pronouncétizztDy than at(11)-Ce, resulting
in the performance of subsequently electrocatabttidies.

Electrocatalytic studies

The electrocatalytic studies ¢t2)-Dy were performed by the group of Prof. P.
De Oliveira from Laboratoire de Chimie Physique, R8000 - Université Paris-
Sud Béatiment 349 - Campus d’'Orsay 15, avenue Jeam®1405 Orsay,
FRANCE).

Compound(12)-Dy, which may be regarded as a representativersdésg11) and
(12), was studied in three different media: 0.2 \b8& + H.SQy, pH =3, 0.4 M
CHsCOONa + CHCOOH, pH =5 and 0.4 M NaRQ: + NaOH; pH = 7.

At pH = 3, the cyclic voltammogram (CV) of the cooynd rapidly evolves, as
shown in Figure 5.53, with the progressive fadifithe reduction wave at 0.08 V
vs. SCE, and the increase of the current of theatezh wave peaking at -0.7 V vs.
SCE.
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Figure 5.53: Evolution of the CVs (#2)-Dy recorded in 0.2 M N&Q + H>SQ;, pH = 3
as a function of time upon successive scanningttreerange 0.70 V to -0.95 V. Scan
rate: 100 mV/s. Working electrode: glassy carbawrtter electrode: platinum;
reference electrode: SCE.
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After a few tens of cycles, a stable CV is obtaimddch is characterised by a
reduction wave peaking at,& -0.7 V vs. SCE (see Figure 5.54 (a)) and an
oxidation wave at o= 1.16 V vs. SCE (see Figure 5.54 (b)). The evatuof the
peak currents reveals that the electron transfengmena are diffusion-controlled
and that there is no formation of deposits on tméase of the working electrode
(see Figure 5.55).
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Figure 5.54: CVs of12)-Dy recorded in 0.2 M N&Q, + H,SO,pH = 3 at different scan
rates, ranging from 10 to 100 mV/s. The slowesh sate is the central one. (a) Potential
range 0.7 V to -0.95 V. (b) Potential range 0.H\13 V. Working electrode: glassy

carbon; counter electrode: platinum; reference &lede: SCE.
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Figure 5.55: Evolution of the reduction (black) atg oxidation (red) peak currents as a
function of the scan rate, between 10 and 100 nTWes.values were taken from CVs of
(12)-Dy recorded in 0.2 M N&Q: + H,SQy, pH = 3. Working electrode: glassy carbon;

counter electrode: platinum; reference electrodeEs
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5. Results and Discussion

A pH 3 medium is not the most convenient one ferdtudy of the electro-catalytic
oxidation of water. Therefore, the study was cdroe in two other media having
higher pH values: 0.4 M GG&€OONa + CHCOOH, pH =5 and 0.4 M NaRQ; +
NaOH, pH = 7. The redox behaviour(@R)-Dy in these two media is very similar,
but quite distinct from the response observed at@ The CV was reproducible
upon successive scanning. There is a reduction weaking at -0.06 V vs. SCE,
which corresponds to that one observed at 0.08.\6€& at pH = 3, but the latter
disappears fast. This wave is stable at pH = 5thaclectron transfer associated
with it is diffusion-controlled. At pH =7, it sh# to more negative potentials, as
expected, peaking at -0.14 V vs. SCE (see Fig&@ (&)). However, the oxidation
wave observed in the CVs seems to be pH-indepeheéneen pH =5 and pH = 7.
In fact, it peaks at 1.08 V vs. SCE in both medee(Figure 5.56 (a)).

When the potential range was extended up to 1.6.\6CE in order to explore the
electro-catalytic properties of this compound ta¥gathe oxidation of water, it is
observed that the process is more efficient at pHtlkan at pH =5, even if the

redox behaviour is similar in the two media (seguFé 5.56 (b)).
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Figure 5.56: CVs 0f12)-Dy recorded in 0.4 M C¥COONa + CHCOOH, pH =5
(black) and in 0.4 M NapPO, + NaOH, pH = 7 (red). (a) Potential range

1.2 Vto-1.05V. (b) Potential range 0.4 V to ¥.6can rate: 100 mV/s. Working

electrode: glassy carbon; counter electrode: platm reference electrode: SCE.
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5. Results and Discussion

The CVs of(12)-Dy at pH = 5 and pH = 7 with the scan rates fr@&d 100 mV/s
over the range 1.2V to -1.05V and 0.4V to 1.6&pectively, are shown in
Figure 5.57 and Figure 5.58.
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Figure 5.57: CVs 0f12)-Dy recorded in 0.4 M C¥COONa + CHCOOH, pH =5 at

different scan rates ranging from 10 to 100 mVfe $lowest scan rate is the central

one. (a) Potential range 1.2 V to -1.05 V. (b) fPtitd range 0.4 V to 1.6 V. Working
electrode: glassy carbon; counter electrode: platm reference electrode: SCE.
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Figure 5.58: CVs of12)-Dy recorded in 0.4 M Na#PO, + NaOH, pH = 7 at different
scan rates ranging from 10 to 100 mV/s. The slosesst rate is the central one. (a)
Potential range 1.2 V to -1.05 V. (b) Potential gar0.4 V to 1.6 V. Working electrode:
glassy carbon; counter electrode: platinum; refarerlectrode: SCE.

In order to assess the catalytic efficiency (@R)Dy, both qualitatively and
quantitatively, it is necessary to carry out a Gy at a small scan rate (2 mV/s)
in the absence (just the electrolyte) and in tlesg@nce of the compound (see Figure
5.59). At a potential of 1.6 V vs. SCE, the norsedi catalytic current, calculated
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5. Results and Discussion

with the formula ¢at = [(I@2ypy - lo) / lo] x 100, wheredz2ypyand b are the currents
in the presence and in the absence of compdLBHEDYy, respectively, equals
183 %.
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Figure 5.59: CVs recorded in 0.4 M NgPDs + NaOH, pH = 7: electrolyte alone
(black) ;(12)-Dy (red). (a) Potential range 0.4 V to 1.6 V. Btential range 0.4 V to
1.5 V. Scan rate: 2 mV/s. Working electrode: glasspon; counter electrode: platinum;
reference electrode: SCE.

5.3.1.2.6 Conclusion

The series 0f(12), containing the rare earth metals Y and Sm to Wwas

successfully synthesized and isolated in the fororystals.

Due to the lanthanide contraction, the radii of daglier rare earth metal ions
(La — Nd) are bigger, thus the closely isostrudt@ta networks of the serigd1)
are crystalizing in the space groBp:, whereas the 3D structures of the series of

(12) have the space grol2i/c.

The results of the powder X-ray diffractograms efies(12) reveal that all the
utilized rare earth metal ions show similar PXRDtgras. These results further
demonstrate that the Dy containing structure watily one, which could be also
obtained under stirring conditions of the react&htvith the Dy salt.

Additionally, the whole series was characterizedbylR spectroscopy.
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5. Results and Discussion

For this reason, the Dy comprising compound waseha@s a representative for
the serieg12) and characterizations such as SCXRD, UV-vis spsctipy and in

addition, catalytic properties were investigated.

The catalytic studies ai12)Dy for the implementation of furfural and morphwgi
to form trans4,5-dimorpholinocyclopent-2-en-1-one show an iasee of the
efficiency related to the conversion compared te tatalyst(11)Ce As
aforementioned fo(11)-Ce, also for(12)Dy the variation of amine derivatives

should be investigated for this kind of reaction.

In addition, preliminary photo-electrocatalytic dies reveal that compour{d2)-
Dy shows catalytic properties for the applicatidbnvater splitting. However, these
studies require further investigation, as wellfas process of coating ¢12)-Dy

onto the substrate has to be optimized.

Compound12)-Dy was chosen as a representative for both s@rigsand(12) for
electrocatalytic studies and reveals promisingltesu

Further investigation of this compound as electtalyst requires ©evolution

experiments.

5.3.2 Transition metal containing polyoxometalate-based m@tal organic
frameworks (TM-POMOFs)

5.3.2.1N(n-C4Hg)4]s[ CuCI(DMF){MnMo 018((OCH2)sCN=CH(4-CsH4N))2}-]
BDMF (13)

The reaction was carried out by stiring a  mixtureof
[N(n-CsHog)4]3[MNM06018{(OCH2)3sCNH2} 2] (3), CuCb2H20,
4-pyrdinecarboxaldehyde and DMF for 20 h at 85A&fferwards, compoun(3)
was isolated as crystalline material by exposuwgher vapour.
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5. Results and Discussion

5.3.2.1.1 Single crystal structure

The crystallographic data of compoufi®) are given inTable 8.10.

The single crystal X-ray diffraction analysis relgghat compoungl3) crystallizes

in the monoclinic space grolp/a with the unit cell parameters: a = 27.9207(12) A,
b =27.5317(11) A, ¢ =27.9543(13) R,= 99.258(4) ° and V = 21208.7(16§.A
The structure of compoundl13), shown in Figure 5.60, is built from
{MnMo 018{(OCH2)sCN=CH(4-GH4N)} 2} * units coordinating via the pyridyl
groups (Npy) of the organic ligands to {CuCl(DME)Imoieties, forming 2D

sheets, which lie parallel to each other with aB Akernation (see Figure 5.61).

Figure 5.60: Structure gfL3) Colour code: Anderson-Evans polyanions: green riid
red polyhedral models, Cu: violet, O: red, C: gmiye/stick, N: blue, CI: green. TBA
counterions, DMF molecules and H atoms are omiiedlarity.
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() (b) (©

Figure 5.61: View along the a-axis (a), b-axis @3 c-axis (c). Colour code: Anderson-
Evans polyanions: green ring with red polyhedraldais, Cu: violet, O: red, C: grey
wire/stick, N: blue wire/stick. DMF molecules, @bas, TBA counterions and H atoms

are omitted for clarity.

Forganet al. reported a compound containing [MnbMas{(OCH2)sCCsHaN} 2]*
polyanions, which coordinate to &uons via pyridyl groups forming 2D square
grids, similar to compoun(L3).¢ In the following, the bond lengths and angles
within the crystal structure dfiL3) will be compared to the ones of Forgaral,
where these values are in parentheses after thenptars o{13). The Ny-Cu-Npy
angle within one sheet is in the range 86.9 ° # A7 (90.9 ° to 178.7 °). ThepN
Npy distance within one POM hybrid is 18.8 A (14.6 Ajich is the length of
hybrid (4) without coordination to any metal atom. As showrfigure 5.62, the
shortest Mn-Cu and Cu-Cu distances within one sheet11.4 A (9.3 A) and
22.7 A (18.7 A), respectively. The Mn-Mn distanasivbeen twccis coordinating
hybrids is 13.8 A (13.1 A), whereas the Mn-Mn dist@ between twdrans
coordinating hybrids is 22.7 A (18.6 A). The distas between two Cu atoms
opposite to each other within one rhombus are 87%6.2 A) and 36.2 A (26.4 A).
The shortest Cu-Cu distance between two sheets0sA1(13.6 A).
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5. Results and Discussion

Figure 5.62: View on top of one 2D layer (a) andaiiel to 2D layers (b). Colour code:
Anderson-Evans polyanions :green ring with red petjral models, Cu: violet, O: red,
C: grey stick/wire, N: blue stick/wire. DMF molees| Cl atoms, counterions and H
atoms are omitted for clarity.

The comparison of the two structures reveals thattd the difference of the length
of the hybrid linkers, the parameters of rhombshef square lattice i{l3) are
bigger then in the structure of Forgan and co-warke

In compound13), the Cl, DMF and two out of fourdlgroups coordinating to the
Cu centre are disordered (kink at N disorder, segan 5.2.3.1). Nevertheless, the
twofold disorder could be modelled for all the ingis.

The charge is balanced by tetrabutylammonium rf8&{Ho)4]*) cations in the
lattice.  Considering the asymmetric unit, which taims two
{MNnMo 6015{(OCH2)sCN=CH(4-GHaN)}2}* units and one {CuCI(DMF)}
moiety, five [Nf-CsHo)s]" ions balance the charge. One of the TBA ion is
presumably disordered over an inversion centrectile density resulting from
three DMF molecules was also observed, but cowdd abt be modelled. The
contribution of half of the cation and three DMF lgoules were therefore
calculated using the SQUEEZE function within PLATER
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5. Results and Discussion

Considering the {CuCI(DMF)(N)4} unit, the analysis with the computer program
SHAPE®¢ reveals that the geometry of the six-coordinataca®m in this moiety
(shown in Figure 5.63) is distorted from the ideadi octahedron (OC) geometry
by 2.976. The continuous shape measurements (C$haM'disted in Table 8.17 in

section 8.2.4.

Figure 5.63: The environment of the {CuCI(DMFy(h}. The DMF molecule and )N
groups are represented as O and N atoms, respgcti@elour code: Cu: violet, O: red,
N: blue, CI: green.

5.3.2.1.2 Topological analysis

Figure 5.64 shows an extract of the topologicalyamaof (13).

Considering the {MnMgO1g{(OCH2)sCN=CH(4-GHa4N)} 2} unit (marked as green
stick) as a linear linker, which connects two Cotoes (marked as magenta sphere),
2D sheets with an A-B-A alternation are formed. Tdmology can be identified as
a 4-coordinated, unidonal net with point symbot.¢4 and the topological type

square lattice (sql).
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Figure 5.64: Topological extract ¢13).Colour code: Cu: magenta sphere, hyh@ot
green stick.

5.3.2.1.3 Powder X-ray diffraction
Figure 5.65 shows the simulated (simu) and experiah¢exp) PXRD-patterns of

(13). The simulated pattern serves as reference. Tpperiexental pattern shows a
good accordance {@3)simu.
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Figure 5.65: Simulated (simu) and experimental @R D-patterns of13).

5.3.2.1.4 Solid state UV-vis studies

Figure 5.66 shows the solid state UV-vis spectriicompound13). The spectrum
shows one absorption band\at 659 nm, which can be assigned to a d-d electron

transfer from thext orbital to the g orbital within one C#' ion.
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Figure 5.66: Solid state UV-vis spectrum of comuh({13).

Additionally, an absorption band &t= 524 nm observable, which can be denoted
to a d-d electron transfer from thg orbital to the g orbital within one MA* ion.
The maximum absorption at= 321 nm can be allocated to a LMCT. The change
of absorbance at = 350 nm was caused by the change of the lammgluhie

record of the spectrum. The bandgap of 2.82 eVfaasd using the Tauc method.

5.3.2.2Catalytic studies

A3-Coupling

Cu'*?* and Ad* containing compounds are well known as catalyststfiree-
component coupling of an aldehyde, an amine andliyne (A-Coupling, a
scheme for this reaction is shown in Figure 5.@Hich has been figured out as a
powerful method in order to synthesize proparggicinest3'132 Therefore, the

catalytic performance of compoufiti3) was investigated for this kind of reaction.
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(13) (5 mol%)
i-PrOH

R? R’
0 R2 _R3 reflux N
JL + N + H—V* > ]
R "H H Molekularsieb 4A R A
-H,0 R*

Figure 5.67: A-Coupling of an aldehyde, an amine and an alkynardter to form
propargylic amines.

Table 5.2 shows the summary otBoupling reactions using the general procedure

described in section 4.6.1.

Table 5.2: Summary offACoupling reactions.

Yield
[%0]

Q ) i 52
H

Aldehyde Amine Alkyne Desired Product

Q:o
4
W
/
W

oo | o o |
QJZH (Hj ©/H GE”;@ 93
Qi W /H Q)Q\K

H N Z S N.R.

Br Br

N.R. = no reaction.

158



5. Results and Discussion

5.3.2.2.1 Conclusion

Compound (13) was successfully synthesized by stirring a mixtuwé
[N(n-CaHg)4]s[MNM06O18{(OCH2)sCNH2} 2] (3), CuCbk2H:0,
4-pyrdinecarboxaldehyde and DMF for 20 h at 85 A@ was isolated in the form
of crystals, whereby a crystal structure could keédanined. Furthermore, this

compound was also characterized by PXRD, EA, UVand FT-IR spectroscopy.

Additionally, compound13) shows catalytic properties for a series &Qoupling

reactions with moderate to high yields.

Furthermore, electrochemical studies were perforiedever, the decomposition

of (13) in water was observed, and therefore further studiere not continued.

5.3.2.3Zn(DMF) 4][Zn(DMF) 2MnMo 6018{(OCH 2)sCN=CH
(4-CsHaN)}2]2[LODMF (14A) and [(ZN(DMF)3)2(Zn(DMF) 4
MnMo 6018{(OCH 2)sCN=CH(4-CsH4N)}2)2] ODMF (14B)

Compoundgq14A) and(14B) were obtained by over-layering a buffer solutidn o
DMF/MeCN (1:1/vv) on top of a solution of
[N(n-CaHo)4]3s[MNM06O18{(OCH2)sCN=CH(4-GH4N)} 2] BDMF (4) in DMF.
Afterwards, a solution of the Zngih MeCN was layered on top of the buffer layer.
Due to the diffusion of the reactants through theets crystals ofL4A) and(14B)

were formed.
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5.3.2.3.1 Single crystal structure of [Zn(DMF)4][Zn(DMF) 2MnMo 6018
{(OCH 2)sCN=CH(4-CsH4N)}2].[10ODMF (14A)

The crystallographic data of compoufidlA) are given in Table 8.11.

The single crystal X-ray diffraction analysis relgedhat compound(14A)
crystallizes in the cubic space groupt32 with unit cell parameters
a=36.7518(7) A, V =49640(3)°AThe framework structure, shown in Figure
5.68, is built from {MNM@O1e{(OCH2)sCN=C(4-GHaN)}2}* (4) units linking to
{Zn(DMF} #* (Zn1) moieties, form a 3D network (see Figure 5(6§. The
coordination sphere of the Znl ion in the framewakfilled by two DMF
molecules, two terminal oxygen fGtoms of two POM#4) and two Ny groups

of two other hybrid¢4) (see Figure 5.68 (a)). The two DMF molecules, el as
the two Ny arecis to one another, whereas thes@retrans to each other. In
addition, every POM hybri#) coordinates to two Zn1l ions via two pyridyl groups

and to another two Zn1 centres via two terminalgexs (see Figure 5.68 (b)).

The charge of the framework is balanced by {Zn(DM#)(Zn2) units, which are
located in the lattice (see Figure 5.68 (a)), teading to the chemical ratio of POM
(4): {Zn?*} of 2:3.

The DMF molecules coordinating to the metal cen#e$ and Zn2 are twofold
disordered. Furthermore, there are ten DMF molacuiehe lattice, which were
identified via the SQUEEZE function within PLATON?
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(a) (b)

Figure 5.68: (a) The environment of the?Zions, (b) environment of the Anderson-
Evans hybrid and (c) the 3D framework of compo{idd). Colour code: C: grey
wire/stick, N: blue wire/stick, Zn (light blue), (@d), Anderson-Evans polyanions

(greens ring with red polyhedral models). Solveatatules in lattice and H atoms are
omitted for clarity.
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In Figure 5.69, some selected distances are natachvhe structure of14A). In
(14A) the length of the hybrid from g)to Npy amounts to 18.7 A. In comparison
to the “naked” hybrid4) (in which the Ny-Npy distance is 18.8 A) the POM-unit
in compound(14A) is compressed by 0.1 A. The distance between twatd@ms
coordinated by the pyridyl groups of one hybri®&9 A, whereas the distance
between two Mn centres of two POMs linked via aafom by a terminal oxygen
is 13.4 A. The distance between two Zn atoms coatdil by two terminal oxygen
atoms of one polyanion is 11.1 A. Furthermore tlam@ter of a channel in the
POMOF system is 9.8 A.
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Figure 5.69: Distances noted in some extractEldf). Colour code: C: grey wire/stick,
N: blue wire/stick, Zn (light blue), O (red), Anden-Evans polyanions (greens ring with

red polyhedral models).

The analysis with the computer program SHAPEeveals that the geometries of
the six-coordinated Znl atom in the {Zn(DM&X)2(Npy)2} unit and the four-
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coordinated Zn2 ion in the {Zn(DMHK) (Figure 5.70) are distorted from the
idealized octahedron (OC) geometry by 0.114. Thticoous shape measurements
(CShM’s) are listed in Table 8.18 in section 8.2.3.2

Figure 5.70: Environment of six-coordinated Znxhe {Zn(DMFX(O)2(Nyy)2}. Colour
code: Zn: light blue, O: red, N: blue.

5.3.2.3.2 Topological analysis of [Zn(DMF)][Zn(DMF) 2MnMo 6018
{(OCH2)sCN=CH(4-CsH4N)}2]21ODMF (14A)
Figure 5.71 shows an extract of the topologicalyasig of (14A). A 3D network

results from the fourfold connection through {MnMRs{(OCH2)3CN=CH(4-
CsHaN)} 2} linkers (purple spheres) between the Znl nodghkt(blue spheres).

Considering the {MnMgO1s{(OCH2)3:CN=CH(4-GHsN)}2} unit as a fourfold
coordinating linker with its Mn core (purple sph&rand the Zn metals (light blue
spheres) as nodes connecting the linkers, thugrigran3D network. The topology
can be identified as a (4,4) binodal net with paiyibol {#.8%.104{42.6*}. The
stoichiometry of the nodes is 1 : 1 and the topplofgthis network has never been

reported before, therefore this topology has basigaed as “mpm1”.
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Figure 5.71: Topological extract ¢14A). Colour code: hybrid4): purple sphere, Zn:
light blue sphere.

5.3.2.3.3 Single crystal structure of [(Zn(DMF)3)2(Zn(DMF)sMnMo 6018
{(OCH 2)sCN=CH(4-CsH4N)}2)2] ODMF (14B)
The crystallographic data of compoufi@B) are given in Table 8.12.

Compound [(Zn(DMF) 3)2(Zn(DMF) saMnMo 6018{(OCH 2)sCN=CH(4-
CsHaN)}2)2] @DMF (14B) crystallizes in the monoclinic space grat@/c with unit
cell parameters a=44.0133(6)A, b=12.9451(2)A; =28.3784(4) A,

B =102.002(1) °, V =15815.3(4) & As in the structure(14A), units of
{MnMo 6018{(OCH2)sCN=CH(4-GHaN)} 2} (4) also coordinate to Zn atoms via
pyridyl groups and terminal oxygenf§@toms in structurél4B), resulting in a 3D
network. In contrast to compouriti4A), compound14B) contains two different
octahedral coordination spheres of the {Zndations within the framework. Zn1 is
coordinated by three DMF molecules, twgygroups of two hybrid¢4) and one
O atom of one POM4). The two Ny groups ardransto each other, whereas the
terminal oxo group and the three DMF moleculeslithe square plane (see Figure

5.72 (a)). Zn2 is coordinated by four DMF moleculeshe square plane and two
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terminal oxygen atoms of two POM hybri@g, which areransto each other (see
Figure 5.72 (b)). This combination of these Zn-rdesults in the 3D-structure
shown in Figure 5.72 (c) and (d).

In the structure, every second pyridyl group of dihganic ligand is disordered by
the kink at N disorder, mentioned in section 52.3Nevertheless, the twofold
disorder could be satisfactory modelled. Additibnaln the lattice one DMF
molecule could be refined, whereas further eightfDiMolecules were identified
via the SQUEEZE function within PLATOR?® As in the case of compouliti4A)
the ratio of POM (4): {Zn?'} is 2:3, giving the chemical formula,
[Zn(DMF3)2Zn(DMF)4POM(4)] 20DMF.

The following distances within the structy®B) are shown in Figure 5.72. The
distance between the Mn core of a POM to a Zn2 atonmected though a terminal
oxygen of the polyanion is 6.5 A, whereas the sfmtereen a Mn core and a Znl
centre, which are also linked via ai®about 0.1 A longer. The distance between
one Mn centre of a POM coordinating to one Zn1 awara Ny group is 11.5 A.
The space between two neighboring Znl1 and Zn2 nbddged by a POM via
terminal oxygen atoms is 11.2 A. The parametersa shombus, forming 1D
channels in the network, are 11.4 A and 22.9 Apaetvely. Additionally, the
length from Ny to Ny of one hybrid(4) in compound14B) amounts to 18.8 A,

which corresponds to the length of the non-cootdigestarting material.
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Figure 5.72: Compoun(ll4B): (a) The environment of the Znl. (b) The enviramroé
the Zn2. (c)+(d) the 3D framework of compo|{fdB). Colour code: C: grey wire/stick,
N: blue wire/stick, Zn: light blue, O: red, Anders&vans polyanions: green ring with

red polyhedral models. Solvent molecules in thieckaind H atoms are omitted for

clarity. DMF molecules coordinating to Zn atoms aepresented by their O atom.

The analysis with the computer program SHAPEeveals that the geometries of
the six-coordinated Znl and Zn2 atoms in the {Zn®&O)(Npy)2} and
{Zn(DMF) 4(Ox)2} units, respectively, (shown in Figure 5.73) aigtatted from the
ideal shape. The deviation value of Znl and Zn2nftbe idealized octahedron
(OC) geometries are 0.477 and 0.130, respectively.
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(a) (b)

Figure 5.73: Coordination octahedra of Znl in {ZNIB)3(O:)(Nyy)2} (@) and Zn2 in
{Zn(DMF)4(Or)2} (b).

The continuous shape measurements (CShM’s) aeel listTable 8.19 in section
8.2.6.

5.3.2.3.4 Topological analysis of [(Zn(DMF})2(Zn(DMF) s4MnMo 6018
{(OCH 2)sCN=CH(4-CsH4N)}2)2] ODMF (14B)

Figure 5.74 shows an extract of the topologicalyammaof (14B). As in compound
(14A), also in structurél4B) the {MNMosO18{(OCH2)sCN=CH(4-GHasN)} 2} unit

is considered as a fourfold coordinating linkerhwits Mn core (purple spheres)
linking to the Zn metal centres (light blue sphgrésl coordinates to two N atoms
belonging to two different {MNMgD1s{(OCH2)sCN=CH(4-GHsN)}2} units and
to one terminal O atom of the inorganic {Mnb@s} moiety belonging to a third
{MnMo 6015{(OCH2)sCN=CH(4-GHaN)} 2} unit, thus forming a three connected T
shaped node (Figure 5.74: light blue colour). ZmAnects via an Oto two
{MnMoeO1g} units forming a 2-connected node, however accwdio the
topological regulations (two connected nodes do cwitribute in the overall
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topology, therefore these should be omitted) it wanbe considered as node, but
as an extension of the linker that links two adj§®nMoeO1g} units. Therefore,
each {MnMaO1g{(OCH2)sCN=CH(4-GH4N)}2} linker connects to three Znl
centres (two from the pyridyl groups and one via @natom) and to one
{MnMo 6O1{(OCH2)sCN=CH(4-GHa4N)} 2} linker via a Zn2 node (Figure 5.74:
pink colour). Thus, the topology can be identifeeda (3,4) binodal net with point
symbol {4.6.8{4.6°.8.1F} and labelingfsx-3,4-C2/c-2 As shown in Figure 5.74
the resulting topology is completely different framat found for(14A). This

illustrates the value of the topological analygpr@ach.

Figure 5.74: Topological extract ¢14B). Colour code: hybrid4): purple sphere, Zn:
light blue sphere. The topological analysis d4A) is shown on the right for
comparison.

5.3.2.3.5 Solid state UV-vis studies

Figure 5.75 shows the solid state UV-vis spectruncampound(14B). The
spectrum reveals one absorption banklat524 nm, which can be allocated to a d-
d electron transfer from thegtorbital to the g orbital within one MA* ion.
Furthermore, the maximum absorptiorAat 296 nm can be allocated to a LMCT.

The change of absorbancelat 350 nm was caused by the change of the lamp
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during the record of the spectrum. The bandgap.&) 8V was found using the

Tauc method.
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Figure 5.75: Solid state UV-vis spectrum of thetarex of (14A) and(14B).

5.3.2.3.6 Catalytic studies

Photo-electrocatalytic studies

The preparation of the working electrode and pled¢ztrocatalytic studies of the
mixture of(14A) and(14B) were performed under the same conditiontbp{see

section 5.2.1.4). The results of the photocataltiiclies, shown in Figure 5.76 and
Figure 5.77, demonstrate photo-electrocatalytiperties of these compounds for

water splitting.

Utilizing linear sweep voltammetry from -0.8 V ta4lV under irradiation of
artificial sunlight (see Figure 5.76 (a)), the emtrstarts to develop at a potential of
-0.14 V vs. Ag/AgCl with a maximum value of 4.74-1®A/cn? at a potential of
1.4V vs. Ag/AgCI. The stability of the mixture ¢t4A) and(14B) under these
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conditions was confirmed by measuring three runBnefar sweep voltammetry

where the values did not change significant.
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Figure 5.76: Photo-electrocatalytic results of tméxture of(14A) and(14B) recorded in
0.5M NaSQ, (pH = 8.6) over the range -0.1 V to 1.4 V at arscate of 0.01 V/s and
sunlight simulation without any filter (a) and &ting the radiation below 420 nm (b).

The measurements with a UV-cutoff (< 420 nm) wedse aerformed three times,

revealing the stability of the mixture under thesaditions (see Figure 5.76 (b)).
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Figure 5.77: Comparison of photocatalytic studiéshe mixture o{14A) and(14B) in
0.5M NaSQ (pH = 8.6) over the range -0.1 V to 1.4 V at arscate of 0.01 V/s: Studies
with and without filter (< 420 nm), for compariseneach case the final 3rd cycle was
chosen.

The direct comparison of catalytic studies with awthout filter are shown in
Figure 5.77.

For the filtered sample the onset of current begihs potential of 0.07 V vs.
Ag/AgCl, which corresponds to a shift of +0.21 Vngoared to measurement
without filter. With progress of the scan the catrgcreases to reach a maximum
of 1.33-10 mA/cn? at 1.4V vs. Ag/AgCl. This reveals that filterimgdiation

below 420 nm also reduces the catalytic activityhefsystem by 72 %.

5.3.2.3.7 Conclusion

The reaction of compoun@d) with ZnCk results in two POMOF structures in the
form of crystals, which could not be isolated sepay in spite of many trials.

Additionally, the mixture of(14A) and (14B) shows photo-electrocatalytic
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properties for water splitting. Furthermore, th@dimgical analysis reveals that
(14A) exhibits a new topology in 3D framework structures

5.3.2.4[Cd(DMF) 2][Cd][N( n-C4Hg)4]2[MnMo 6O1s{(OCH 2)sCN=CH
(4-CsHaN)}2]22DMF (15)

Compound(15) was obtained by over-layering a buffer solutionDdfiIF/MeCN
(1:1/v:v) on top of a solution of [M¢CsHo)s]s[MNM0eO1e{(OCH2)3CN=CH(4-
CsHaN)}2] BDMF (4) in DMF. Afterwards, a solution of the Cd(N@ 4H.0 in
MeCN was layered on top of the buffer layer. Crgstd (15) were formed due to

the diffusion of the reactants though the layers.

5.3.2.4.1 Single crystal structure

The crystallographic data of compoufid) are given in Table 8.13.

The single crystal X-ray diffraction analysis relgghat compoungl5) crystallizes

in the triclinic space group-1 with the unit cell parameters a = 11.9141(5) A,
b=13.47146) A, ¢=22.9561(9) A, a=96.999(3)°, B =101.332(3)°,

y =113.688(3) ° and V = 3224.5(2} AThe network structure of compou(ib) is
shown in Figure 5.78 and consist of two {Mnjs{(OCH2):CN=CH(4-
CsHaN)}2} 3, one {Cd(DMF)}?*, one {CdF* and two [N@-CaHo)4]* units.
Furthermore, there are two DMF molecule in thedatt
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Figure 5.78: Structure df15). Colour code: Anderson-Evans polyanions :greeq rith
red polyhedral models, Cd: brown, O: red, C: graya/stick, N: blue wire/stick. TBA
counterions and DMF molecules in the lattice arattad for clarity. DMF molecules

coordinating to Cd ions are represented by themtom.

The Anderson-Evans hybrids coordinate to the Céresin two ways: On the one
hand via the pyridyl groups of the organic ligawtijch is attached to the inorganic
{MnMo ¢O1g} part by means via a tris residue, and on therdihad via one (Figure

5.79 (a)) or two (Figure 5.79 (b))terminal oxygearas of the inorganic part of the
hybrid. Figure 5.79 (a) and (b) also show the emnents of the two octahedrally
coordinated Cd cations ({Cé}(Cd1) and{Cd(DMR)}2* (Cd2)).

In order to describe the structure of the network simple way, the inorganic parts
of the Anderson-Evans POM hybrids with differentigectivities are shown in
different colours (see Figure 5.79). The {€dJCd1) is coordinated by twop)N
ligands from two different hybrids (coloured in yeahich aregransto each other,
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and by two terminal oxygen atoms of two differeM{MosO1g} units (shown in
green) (see Figure 5.79 (a)).

(a) (b)

Figure 5.79: The coordination environments of tleeiGhs of(15): {Cd}*?) and
{Cd(DMF);}*2. Colour code: Anderson-Evans polyanions :green iaidpolyhedral
models, Cd: brown, O: red, C: grey wire /stick,e wire/stick. TBA counterions and
DMF molecules in the lattice are omitted for clgriDMF molecules coordinating to Cd
ions are represented by their O atom.

The {Cd(DMFX}?* (Cd2) centre is coordinated by two DMF moleculasp
terminal oxygen atoms of two different POMs (shhawmed) and two B, from
another two different hybrids (shown in green). DMF, terminal oxygen and

pyridyl ligands are trans to each other (Figur®©jLy)).

Considering the connection between the {Cd(DMNIF)and {Cd}* moieties via

the red and green marked Anderson-Evans hybrid3 stiBicture is constructed.
An extract of this framework is shown in Figure®.&his figure also reveals that
the red and green Anderson-Evans polyanions aaeg@ed in an alternating A-B-

A sequence.

175



5. Results and Discussion

Figure 5.80: Extract of the 3D structure (@5). Colour code: Anderson-Evans
polyanions: green, red, Cd: brown, O: red, C: gseiye/stick, N: blue wire/stick. DMF
molecules, H atoms and TBA counterions are omittedlarity.

In the following, some parameters within the stuuetof(15) will be described and
the values are also given in Figure 5.81. The Cd2-@istance of two Cd2 ions
coordinated by each one terminal oxygen atom ofR@M is 13.5 A, whereas the
Cd1-Cdl’ distance coordinated by each two termiogygen atoms of one
polyanion is 11.9 A. The )to Ny distance within one L — POM — L coordinating
to two Cd1 ions is 18.8 A and 18.6 A for the conation to two Cd2 ions. In
comparison to the non-coordinating hyb¢#) (in which the Ny-Npy distance is
18.8 A) the POM-unit in compoun(.5) is compressed by 0.1 A. The distance
between two Cd1 ions coordinated on both pyridglugs amounts to 23.2 A, in

comparison, the distance of two Cd2 coordinatedtviay Nyy groups of one
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polyanion is 23.0 A. The diagonal of one 1D charireeh one Cd1 to a Cd2 centre
is11.9 A.

135 A

Figure 5.81: Distances noted in some extractflbf. Colour code: Anderson-Evans
polyanions: green ring with red polyhedral modélsl; brown, O: red, C: grey
wire/stick, N: blue wire/stick.

The analysis with the computer program SHAPEeveals that the geometries of
the six-coordinated Cdl and Cd2 atoms in the {CAEMOD:)2(Npy)2} and
{Cd(Npy)2(Ox)4} units, respectively, (shown in Figure 5.82) arstaited from
idealized octahedral geometry (OC) by 0.185 and4).Bespectively.
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(2) (b)

Figure 5.82: Coordination octahedra of Cd1 in {Cd{P)2(Ox)2(Npy)2} () and Cd2 in
{Cd(Noy)2(Or)a} (D).

The continuous shape measurements (CShM’s) aeel listTable 8.20 in section
8.2.7.

5.3.2.4.2 Topological analysis

An extract of the topological analysis 5) is shown in Figure 5.83. From the
topological point of view, the {MnMgD1s{(OCH2)sCN=CH(4-GH4N)} 2} unit can
be considered as a fourfold linker with its Mn e¢erdonnecting to Cd metal nodes.
In terms of coordination, the Anderson-Evans POMldrigy which links to Cd1 ions
via terminal oxygen atoms, is a sixfold linker kimglvia four terminal oxygens and
two Npy groups to Cd metals. Due to the fact that this P@W binds to one Cd1
ion via two Q groups, it is a fourfold linker in topological tes. Cd1 (light brown
sphere) is coordinated by two N atoms belonging two different
{MnMo 6018{(OCH2)3sCN=CH(4-GHaN)} 2} units (red sphere) and by twa &loms
of the inorganic {MnM@O24} moiety (green sphere) belonging to two other
{MnMo 6015{(OCH2)sCN=CH(4-GHaN)} 2} units, thus forming a four connected
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cross shaped node (see Figure 5.83 (a)). Cd2 fdavkn sphere) connects via two
terminal O atoms to two {MnMgD.4} units (red sphere) and two N atoms
belonging to two different {MnMgO1s{(OCH2)sCN=CH(4-GHsN)}2} units
(green sphere) forming a four-connected node (gped-5.83 (a)). Figure 5.83 (b)
shows the topological network without any regardhe type of Cd atom (blue
sphere) and the POM hybrids (magenta sphere).iJlaivalid approach since the
Cd ions are topologically equivalent to each otlérich is also the case for the
L — POM — Ls. Thus, the topology can be identitisd 4-coordinated uninodal net
with point symbol {#.8% and labelledvt; 4/4/t1.

(a) (b)

Figure 5.83: Topological extract ¢15). Colour code: (a)
{MNM0sO15{(OCH2)sCN=CH(4-GH4N)}-} unit: red and green sphere, Cd1: light brown
sphere, Cd2: dark brown sphere, (b) {Mnd@as{(OCH,)sCN=CH(4-GHaN)}2} unit:
magenta sphere, Cd: blue sphere.
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5.3.2.4.3 Powder X-ray diffraction

Figure 5.84 shows the PXRD patterns (@6) simulated (simu) and recorded
PXRD-patterns of15). The simulated (simu) pattern serves as referdfroe all
PXRD patterns of15), it is clearly seen that the samples contain tésired

products.

— (15)s

— (15)1
‘ —— (15)-simu
NY VR A Arn

Intensity [a.u.]

J»M_l.lh FPUUSIN N P

20[°]

Figure 5.84: Simulated (simu) and experimental PXRiterns o{15). Hereby, a. r. is
abbreviation for alternative route, means stirringm. is abbreviation for layering
method.

However, the patterns with the labelling “I” (= $lyasized by layering method) and
“s” (= stirring method) show some extra reflectiai®.g. 5.8 °in@, 6.9 ° in B,
11.3°in B and 11.6 ° in @, respectively. This reveals that during the reentiat

least one other unknown compound was formed.
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5.3.2.4.4 Solid state UV-vis studies
Figure 5.85 shows the solid state UV-vis spectriicompound15).

The absorption band at= 526 nm can be denoted to a d-d electron tramisfar
the tgy orbital to the g orbital within one MA* ion. Additionally, the maximum
absorption ah = 292 nm can be assigned to a LMCT. The changbsdrbance at
A = 350 nm was caused by the change of the lampglthre record of the spectrum.

The bandgap of 2.89 eV was found using the Taubodet

—— Tauc Ploﬁ

Absorbance

200 300 400 500 600 700 800
A[nm]

Figure 5.85: Solid state UV-vis spectrum of compuh(15).

The maximum absorption is in the range 440 nm t0 @éh. The change of
absorbance at 350 nm was caused by the change &rntip during recording of

the spectrum.
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5.3.2.4.5 Catalytic studies

Photo-electrocatalytic studies

The preparation of the working electrode and thetg@lelectrocatalytic studies
were performed under the same conditio(®)fsee section 5.2.1.4).

Figure 5.86 and Figure 5.87 show the results ofpthato-electrocatalytic studies

of compound15) and reveal photo-electrocatalytic properties fatew splitting.

Tos ©
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Figure 5.86: Photo-electrocatalytic results of cayapd(15) recorded in 0.5M N£&5Qy
(pH = 8.6) over the range -0.3 V to 1.4 V at a scate of 0.01 V/s and sunlight
simulation without any filter (a) and with filteigrthe radiation below 420 nm (b).

Performing linear sweep voltammetry combined witifieial sunlight irradiating

the working electrode, an onset at a potential @2 V vs. Ag/AgCIl with a
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maximum photocurrent of 4.92-2A/cn? at a potential of 1.4 V vs. Ag/AgCI
are observable (see Figure 5.86 (a)). The stabiligpmpound15) was confirmed
by repeating the experiment another two times wiieeevalues did not change
considerably. The three runs of linear sweep vatetny filtering light below
420 nm are shown in Figure 5.86 (b). It is cleadgn that under these conditions
the LSV shows a stable behavior.

The direct comparison of catalytic studies with awthout filter are shown in

Figure 5.87. A development of a current for thieefiédd sample occurs at a potential
of 0.14 V vs. Ag/AgCl, thus having a shift of +0.84compared to measurement
without filter. At a potential of 1.4 vs. Ag/AgCthe voltammogram shows a
maximum of 1.24-1®mA/cn?, revealing that filtering radiation below 420 nm

also reduces the catalytic activity of the systgn7® %.

0.6 -
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‘E 0.4- Lu
2 L |1
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0.0 I jﬂ. FJM

T T T T T T T T T T T T T T
02 00 02 04 06 08 10 12 14
Potential vs. Ag/AgCI [V]

Figure 5.87: Comparison of photocatalytic studiésampound15) in 0.5M NaSQ
(pH = 8.6) over the range -0.3 V to 1.4 V at a scate of 0.01 V/s: Studies with and
without filter (< 420 nm), for comparison in eacase the final 3rd cycle was chosen.
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Additionally, starting at a potential of +1.3 V tloairrent slightly increases at
phases, when the light of the Xe lamp is switch#dSince this process is light-
independent, this behavior occurs both under &tteand unfiltered light conditions

indicating mere electrochemical processes.

5.3.2.4.6 Conclusion

Compound(15) was successfully synthesized and isolated indha bf crystals,
whereby a crystal structure could be determinedhEunore, this compound was
also characterized by PXRD, EA, UV-vis and FT-IRR&poscopy. Initial photo-
electrocatalytic studies reveal that compo(lifs) shows catalytic properties for the
application of water splitting. These studies, heeve need further investigation
and the process of coating(@b) onto the substrate needs to be optimized. This is
the first Cd based POMOF in which the POM is péthe linker.
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6 CONCLUSION AND OUTLOOK

POMOFs can be regarded in general terms as frarkewontaining POMs. Here,
we can identify three distinct categories: (a) PQidsupying the cavities of a MOF
structure (POM@MOF), (b) POMs used as SBUs in #tevark and (c) POMs as
part of the linker of the framework. The work pretsel in this thesis concentrated
on developing approach (c) since very few exampldahis type of network exist
in the literature. During the course of this doatoresearch, several organic-
inorganic Anderson-Evans POM hybrid linkers, deatgd L — POM —Ls,
(IMNM0gO16{(OCH2)sCN=CH(4-GHaN)} 2]* (4),
[((MNM06018)((OCHz)sCNHCH:(CsH4) COOH)((OCH)3sCNHCH(CsH4)COO)T-

(5), [(AIM06018)((OCHz)sCH2COCH.C(CHOH)3)2]* (6),
[(MNMO0gO18)((OCH,)sCNH(CsH4)C=N2]* (7),
[MNMo06O15{(OCH2)sCNHC=0(GHsNO2)} 2] >(8) and
[(MNMo0gO18)((OCH,)sCNH(CsHs))2]*-(9) were synthesized and structurally
characterized using single crystal X-ray diffrantid®hese should be used as linking
units within POMOFs, i.e. multifunctional POM basedmeworks. In this work
only (4) and(5) proofed to provide single crystals of the desP€@MOFs with TM
(TM =Cu, Zn, Cd) or RE (RE =, La - Lu), respeetly.

Given that Cd&', Zr* and Cd" have a strong affinity to coordinate to pyridyl
groups, it was decided that hyb(id)) is particularly suitable for synthesizing TM
based POMOF frameworks. The inclusion of these Ingetares, not only plays a
role in forming these networks, but can also tune physical and chemical
properties of the resultant materials. The presend&OM moiety, organic linker
and metal ions within the same framework suggestslethora of possible
applications. For example [CuCI(DMF){MnN©1s((OCH.)sCN=CH(4-

CsHaN))2}2] (13) showed catalytic acitivity for A coupling reactions and
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[Zn(DMF)4][Zn(DMF)2MNnM06O1{(OCH2)3:CN=CH(4-GH4N)} 2] 2 (14A),
[(Zn(DMF)3)2(Zn(DMF)sMnMogO1s{(OCH2)sCN=CH(4-GHa4N)} 2)2] (14B)

and [Cd(DMF}][CA][N(n-CsHg)4]2[MNM0eO18{(OCH2)sCN=CH(4-GH4N)} ]-
(15) were used as photo-electrocatalyst for water tsmit This work also
demonstrates that small changes in reaction paeasneind variation of the
transition metals affect the overall structure #ing the properties. Using a Zn salt,
two framework structures with different topologigsre obtained and the topology
of this (14A) has never been reported before, therefore thisldgpchas been

assigned as “mpm1”.

The L — POM — L(5) unit was chosen to explore incorporation of raglemetal
ions since carboxylate groups should suite thesglukc ions. The interaction of
RE ions with (5) result in two series of compounds RE(DMF)
RE(DMF)RE3(DMF)10[(MNM06018)((OCHz)sCNHCH(CsH4) COO)] 3
(RE=La-Nd) (11) and [RE(DMF)(H20)]2[RE3(DMF)e][(MNMo06O1s)
((OCH.)sCNHCH(CgH4)COO)]3 (RE = Y, Sm - Lu)12). The formation of these
two families reflects the change in ionic radiustié RE cations. The factors
affecting the crystallization process were explaad it was found for familg11)

a stirring method was required, whereas for far(iily) layering method proofed
most fruitful. The preliminary investigation ¢f1)Ce and12)-Dy as catalysts for
the reaction of furfural and morpholine to fotrans-4,5-dimorpholinocyclopent-
2-en-1-one was performed and showed an increaséfiaiency using the more
Lewis acidic metal ion D¥. Additionally, these two compounds were also getic

to investigate their photo-electrocatalytic actestfor water splitting.

In photocatalysis three characteristic values efdbmpound are decisive for the
catalytic activity: a low bandgap, a low onset pied and a high maximum of the
photocurrent at a low potential. Table 6.1 sumnesrizhese values for the

compounds investigated in this work on photocai@alytoperties.
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Table 6.1: Summary of the values for the compoimasstigated in this work on
photocatalytic properties.

Bandgap onsgt maximum of
Compound [eV] potential Photocurrent
[V] [Alcm?]

(5) 2.85 -0.2 5.81-16
(11)Ce 2.76 -0.3 3.47-10
(12)-Dy 2.46 -0.15 4.04-10
(14A) + (14B) 2.89 -0.14 4.74-19
(15) 2.89 -0.2 4.92-16

Amongst all the photo-electrocatalytic studieshis tloctoral researcfl2)-Dy has
the smallest bandgafi, 1)Ce showed the lowest onset of activity and comgoun
(5) revealed the highest photocurrent at a potentialdV vs Ag/AgCI.

During the course of this research work, a novel anique self-assemble POM
system [MaMo04O14((OCHCH).NCH.CH-OH);] (10) was also synthesized and
characterized. This hybrid with different inorganmre and backbone might be an
interesting potential building block for the engeniag of functional new nanoscale

architectures.

All the above mentioned compounds were characigeSingle Crystal X-ray
Diffraction (SCXRD), Powder X-ray Diffraction (PXRD Elemental Analysis
(EA), UV-vis and Fourier Transform Infrared (FT-IBpectroscopy.

In conclusion POMOFs of type (c) offer a promisimgeans to provide

multifunctional materials sometimes with completegw topologies.
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8. Appendix

8  APPENDIX
8.1 Crystallographic data
Table 8.1: Crystal data of compou(d).

Compound (4)
Empirical formula G7H15:MNM06N 10027
Formula weight [g/mol] 2279.65
Temperature [K] 180.15
Crystal system triclinic
Space group P-1

a[A] 16.3464(12)

b [A] 17.0199(12)

c [A] 20.0780(14)

o [°] 83.675(6)

B[] 71.790(5)

v [°] 67.634(5)

Volume [A°] 4906.8(6)

Z 2

peaid [cnT] 1.543

u [mm?] 0.94

F(000) 2352

Crystal size [mr 0.38 x 0.24 x 0.07
Radiation Mokx (A = 0.71073)

20 range for data collection [°]

2.82 10 54.916

Index ranges

-21<h<20, -21<k<22,-25<| <
25

Reflections collected 41247

. 21451 [Rx = 0.0224, Rgma =
Independent reflections 0.0210]
Data/restraints/parameters 21451/44/1057
Goodness-of-fit on ¥ 1.04

Final R indexes [I> =@ (1)]

R1=0.0268, wR=0.0739

Final R indexes [all data]

1R 0.0323, wR=0.0762

Largest diff. peak/hole [e &

0.83/-0.46
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Table 8.2: Crystal data of compou(t).

Compound (5)

Empirical formula G7H100MNMO06N9O31
Formula weight [g/mol] 2609.15
Temperature [K] 180.15

Crystal system monoclinic

Space group P2i1/c

a [A] 22.3589(8)

b [A] 17.1768(9)

c[A] 32.5454(12)

a [°] 90

B [°] 100.346(3)

v [°] 90

Volume [A°] 12296.0(9)

yA 4

pcald [Cn’ﬁ] 1.409

u [mm?] 0.762

F(000) 5440

Crystal size [mrf| 0.45 x 0.21 x 0.12
Radiation Mokx (A = 0.71073)

20 range for data collection [°]

2.866 t0 51.364

Index ranges

-23<h<27,-20c k<20, -39<1<
39

Reflections collected 89648

23307 [Rxt = 0.0845, Rgma =
Independent reflections 0.0605]
Data/restraints/parameters 23307/3/1256
Goodness-of-fit on ¥ 0.875

Final R indexes [I> =@ (1)]

R1=0.0467, wR=0.1166

Final R indexes [all data]

1R 0.0739, wR=0.1278

Largest diff. peak/hole [e A

0.83/-0.51
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Table 8.3: Crystal data of compou(t).

Compound (6)

Empirical formula GgH150AIM0 6N3034
Formula weight [g/mol] 2156.52
Temperature [K] 180(2)

Crystal system monaoclinic
Space group P21/n

a[A] 13.9305(11)

b [A] 23.8385(13)

c[A] 15.3355(12)

o [°] 90

B[] 113.593(7)

v [°] 90

Volume [A%] 4667.0(6)

Z 2

peaid [cnT] 1.535

w [mm?] 0.869

F(000) 2232

Crystal size [mr 0.44 x 0.32 x 0.23
Radiation Mokx (A = 0.71073)

20 range for data collection [°]

3.344 to 50.7

Index ranges

-16<h<16,-26< k<28, -18<1<
18

Reflections collected

23421

Independent reflections

8465f* 0.0332, Rgma= 0.0417]

Data/restraints/parameters

8465/157/494

Goodness-of-fit on ¥

0.905

Final R indexes [I> =@ (1)]

R1=0.0476, wR=0.1284

Final R indexes [all data]

1R= 0.0775, wR=0.1419

Largest diff. peak/hole [e &

0.82/-0.38
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Table 8.4: Crystal data of compou(d.

Compound (7)

Empirical formula G4H170MNMO06N 13024
Formula weight [g/mol] 2376.9
Temperature [K] 180.15

Crystal system triclinic

Space group P-1

a[A] 20.3358(3)

b [A] 28.4667(5)

c[A] 30.2411(5)

a[°] 67.3340(10)

B [°] 70.1380(10)

v [°] 76.5140(10)
Volume [A%] 15087.5(5)

Z 6

peaid [cnT] 1.57

p [mm?] 0.92

F(000) 7404

Crystal size [mr 0.52 x 0.43 x 0.33
Radiation Mok (A = 0.71073)

20 range for data collection [°] 3.554 to 54.206

-26<h< 15, -365 k<33, -38<|<
Index ranges

35
Reflections collected 136907
. 65534 [Rx = 0.0314, Bgma =
Independent reflections 0.0372]
Data/restraints/parameters 65534/2574/2855
Goodness-of-fit on ¥ 1.017

Final R indexes [I> =@ (1)] R1=0.0682, wR = 0.1860

Final R indexes [all data] 1R 0.1010, wR = 0.2187

2.78/-1.83

Largest diff. peak/hole [e &
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Table 8.5: Crystal data of compou(ts).

Compound (8)

Empirical formula G2H158MNMO06N 11034
Formula weight [g/mol] 2472.76
Temperature [K] 293(2)

Crystal system orthorhombic
Space group Pbcn

a[A] 63.585(4)

b [A] 18.1926(12)

c [A] 26.6998(12)

a[°] 90

B[] 90

v [°] 90

Volume [A%] 30886(3)

yA 12

pcalcd [Cn’ﬁ] 1.595

w [mm?] 7.456

F(000) 15312

Crystal size [mrf| 0.52 x 0.47 x 0.42
Radiation Cuk (A =1.54186)

20 range for data collection [°]

6.402 to 125.266

Index ranges

-72<h<51, -20< k<20, -28<1<
30

Reflections collected 68817

. 23944 [R+ = 0.0307, Bgma =
Independent reflections 0.0233]
Data/restraints/parameters 23944/102/1678
Goodness-of-fit on ¥ 1.049

Final R indexes [I> =& (1)]

R1=0.0436, wkR=0.1299

Final R indexes [all data]

1R= 0.0549, wR=0.1367

Largest diff. peak/hole [e A

1.02/-0.86
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Table 8.6: Crystal data of compou(fd).

Compound (9)

Empirical formula GoH137MNMO0oeNsO2s
Formula weight [g/mol] 2093.43
Temperature [K] 180.15

Crystal system triclinic

Space group P-1

a[A] 13.9550(10)

b [A] 17.1438(14)

c [A] 19.1438(16)

o [°] 81.478(7)

B[] 78.320(6)

v [] 83.957(6)

Volume [A%] 4422.2(6)

Z 2

peaid [cnT] 1.572

w [mm?] 1.033

F(000) 2152

Crystal size [mrf 0.52 x 0.46 x 0.39
Radiation Mok (A = 0.71073)

20 range for data collection [°]

2.99 to 50.696

Index ranges

-16<h<16, -20c k<20, -23<1<
23

Reflections collected 25690

. 15123 [Rx = 0.0500, RBgma =
Independent reflections 0.0922]
Data/restraints/parameters 15123/2/1001
Goodness-of-fit on ¥ 0.846

Final R indexes [I> =& (1)]

R1=0.0370, wR= 0.0634

Final R indexes [all data]

1R 0.0824, wR = 0.0724

Largest diff. peak/hole [e A

0.62/-0.56
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Table 8.7: Crystal data of compouf(iD).

Compound (10)

Empirical formula G4H9sMN2M04N4O20
Formula weight [g/mol] 1496.9
Temperature [K] 180.15

Crystal system monoclinic

Space group P21/n

a[A] 9.9770(11)

b [A] 16.1440(18)

c [A] 18.730(2)

a[°] 90

B [°] 95.186(9)

v [°] 90

Volume [A%] 3004.5(6)

yA 2

pcalcd [Cn’ﬁ] 1.655

w [mm?] 1.287

F(000) 1536

Crystal size [mrf| 0.76 x 0.21 x 0.19
Radiation Mok (A = 0.71073)

20 range for data collection [°]

3.336 to 54.936

Index ranges

-12<h<12,-20 k<20, -24<1<
24

Reflections collected

25730

Independent reflections

6788JR= 0.0699, Bgma= 0.0487]

Data/restraints/parameters

6788/12/344

Goodness-of-fit on ¥

0.985

Final R indexes [I> =& (1)]

R1=0.0334, wR=0.0794

Final R indexes [all data]

1R= 0.0498, wRR = 0.0848

Largest diff. peak/hole [e A

1.02/-0.95
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Table 8.8: Crystal data of compoufitl)-Ce

Compound (11)-Ce
Empirical formula G74H316C&EMN3M018N 420118
Formula weight [g/mol] 7477.01
Temperature [K] 180.15
Crystal system monaoclinic
Space group P2;
a[A] 19.2936(2)
b [A] 25.6462(2)
c[A] 26.1388(3)
a[°] 90
B [°] 90.1440(10)
v [°] 90
Volume [A%] 12933.6(2)
Z 2
Pcaldd [Cn’ﬁ] 1.92
p [mm?] 10.266
F(000) 7438
Crystal size [mrf] 0.22 x 0.11 x 0.06
Radiation Galg (A = 1.34143)
20 range for data collection [°] 4.2 t0 123.246
-21<h< 25, -26< k<33, -29<I<
Index ranges 34
Reflections collected 181817
Independent reflections 51909{R= 0.0416, Bgma= 0.0399]
Data/restraints/parameters 51909/940/2355
Goodness-of-fit on ¥ 1.031
Final R indexes [I> =& (1)] R1 = 0.0568, wR = 0.1595
Final R indexes [all data] 1R 0.0677, wR = 0.1646
Largest diff. peak/hole [e A 1.95/-1.42
Flackx parameter 0.126(4)
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Table 8.9: Crystal data of compou(itR)-Dy

Compound

(12)-Dy

Empirical formula

@2MH207DYsMN3M018N 240104

Formula weight [g/mol]

6438.39

Temperature [K] 150.15

Crystal system monoclinic
Space group P2i/c

a[A] 19.5819(7)

b [A] 25.2560(10)

c[A] 25.3233(9)

a [°] 90

B[] 90.306(3)

v [°] 90

Volume [A%] 12523.7(8)

yA 2

peaid [cnT] 1.707

p [mm?] 13.69

F(000) 6260

Crystal size [mr 0.25 x 0.21 x 0.16
Radiation Galg (A =1.34143)

20 range for data collection [°]

4.3 t0 120.076

Index ranges

-25<h< 25, -23<k<32, -32<1<
30

Reflections collected 87057

Independent reflections 26547{R 0.0512, Rgma= 0.0442]
Data/restraints/parameters 26547/331/1073
Goodness-of-fit on ¥ 0.98

Final R indexes [I> =& (1)]

R1=0.0789, wR= 0.2304

Final R indexes [all data]

1R 0.1165, wR = 0.2605

Largest diff. peak/hole [e A

2.74/-1.34
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Table 8.10: Crystal data of compou¢iB).

Compound (13)

Empirical formula @32H233CICUMMMO012N170s2
Formula weight [g/mol] 4250.49
Temperature [K] 180(2)

Crystal system monaoclinic

Space group 12/a

a[A] 27.9207(12)

b [A] 27.5317(11)

c[A] 27.9543(13)

a [°] 90

B[] 99.258(4)

v [°] 90

Volume [A%] 21208.7(16)

yA 4

Pcaldd [Cn’ﬁ] 1.331

p [mm?] 0.973

F(000) 8640

Crystal size [mr 0.45 x 0.39 x 0.23
Radiation Mok (A = 0.71073)

20 range for data collection [°]

3.418 to 55.056

Index ranges

-36<h<32,-355 k<35, -365 | <
36

Reflections collected

91425

Independent reflections

23884y 0.1141, Bgma= 0.0718]

Data/restraints/parameters

23884/272/808

Goodness-of-fit on ¥

1.475

Final R indexes [I> =& (1)]

R1=0.1223, wR= 0.3448

Final R indexes [all data]

1R 0.1403, wR = 0.3786

Largest diff. peak/hole [e A

0.94/-3.34
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Table 8.11: Crystal data of compou(idiA).

Compound (14A)

Empirical formula G4H168MN2M012N 26066213
Formula weight [g/mol] 4175.8
Temperature [K] 180.15

Crystal system cubic

Space group 1432

a[A] 36.7518(7)

b [A] 36.7518(7)

c[A] 36.7518(7)

a[°] 90

B[] 90

v [°] 90

Volume [A%] 49640(3)

Z 12

pcald [CITF] 1.676

p [mm?] 1.534

F(000) 25032

Crystal size [mr 0.13 x 0.11 x 0.07
Radiation Mokx (A = 0.71073)

20 range for data collection [°]

2.216t0 51.354

Index ranges

“44<h< 43, -44< K< 43, -44<| <
44

Reflections collected

135893

Independent reflections

7899;fR= 0.0501, Rgma= 0.0179]

Data/restraints/parameters

7899/81/340

Goodness-of-fit on ¥

0.943

Final R indexes [I> =& (1)]

R1=0.0458, wR=0.1329

Final R indexes [all data]

1R 0.0551, wR = 0.1402

Largest diff. peak/hole [e A

0.51/-0.45

Flackx parameter

0.11(3)
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Table 8.12: Crystal data of compou(idiB).

Compound (14B)

Empirical formula G7H17sMN2M012N27067Z13
Formula weight [g/mol] 4248.9
Temperature [K] 100.15

Crystal system monoclinic

Space group C2/lc

a[A] 44.0133(6)

b [A] 12.9451(2)

c[A] 28.3784(4)

a[°] 90

B [°] 102.002(1)

v [°] 90

Volume [A%] 15815.3(4)

Z 4

peaid [cnT] 1.784

p [mm?] 1.607

F(000) 8504

Crystal size [mr 0.48 x 0.28 x 0.12
Radiation Mokx (A = 0.71073)

20 range for data collection [°]

3.516 to 62.244

Index ranges

61<h<61, -18<k< 16, -39< 1 <
40

Reflections collected

178407

Independent reflections

22059,{R 0.0616, Rgma= 0.0363]

Data/restraints/parameters

22059/43/825

Goodness-of-fit on ¥ 1.054
Final R indexes [I> =& (1)] 22059/43/825
Final R indexes [all data] 1.054

Largest diff. peak/hole [e A

R1=0.0445, wR = 0.1105

Flackx parameter

R1 =0.0593, wR=0.1164
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Table 8.13: Crystal data of compou¢ib).

Compound (15)

Empirical formula GoH72CdMnMaosN7O26
Formula weight [g/mol] 1834.04
Temperature [K] 180(2)

Crystal system triclinic

Space group P-1

a[A] 11.9141(5)

b [A] 13.4714(6)

c [A] 22.9561(9)

a[°] 96.999(3)

B[°] 101.332(3)

v [°] 113.688(3)

Volume [A%] 3224.5(2)

Z 2

pcalcd [Cn’ﬁ] 1.889

w [mm?] 9.348

F(000) 1812

Crystal size [mrf| 0.34 x0.21 x 0.19
Radiation Gal§ (A = 1.34143)

20 range for data collection [°]

6.396 to 123.89

Index ranges

15<h<9, -13< k< 17, -30< | <
30

Reflections collected 39959

. 14922 [Rx = 0.0699, RBgma =
Independent reflections 0.0469]
Data/restraints/parameters 14922/26/760
Goodness-of-fit on ¥ 1.767

Final R indexes [I> =& (1)]

R1=0.1049, wR= 0.2581

Final R indexes [all data]

1R 0.1178, wR = 0.2633

Largest diff. peak/hole [e A

5.59/-1.74
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8.2

8.2.1 SHAPE analysis for compound (10)

SHAPE analysis results for coordination polyhedra

Table 8.14: Continuous shape measurements (CShufic®mpound10).

{MoOs}
Ideal structures ML5
PP-5 1| Dsp Pentagon
0C-5 2| Cay Vacant octahedron
TBPY-5 3| Dan Trigonal bipyramid
SPY-5 4| Cay Spherical square pyramid
JTBPY-5 5| Dsn Johnson trigonal bipyramid | J12
Structure 1|[Mo]
Mo 2.744 11.7564 9.272
O 1.5853 10.6499 10.1803
0 3.8998 10.9484 8.1014
O 3.5336 12.864 10.3112
0 1.703 12.6965 8.2995
0 4.0644 10.0557 10.5742
PP-5 Ideal structure CShM = 33.61759
Mo M 2.9217 11.4951 9.4564
O L1 1.6629 10.7566 9.982
O L3 4.446 11.3546 9.206
0 L4 3.434 12.8307 8.8565
O L5 1.714 12.4611 9.336
0 L2 3.3514 10.0727 9.9016
vOC-5 Ideal structure CShM = 6.27707
Mo M 2.8083 11.2517 9.2967
0 L2 1.4198 11.0798 10.5444
O L4 4.1968 11.4236 8.049
0 L1 3.4885 12.7123 10.2549
O L3 1.7483 12.4142 8.2772
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0 L5 3.8683 10.0892 10.3162
TBPY-5 Ideal structure CShM 2.22P9
Mo M 2.9217 11.4951 9.4564
0 L2 1.3854 10.596 10.069
) L3 3.8036 10.9007 7.9031
0 L4 3.576 12.9887 10.3971
) L1 1.8417 12.6275 8.4099
) L5 4.0017 10.3628 10.5029
SPY-5 Ideal structure CShM 5.14319
Mo M 2.9217 11.4951] 9.4564
0 L2 1.4283 10.9664 10.42
0 L4 4.0863 11.2921 8.0279
) L1 3.5791 12.9585 10.3862
0 L3 1.7317 12.2197 8.2328
) L5 3.7829 10.0388 10.2151
JTBPY-5 |lIdeal structure | CShM = 1.90296
Mo M 2.9217 11.4951 9.4564
o] L1 1.6178 10.7375 9.9718
o] L2 3.6654 10.9949 8.1387
o] L3 3.4818 12.753 10.2588
o] L4 1.6345 12.8629 8.2107
o] L5 4.2089 10.1274 10.7022
{MoO¢}
Ideal structures | ML6
HP-6 1| D6h Hexagon
PPY-6 2| C5v Pentagonal | pyramid
OC-6 3/ Oh Octahedron
TPR-6 4/ D3h Trigonal prism
JPPY-6 5 C5v Johnson pentagonal pyramid J2
Structure 1|[Mo]
) 1.5853 10.6499 10.1803
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0 4.0644 10.0557 10.5742

Mo 2.115 9.0576 11.2775

0 3.1589 7.5156 11.4606

0 0.5439 8.4093 11.2944

O 2.3057 9.7927| 12.8029

0 2.7181 8.3423 9.1517|

HP-6 Ideal structure CShM = 47.653
O M 2.3559 9.1176 10.9631

0 L1 3.4539 9.9444 10.6368

Mo L3 1.4714 9.4938 11.9984

0 L5 2.1424 7.9145 10.254

O L4 1.2579 8.2907| 11.2894

0 L2 2.5694 10.3207 11.6721

0 L6 3.2404 8.7413 9.9277

PPY-6 Ideal structure CShM 30.3448
0 M 2.2505 9.3142 10.8872

o] L2 3.715 9.9254 10.4375

Mo L4 1.1705 9.2152 12.1299

0 L1 2.9881 7.938 11.4186

o] L5 0.961 8.4241 10.3721

0 L3 2.8726 10.1431 12.1703

o] L6 2.5335 8.8631 9.3261

0OC-6 Ideal structure CShM = 31.354
0 M 2.3559 9.1176 10.9631

O L1 3.7662 9.875 10.7293

Mo L2 1.5637 10.4485 10.496

O L4 3.1481 7.7866 11.4302

O L6 0.9456 8.3602 11.1969

0 L3 2.3295 9.6392 12.4942

O L5 2.3827 8.5959 9.4319

TPR-6 Ideal structure CShM = 37.321
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0 M 2.3559 9.1176 10.9631
O L1 3.5906 9.9702 10.5912
Mo L5 1.885 8.344 12.2159
0 L2 3.4056 7.9833 10.9298
O L6 0.8318 9.2189 10.7252
0 L4 2.0699 10.3309 11.8773
O L3 2.3525 8.8582 9.4391
JPPY-6 Ideal structure CShM = 34.243
0 M 2.2893 9.2408 10.9141
O L1 3.7805 9.8648 10.4555
Mo L3 1.1857 9.146 12.1778
O L6 2.7555 8.3783 11.2567
0 L4 0.9799 8.3258 10.3926
0 L2 2.9166 10.0972 12.2167
O L5 2.5836 8.77 9.3282
{MnMo sN}
Ideal structures | ML6
HP-6 1/ D6h Hexagon
PPY-6 2| C5v Pentagonal pyramid
0C-6 3| Oh Octahedron
TPR-6 4/ D3h Trigonal prism
JPPY-6 5 C5v Johnson pentagonal pyramid J2
Structure 1|[Mn]
Mn 3.5478 6.7145 9.822
0 4.3838 5.1962 10.5515
®) 3.158¢9 7.5157 11.4601
N 1.639 5.8337 8.9235
0] 4.2191 6.0889 8.0787
®) 2.7181 8.3424 9.1512
0 5.5654 7.8024 9.5018
HP-6 Ideal structure CShM = 30.530
Mn M 3.6046 6.7848 9.6412
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0 L1 4.97685 5.7807 9.5999
0] L3 3.5862 8.1585 10.6437
N L5 2.2511 6.4153 8.6802
0 L6 3.623 5.4111 8.6388
®) L4 2.2326 7.789 9.6826
0 L2 4.9581 7.1544 10.6023
PPY-6 Ideal structure CShM = 21.655
Mn M 3.4057, 6.6369 9.7234
0 L2 4.569 5.6067 10.6859
®) L3 3.555 7.364 11.3938
N L5 2.5944 6.8243 8.0961
®) L6 3.9753 5.2731 8.6478
0 L4 2.3346 8.1166 9.7933
0 L1 4.7982 7.6721 9.1483
0OC-6 Ideal structure CShM 2.97663
Mn M 3.6046 6.7848 9.6412
@) L1 4.3867 5.1275 10.4666
0] L2 3.0516 7.4307 11.4623
N L3 1.8377 5.8491 9.4366
@) L4 4.1575 6.1389 7.8202
0 L6 2.8225 8.4421 8.8159
@) L5 5.3715 7.7206 9.8459
TPR-6 Ideal structure CShM = 10.859
Mn M 3.6046 6.7848 9.6412
®) L1 3.5641 5.1059 10.585
0] L4 3.8884 7.4631 11.4219
N L2 2.1353 5.9731 8.6959
®) L3 4.6278 5.7396 8.3875
0 L5 2.4597 8.3303 9.5328
®) L6 4.9522 8.0969 9.2244
JPPY-6 Ideal structure CShM = 25.62
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Mn M 3.595 6.9152 9.5407
O] L6 3.6627 6.0027 10.2442
0] L1 3.8782 8.0552 10.9925
N L3 2.2827 6.0447 8.5369
O] L4 4.4489 5.9411 8.1956
0] L2 1.93 7.3513 10.2655
O] L5 5.435 7.1837 9.7132

8.2.2 SHAPE analysis for compound (11)-Ce

Table 8.15: Continuous shape measurements (CSlo¥ic®mpound11)-Ce.

{Ce(DMF)s5(0)s} (Ce2)
Ideal structures ML8
OP-8 1 D8h Octagon
Heptagon
HPY-8 2| C7v al pyramid
Hexagon | bipyrami
HBPY-8 3| D6h al d
CU-8 4| Oh Cube
antipris
SAPR-8 5| D4d Square |m
Triangula| dodecahe
TDD-8 6| D2d r dron
gyrobifas
JGBF-8 7 D2d Johnson | tigium J26
bipyrami
JETBPY-8 8 D3h Johnson | elongatedriangular| d J14
Biaugme
JBTPR-8 g9 C2v nted trigonal | prism J50
Structure 1][Ce]
Ce 15.2367 14.8435 21.1209
0 13.2844 16.1981] 21.9748
O 14.0179 15.7493 19.11
0 16.767 12.98720 21.9095
O 17.1394 14.7748 19.604
0 15.9513 17.1727] 20.9842
0 13.8082 13.3463 22.3564
O 14.6952 13.0001] 19.4943
o] 16.0533 15.5262 23.3968
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OP-8 Ideal structurgg CShM = 29.54764
Ce M 15.2169 14.8443 21.1057
O L1 145405 16.469 22.2278
0 L3 15.3287 16.06] 19.4127
O L6 15.6162 12.8357 21.5093
0 L4 15.7743 14.5551 19.1151
o] L2 14.8176 16.8528 20.702
O L7 15.1052 13.6285 22.7986
0 L5 15.8934 13.2195 19.9835
o] L8 14.6595 15.1334 23.0962
HPY-8 Ideal structure] CShM = 22.3995
Ce M 15.3626 14.9938 20.9772
O L2 13.7834 16.534] 20.9791
0 L3 13.746 15.308] 19.5095
O L6 17.1362 13.9646 21.7906
0 L5 16.4347 13.2475 20.1603
O L8 15.01 16.6002 22.4473
O L1 14.0515 13.648 22.1332
0 L4 14,926 13.8453 19.1451
O L7 16.5021 15.4567] 22.8085
HBPY-8 | Ideal structure] CShM = 16.01p9
Ce M 15.2169 14.8443 21.1057
O L1 13.3524 15.4599 22.2623
o] L2 14.4596 15.9794 19.2805
O L5 15.9743 13.7091 22.9308
0 L8 17.0815 14.2286 19.949
O L3 15.7642 17.038 20.8202
O L6 14.6697 12.6505 21.3911
0 L7 13.9123 13.7857 19.5659
O L4 16.5216 15.9028 22.6454
CuU-8 Ideal structure] CShM = 9.02514
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Ce M 15.2169 14.8443 21.1057
0 L1 13.2881 15.5014] 22.3196
@) L2 13.8271 16.1781] 19.7212
@) L8 16.6061 13.5104f 22.4901
0 L7 17.1457 14.1871] 19.8917
) L3 16.4101 16.7734] 20.4125
0 L5 14.023§ 12.9151] 21.7988
) L6 14.5634 13.5918 19.2004
0 L4 15.8708 16.0967] 23.0109
SAPR-8 | Ideal structure| CShM = 0.51714
Ce M 15.2169 14.8443 21.1057
0 L1 13.3305 16.2245 21.9352
0 L2 14.1837 15.8184] 19.0721
0 L8 16.7864 13.0638 21.8259
0 L7 17.0155 14.8362 19.3977
0 L6 16.0381 17.1831] 21.0186
@) L4 13.8596 13.3118 22.506
0 L3 14.7128 12.9056 19.643
@) L5 15.809 15.4106] 23.4467
TDD-8 Ideal structure| CShM = 1.335
Ce M 15.2169 14.8443 21.1057
0 L1 13.4892 16.2193 22.2127
) L2 13.7593 15.7062 19.3075
) L8 16.5361 12.9509 21.9869
0 L7 17.3126 14.7915 19.7993
0 L3 15.8724 17.1992] 20.7505
0 L5 13.5914 13.2616] 22.0823
) L6 14.9701 13.0076 19.4725
0 L4 16.2044 15.6177] 23.2335
JGBF-8 | Ideal structurg CShM = 16.01d
Ce M 15.2169 14.8443 21.1057
0 L1 13.3208§ 16.6198 21.5265
@) L3 13.9025 14.7266 19.7938
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0 L8 15.9016 12.4492 21.9541
O L6 16.4283 15.4637 19.8363
0 L2 15.8467 17.357] 21.569
0 L4 14.0058 14.2248 22.375
O L7 15.7986 12.951] 19.3729
0 L5 16.5314 14.9619 22.4175
JETBPY-
8 Ideal structure| CShM = 28.755[3
Ce M 15.2169 14.8443 21.1057
0 L1 14.0191 15.9258 21.6945
0 L2 141022 14.7073 19.8057
O L4 15.3264 13.1466 20.8664
0 L6 16.3469 14.8511 19.8117
O L5 16.2638 16.0696 21.7005
0 L3 15.2433 14.3651 22.7552
O L8 15.3264 13.2401 18.619
O L7 15.1075 16.4484 23.5923
JBTPR-8| Ideal structure CShM = 2.36964
Ce M 14.9044 14.7707| 21.0224
0 L3 13.3969 16.2248 21.9479
O L4 14.2485 15.829 19.1006
0 L8 16.77 12.6039 21.8816
0 L2 16.9612 14.9568 20.0332
O L7 15.8518§ 17.5997 20.9125
0 L5 13.9293 13.3283 22.5098
O L6 14.7809 12.9325 19.6624
0 L1 16.1096 15.3526 22.8805
{Ce(DMF)6(Or)3} (Cel)
Ideal structures| ML9
EP-9 1/ D9h Enneagon
OPY-9 2| C8v Octagonal pyramid
HBPY-9 3|D7h Heptagonal | bipyramid
JTC-9 4{ C3v Johnson triangular| cupola J3
JCCU-9 5 Cdv Capped cube J8
Spherical-
CCU-9 6| C4v relaxed capped cube
JCSAPR-9 1 Cav Capped square antiprism  J10
CSAPR-9 8| C4v Spherical capped square antiprism
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JTCTPR-9 9 D3h Tricapped trigonal prism J51
Structure 1|[Ce]

Ce 3.5764 17.6656 17.8512

®) 2.0312 19.4783 17.0372

0 5.7743 16.6085 16.9928

0 5.169 17.2163 19.8524

®) 1.2509 16.7726 17.3822

®) 3.3416§ 17.1547 15.3905

0 3.4594 15.2774 18.3834

0 2.1878§ 17.6754 19.9883

®) 4.0652 19.7681 19.178

®) 5.0653 19.3552 16.6111

EP-9 Ideal structure CShM = 37.349
Ce M 3.5921 17.6972 17.8667
0 L1 2.2694 17.5635 16.3581
0 L4 5.3778 18.57| 17.5639
®) L6 4.3906¢ 175046 19.7018
®) L9 1.7445 16.9966  17.4957
0 L2 3.4138 18.1929 15.9264
0 L8 2.0831 16.7575 18.8069
0] L7 3.1287 16.9582 19.6782
®) L5 5.2788 18.1412 18.8668
0 L3 4.6413 18.5905 16.4026
OPY-9 Ideal structure CShM = 22.231
Ce M 3.56446 17.508 17.7477
0 L2 1.9252 18.494| 16.5584
®) L5 5.7988 17.3209 17.5296
®) L6 5.2041 16.522 18.9369
0] L9 1.3304 17.695 17.9657
0] L3 3.4803 18.7153 15.8478
®) L7 3.6489 16.3006 19.6475
®) L8 2.0444 16.7865  19.2452
0 L1 3.8392 19.4005 18.9381
0 L4 5.0849 18.2294  16.2501
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HBPY-9 Ideal structure CShM = 20.557/09
Ce M 3.5921 17.6972 17.8667
0 L2 2.99 19.1891] 16.2737
0 L1 5.3187 17.012| 16.5724
0 L5 4.7138 17.0295 19.7165
0 L7 2.4246 15.8453 17.2896
0 L8 2.1729 17.4085 16.1265
0 L6 3.5554 15.6766  18.8874
0 L9 1.8655 18.3824 19.161
0 L4 5.0276 18.8852  19.1527
0 L3 4.2604 19.8463 17.6205
JTC-9 Ideal structure CShM = 16.69696
Ce M 3.5731 18.0145 17.3723
0 L1 1.5072 19.0045 18.0869
0 L4 5.639 17.0245 16.6576
0 L8 5.0211 16.9701] 18.9758
0 L6 1.4849 16.9846 16.7914
0 L5 3.5508 15.9946 16.0768
0 L9 2.932§ 15.9402 18.395
0 L7 2.9552 17.9601] 19.6904
0 L2 3.5954 20.0345 18.6677
0 L3 5.6614 19.0444  17.9531
JCCU-9 Ideal structure CShM = 10.77286
Ce M 3.8864 17.8107] 17.9274
0 L1 2.2947 18.8636 16.6342
0 L4 5.7619 17.3967 16.652
0 L6 5.4784 16.7578  19.2207
0 L9 0.9422 16.6757, 17.3201
0 L3 3.3227 16.4565 16.1489
0 L5 3.0392 15.8175 18.7176
0 L7 2.0112 18.2247, 19.2029
0 L8 4.4503 19.165 19.706
0 L2 4.7339 19.8039 17.1373
CCU-9 Ideal structure CShM = 9.57161
Ce M 3.6114 17.7047 17.8707
0 L1 2.2215 19.1546  16.5287
0 L6 5.6731] 17.4468 16.6386
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0 L8 5.4321 16.7404, 19.1318
0 L9 1.3986 16.85 17.4146
0 L2 3.4313 16.3791] 15.8593
0 L4 3.1442 15.5375 18.8299
0 L3 1.9343 18.313] 19.4993
0 L7 4.41671 19.0698 19.6936
0 L5 4.6571 19.7762  17.2004
JCSAPR-9| Ideal structure CShM = 1.34752
Ce M 3.897 17.8157, 17.9302
0 L2 2.1118 19.3014 17.2112
0 L5 5.8735 16.6699 17.0981
0 L7 5.1114 17.119] 19.9181
0 L9 0.8477 16.63120 17.2949
0 L4 3.29884 17.0564, 15.6993
0 L6 3.4082 15.4466  18.1755
0 L8 2.2211] 17.6916 19.6874
0 L1 4.19471 19.8448 19.2362
0 L3 4.9568 19.3956 16.4162
CSAPR-9 | Ideal structure CShM 0.30743
Ce M 3.5943 17.6981] 17.8672
®) L2 2.0204 19.5513 17.1454
@) L7 5.8169 16.7207 17.1341
@) L8 5.0832 17.1542 19.847
®) L1 1.274 16.7953 17.3839
®) L3 3.3647 17.011] 15.4366
@) L4 3.4889 15.1915 18.2392
@) L5 2.1446 17.7318 19.9479
®) L9 4.2001] 19.7759 19.1893
®) L6 4.9338 19.3424 16.4764
JTCTPR-9| Ideal structure CShM = 2.31999
Ce M 3.5921 17.6972 17.8667
0 L1 2.1594 19.3224  17.2213
0 L8 5.9674 16.285| 16.8418
0 L4 5.2106 17.4998 19.4326
0 L7 0.8963 16.6468  17.3041
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O L5 3.3504 17.0758 15.7066
O L6 3.4614 15.4631 18.186
O L3 2.2704 17.7096 19.7006
O L9 3.9125 20.1597]  19.4542
O L2 5.099¢4 19.1126  16.9532
{Ce(DM F)4(02,Coo)(OCoo)2} (Ce3)
structure
Ideal S ML8
OP-8 1/ D8h | Octagon
HPY-8 2| C7v | Heptagonal | pyramid
HBPY-8 3| D6h | Hexagonal | bipyramid
CU-8 4| Oh Cube
SAPR-8 5/D4d | Square antiprism
TDD-8 6| D2d | Triangular | dodecahedror
gyrobifastigiu
JGBF-8 7/D2d | Johnson m J26
triangula | bipyrami
JETBPY-8 8 D3h | Johnson elongated r d J14
Biaugmente
JBTPR-8 9C2v |d trigonal prism J50
Structure 1 [Ce]
7.110
Ce 6 16.1407 3.1568
7.122
0 6 15.6314 5.5937
7.801
0 3 18.2191 4.2554
9.550
0 1 15.321 3.9234
8.562
0 3 14.1875 2.3969
8.832
) 8 16.9675 1.4585
6.176
) 8 15.5416 1.1527|
4.840
) 7 16.9214 3.845
) 5.82 14.0387 3.4137
OP-8 Ideal | structure CShM = 28.09844
Ce M 7.313 15.8854 3.244
) L1 6.6179 16.7482 5.0276
@) L2 8.161§ 17.0895 4.7402
@) L3 9.2085 16.7255 3.5764
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o] L5 8.0087 15.0226 1.4604
o] L4 9.1449 15.8693 2.2179
o] L6 6.4643 14.6813 1.7478
o] L8 5.4817 15.9015 4.2702
o] L7 5.4176 15.0454 2.9116
HPY-8 Ideal | structure CShM = 22.97104
Ce M 7.1859 15.7654  3.4131
o] L2 8.4308§ 16.6533 4.9789
o] L3 6.8754 17.6355 4.5068
o] L8 9.0487 15.0025 4.272
o] L7 8.264 13.9262 2.9183
o] L1 8.329¢4 16.8453 1.8915
o] L5 5.4613 15.6961 2.0674
o] L4 5.5539 17.2095 3.211
o] L6 6.6675 14.2349 1.9371
HBPY-8 | Ideal | structure CShM = 17.06649
Ce M 7.313 15.8854 3.244
o] L1 7.8373 15.8156 5.4362
o] L2 6.8563 18.0865 3.4233
o] L4 9.3997 15.2055 2.7235
o] L5 7.7697 13.6844 3.0647
o] L3 8.9424 17.4065 2.9028
o] L8 6.7888 15.9552 1.0519
o] L7 5.2269 16.5654 3.7646
o] L6 5.6836 14.3643 3.5853
CuU-8 Ideal | structure CShM = 11.77258
Ce M 7.313 15.8854 3.244
o] L1 7.8523 15.7917, 5.5046
o] L2 7.0535 17.9939 4.1911
o] L4 9.5207 15.193] 3.4865
o] L8 7.5726 13.777 2.297
o] L3 8.7214 17.39520 2.1729
o] L7 6.7737 15.9792 0.9834
o] L6 5.1059 16.5779 3.0016
o] L5 5.9047 14.3757, 4.3151

225




8. Appendix

SAPR-8 | Ideal | structure CShM 1.5379
Ce M 7.313 15.8854 3.244

(®) L1 7.0056 15.6706 5.6724

(@) L5 7.7967 18.1168 4,152

0 L4 9.5846 15.7244, 4.1668

(®) L3 8.3704 14.0315 2.0265

(®) L8 8.7617 16.9578 1.574

(@) L7 6.0795 15.7228 1.1252

(@) L6 5.1144 16.8818 3.7033

(®) L2 5.7914 13.9778 3.5321

TDD-8 Ideal | structure CShM = 3.843[16
Ce M 7.313 15.8854 3.244

©) L2 7.3793 15.3636 5.6145

O L1 7.7231] 17.9849 4.3931

O L3 9.6582 15.8711] 3.8737

©) L7 8.2197 13.778 2.4486

©) L4 8.4548 17.3215 1.6534

O L8 6.2799 15.4699 1.0862

O L5 5.1983 17.0786 3.2596

©) L6 5.591 14,2159 3.6231

JGBF-8 | Ideal | structure CShM = 15.44464
Ce M 7.313 15.8854 3.244

©) L3 7.6929 15.9287, 5.0635

O L4 6.9283 17.704) 3.2811

O L7 9.8739 15.4681] 3.6692

©) L6 7.6977 14.0669 3.2069

©) L8 9.1094 17.2435 1.8869

O L5 6.9332 15.8422 1.4246

O L1 5.132 16.3459 4.6383

©) L2 5.1369 14.4842, 2.7817

JETBPY

-8 Ideal | structure CShM = 25.40841
Ce M 7.313 15.8854 3.244

©) L1 7.0376 15.8416 4.9721
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O L3 6.8465 175579 3.4653

0 L2 8.6899 14,9017, 3.6919

0 L8 9.4883 14.648| 1.5586

O L4 8.498¢4 16.618] 2.1851

O L6 7.2289 14.7267 1.9348

0 L7 5.1378§ 17.1228 4.9294

0 L5 5.5766 15.6666 3.215

JBTPR-8| Ideal | structure CShM = 3.26562

Ce M 7.2153 16.1564 3.0855

O L1 7.2551 15.3237 5.1966

O L3 7.8282 18.0533 4.1707

0 L7 9.9637 15.9866 4.1692

0 L2 8.1954 14.161] 2.6286

O L4 8.7689 16.8906 1.6027

O L6 6.0921 15.6735 1.1732

0 L5 5.1513 16.8362 3.7412

0 L8 5.34684 13.8874 3.4284

{Ce(DMF)(02,c092(Ocoo)4} (Ce4)
Ideal structures| ML9
EP-9 1| D9h Enneagon
OPY-9 2| C8v Octagonal | pyramid
HBPY-9 3| D7h Heptagonal| bipyramid
JTC-9 4| C3v Johnson triangular, cupola J3
JCCU-9 5 C4v Capped cube J8
Spherical-
CCU-9 6| C4v relaxed capped cube
JCSAPR-9 1 Cav Capped square antiprism J10
antipris

CSAPR-9 8| C4v Spherical | capped square |m
JTCTPR-9 9 D3h Tricapped | trigonal prism J51
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Structure [Ce]

Ce 9.8491 15.6637 6.3522

©) 7.1226 15.6314 5.5937

O 8.0962 14.0028 6.6863

O 8.3937 16.647 8.0638

©) 10.6807 14.9107 8.5343

©) 9.4536 17.8087 5.497

O 11.8607 17.2625 7.3084

O 12.0987 16.1007 5.5074

©) 9.5501 15.321 3.9234

©) 10.9863 13.4899 5.9335

EP-9 Ideal structure CShM = 35.174
Ce M 9.8092 15.6838 6.34
O L1 7.7955 15.8227| 6.1192
O L2 8.2699 14.6991] 5.4548
©) L9 8.2634 16.8813 6.887
©) L6 11.6996 16.1339 6.9285
O L8 9.4545 17.3796 7.3989
O L7 10.8116 17.0844 7.4152
©) L5 11.7031 14.9727) 6.1664
©) L3 9.4645 14.0363  5.2045
O L4 10.8203 14.1443  5.4855
OPY-9 Ideal structure CShm = 20.195
Ce M 9.7149 15.885| 6.3844
O L2 7.8159 15.226| 5.3395
©) L3 7.8074 14.8484 7.0317
©) L4 8.9162 15.078| 8.3448
O L5 10.493 15.7803  8.5095
O L8 10.5136 16.692 4.424
©) L6 11.6139 16.5439  7.4293
©) L7 11.6225 16.9216 5.7371
O L9 8.9369 15.9897| 4.2593
O L1 10.6574 13.8733  5.9402

228

21



8. Appendix

HBPY-9 Ideal structure CShM = 15.64955
Ce M 9.8092 15.6838 6.34
O L2 7.581 15.1216 6.6294
©) L3 8.8159 13.5965 6.195
©) L8 8.024 17.07 6.8458
O L1 10.1878 15.3467 8.6
O L7 9.8112 17.9746  6.6814
©) L6 11.5969 17.1542] 6.2599
©) L5 12.0364 15.2266 5.8987
O L9 9.4306 16.021 4.08
O L4 10.7987 13.6432] 5.8698
JTC-9 Ideal structure CShM = 16.96995
Ce M 9.7896 15.1509 6.1054
©) L1 7.6657 15.6469  5.1562
©) L6 7.8028 14.6858  7.3276
O L9 9.2383 16.4519 8.0187
O L5 9.9266 14.1898 8.2768
©) L7 9.1012 17.413| 5.8473
©) L8 11.2251 16.9171] 6.7965
O L3 11.7764 15.616| 4.8831
O L2 9.6525 16.112| 3.9339
©) L4 11.9134 14.6549 7.0545
JCCU-9 Ideal structure CShM = 7.91605
Ce M 10.1129 15.6274 6.438
©) L9 7.0756 16.1916 5.458
O L1 8.5179 13.993 6.0007
O L3 8.2845 15.9335 7.8414
©) L4 10.8006 15.4661] 8.6533
©) L5 9.1917 17.7292] 6.0635
O L6 11.7079 17.2618 6.8753
O L8 11.9413 15.3213  5.0346
©) L7 9.4251 15.7887| 4.2227
©) L2 11.0341 13.5256 6.8125
CCU-9 Ideal structure CShM = 7.74404
Ce M 9.8289 15.68 6.3465
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©) L9 7.5647 16.1213  5.6075
O L1 8.4524 13.7083 6.0547
O L2 8.2241 16.0123  8.1302
©) L6 10.7463 15.5176  8.5825
©) L4 9.3051 18.0221] 6.0181
O L8 11.6536 17.2044 6.8098
O L7 11.8452 15.2706 5.0678
©) L3 9.5334 15.718| 3.9425
©) L5 10.9379 13.5838  6.8405
JCSAPR-9| Ideal structure CShM 2.669
Ce M 10.1177 15.6258 6.437
O L9 7.032 16.2058 5.4669
O L2 8.4057 13.9757| 6.7451
©) L4 8.5344 16.6368  7.9269
©) L3 10.565% 14.6518 8.5817
O L6 9.5284 17.7085  5.4054
O L5 11.3593 17.2912] 7.6343
©) L7 11.9713 16.1674 5.0158
©) L8 9.3998 15.0474 4.2237
O L1 11.1774 135279 5.9631
CSAPR-9 | Ideal structure CShM 2.54209
Ce M 9.8114] 15.6834  6.3407
(@) L1 7.4783] 16.1393 5.6013
(®) L2 8.3222| 13.7445 6.8108
(®) L3 8.4774] 16.7312 8.1629
(@) L6 10.5511 14.6712] 8.4916
0 L4 9.612| 17.9523 5.3355
(®) L7 11.3267| 17.2016] 7.6044
(®) L8 11.9157 16.1398 5.0911
(@) L5 9.4568] 14.9655 3.9834
(@) L9 11.1401 13.6094 5.9783
JTCTPR-9| lIdeal structure CShM = 3.51066
Ce M 9.8092 15.6838 6.34
©) L7 7.0773 16.2078  5.4907
@) L1 8.4482 13.9704 6.7733
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O L5 8.5949 16.6401] 7.9484

0 L2 10.8973 14.8496  8.0994

0 L6 9.5863 17.701] 5.4143

O L8 11.3015 17.7241 7.778

O L4 11.8886 15.9105 5.5654

0 L3 9.439 15.0313 4.2392

0 L9 11.0485 13.1196 5.7512

{Ce(DMF)(02,co9(Ocoo)é} (Ceb)
Ideal structures ML9
EP-9 1 D9h Enneagon
OPY-9 2 C8v Octagonal| pyramid
HBPY-9 3 D7h Heptagonalbipyramid
JTC-9 4 C3v Johnson triangular cupola  J3
JCCU-9 5 Cav Capped cube J8
Spherical-
CCU-9 6 Cav relaxed capped cube
antipris

JCSAPR-9 7 Cav Capped square | m J10
CSAPR-9 8 C4v Spherical | capped square| antiprism
JTCTPR-9 9 D3h Tricapped trigonal prism J51
Structure 1 [Ce]

Ce 11.8851 16.9857 9.8232

(0] 9.6771 17.7626 9.4308

(0] 12.5609 14.544 9.6635

(®) 10.6807 14.9107 8.5343

(®) 11.8607 17.2625 7.3084

(0] 10.4516 15.698 11.4069

(0] 13.3969 16.588 11.7284

(®) 14.1946 17.1317 9.0858

(®) 10.9388 18.555 11.7807

(0] 12.7289 19.3834 9.6217

EP-9 Ideal structure CShM = 34.7523

Ce M 11.8375 16.8821| 9.8384

(0] L1 10.0523 15.9382 | 10.1566

(®) L3 11.7474 15.718 8.1602

(@) L2 10.6134 15.5062 | 8.9508

(0] L4 12.9235 16.4746 | 8.1549

(0] L9 10.3265 16.8119 | 11.213p

(@) L7 12.5368 18.2337 | 11.203b

231



8. Appendix

(6] L5 13.5915 17.4218 | 8.9373
(0] L8 11.3077 17.7184 | 11.627[L
(0] L6 13.4388 18.1165| 10.141B8
OPY-9 Ideal structure CShM = 23.2561
Ce M 11.8481 16.8129| 10.0501
(6] L2 9.7671 17.5369 | 10.390Y
(6] L5 12.7588 14.8925 | 9.3765
(0] L4 11.0549 14.821 9.4382
0 L1 11.7424 17.5052 | 7.9333
(6] L3 9.8157 15.9164 | 9.8583
(6] L7 13.8805 17.7094 | 10.2418
(0] L6 13.9292 16.0889 | 9.7094
0 L9 10.9374 18.7334 | 10.723p
(6] L8 12.6413 18.8048 | 10.661P
HBPY-9 Ideal structure CShM = 17.9773
Ce M 11.8375 16.8821| 9.8384
(6] L2 9.8643 17.6706 | 10.697y
0 L5 13.2191 15.2628 | 8.9881
0 L4 11.3861 14.6642 | 9.4763
(6] L1 11.1124 17.3754 | 7.7206
(6] L3 9.8931 15.7358 | 10.237
0 L9 12.5627 16.3889 | 11.956[
(0] L6 14.0117 17.0807 | 9.1402
(6] L8 11.3213 19.0117 | 10.511p
(6] L7 13.1671 18.7492 | 9.818
JTC-9 Ideal structure CShM = 14.3063
Ce M 11.6864 17.3042| 9.4486
(0] L1 9.3465 16.9633 | 9.9871
(0] L9 12.0985 14.9319 | 9.7381
(6] L6 10.3788 15.6854 | 8.2032
(6] L5 12.7187 16.0262 | 7.6647
(@] L7 11.0662 16.2099 | 11.522
(0] L8 13.4061 16.5507 | 10.983p
(6] L4 14.0263 17.645 8.9101
(6] L2 10.6541 18.5821 | 11.232p
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(6] L3 12.9939 18.9229 | 10.694
JCCU-9 Ideal structure CShM = 10.424]
Ce M 11.9454 16.7035| 9.5947
0 L1 10.3664 18.3693 | 9.4243
(0] L6 13.5243 15.0377 | 9.7651
(6] L4 11.0317 14.7069 | 8.9048
(6] L2 11.2595 16.8894 | 7.4056
(0] L3 10.1385 16.1868 | 10.923p
0 L5 12.6312 16.5176 | 11.783B
(6] L8 13.7522 17.2202 | 8.2659
(6] L9 10.8672 18.4899 | 12.031p
(0] L7 12.859 18.7001 | 10.2846
CCU-9 Ideal structure CShM = 9.59238
Ce M 11.8446 16.8705| 9.8224
0 L1 10.1358 18.4619 | 9.2401
(6] L8 13.5162 15.14 9.769

(6] L6 11.076 14.7494 | 8.9846
0 L5 11.2137 16.8706| 7.5

0 L2 9.9717 15.9345 | 11.009
(6] L4 12.8792 16.4 11.9436
(6] L7 13.6538 17.2612 | 8.2844
0 L9 11.0413 18.206 11.6561
(0] L3 13.0432 18.9273 | 10.174f
JCSAPR-9 | Ideal structure CShM = 1.9938
Ce M 11.9504 16.695 9.5898
(6] L2 9.8386 17.8507 | 9.4036
(6] L5 12.8789 14.5071 | 10.015p
(0] L3 10.4877 15.1548 | 8.4416
(0] L1 11.864 17.4875| 7.3106
(6] L4 10.5563 15.7433 | 11.3168
(6] L6 13.2203 16.9348 | 11.629p
(@] L7 14.2552 16.8398 | 8.8846
(0] L9 10.8214 18.5662 | 12.075p
(6] L8 12.5026 19.0422 | 9.7168
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CSAPR-9 | Ideal structure | CShM = 1.28931
Ce M 11.8384 16.8808 | 9.8366
(®) L2 9.6195 17.9183 | 9.2681
(®) L7 12.844 14.5805 | 9.9787
(@) L6 10.5463 15.2105 | 8.4714
0 L9 11.8714 17.4506 | 7.3877
(®) L3 10.4282 15.532 11.4225%
@) L4 13.4404 16.8707 | 11.7744
(@) L8 14.1692 16.8206 | 8.8949
(@) L1 10.9862 18.3004 | 11.729
(®) L5 12.6318 19.2571 | 9.6203
JTCTPR-9 | Ideal structure CShM = 2.59961
Ce M 11.8375 16.8822| 9.8384
(6] L1 9.8417 17.8045 | 9.3642
0 L4 12.7938 14.8711| 9.522
0 L9 10.0446 15.0045 | 8.475
(6] L2 12.0502 16.9758 | 7.6012
(6] L3 10.5853 15.6998 | 11.285
0 L6 13.2489 16.9185| 11.589
0 L8 14.6385 17.1063 | 8.9997
(6] L7 10.8295 18.5357 | 12.040
(6] L5 12.5053 19.0232 | 9.6685

8.2.3 SHAPE analysis for compound (12)-Dy

Table 8.16: Continuous shape measurements (CShfic®mpound12)-Dy.

{Dy(DMF) 4(H20)(O¢)3}
Ideal structure§ ML8
OP-8 1 D8h Octagon
HPY-8 2| C7v Heptagonal | pyramid
HBPY-8 3| D6h Hexagonal | bipyramid
CuU-8 4| Oh Cube
SAPR-8 5| D4d Square antiprism
TDD-8 6| D2d Triangular | dodecahedror
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gyrobifastigiu
JGBF-8 7/ D2d Johnson m J26
triangula | bipyrami |J1
JETBPY-8 8 D3h Johnson elongated r d 4
Biaugmente
JBTPR-8 9 C2v d trigonal prism J50
Structure 1 [Dy]
15.521
Dy 8 13.741 14.0089
17.235
0 9 15.3001 14.6605
14.182
0 4 13.0171 12.1613
O 13.548 12.7874 15.0253
O 15.326 15.5128 12.4287
17.278
0 2 13.2853 12.5662
16.243
0 2 13.199 16.1412
O 15.841 11.3831 14.0067
14.319
O 9 15.4881 15.0701
OP-8 Ideal structure CShM = 29.78418
Dy M 15.4996 13.746] 14.0077
O L1 16.1663 15.6044 14.2443
0 L4 15.4187 12.4638 12.4899
O L6 14.6376 12.4| 15.1907
O L2 16.3616 15.092] 12.8246
0 L3 16.0514 13.7911 12.0979
O L7 14.9473 13.7009 15.9174
0 L5 14.8324 11.8876 13.771
O L8 15.5804 15.0282 15.5254
HPY-8 Ideal structure CShM = 23.74608
Dy M 15.6976 13.8303 13.9214
O L2 16.0347 14.8624 15.7035
0 L5 14.9462 13.6153 11.9865
O L1 13.9155 13.0716 14.6979
O L4 14.6164 15.2068 12.785
o] L6 15.8417 12,1857 12.645
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0 L8 16.7146 13.1858 15.6258
O L7 16.628¢ 11.9946 14.2646
0 L3 15.1004 15.7618 14.4392
HBPY-8 | Ideal structure CShM = 16.81916
Dy M 15.4996 13.746] 14.0077
0 L2 16.4337 14.7991 15.6517
O L5 14.56545 12.693] 12.3636
O L1 13.6922 13.523] 15.1773
0 L4 14.393] 14.8456 12.5074
O L8 17.3071 13.969] 12.838
0 L7 16.606] 12.6464 15.5079
O L6 15.672] 11.5934 13.8638
0 L3 15.3271 15.8987| 14.1515
CU-8 Ideal structure CShM = 9.838111
Dy M 15.4996 13.746] 14.0077
0 L1 17.0402 14.8576 15.2195
O L7 13.959] 12.6345 12.7958
O L3 13.615¢ 13.5107| 15.2216
0 L6 15.043 14.904| 12.1293
O L5 17.3834 13.9813 12.7937
0 L4 15.9562 12.588| 15.886
O L8 16.2994 11.7118 13.4602
0 L2 14.6994 15.7803 14.5551
SAPR-8 | Ideal structure CShM = 0.64638
Dy M 15.4996 13.746] 14.0077
o] L1 17.2673 15.2178 14.5592
O L7 14.3363 12.8612 12.1478
O L8 13.5262 12.8006 14.906
o] L6 15.2989 15.549] 12.4897
O L2 17.1595 13.3602 12.3672
o] L4 16.0138 13.2744 16.2678
O L3 15.906 11.4168 14.0758
o] L5 14.4888 15.4883 15.2478
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TDD-8 Ideal structure CShM = 1.03082
Dy M 15.4996 13.746| 14.0077

©) L1 17.0566 15.375| 14.7118

O L7 13.9547 13.0514 12.3632

©) L6 13.6782 12.7937 15.1693

O L3 15.5211 15.4099 12.3329

©) L4 17.4572 13.3841] 12.7387

©) L5 16.3524 12.9969 16.0776

O L8 15.7424 11.4055 13.8165

©) L2 14.234] 15.5517, 14.851

JGBF-8 Ideal structure CShM = 14.84722
Dy M 15.4996 13.746| 14.0077

©) L1 17.4792 15.319 14.0387

O L5 14.86743 13.5584 12.3457

©) L7 14.1524 12.3606 15.6385

O L2 15.3506 15.9888 12.8493

©) L4 16.9954 12.8886 13.5352

©) L3 16.1314 13.9336 15.6696

O L8 15.0167 11.3156 13.5041

©) L6 14.0034 14.6034 14.4802

JETBPY-

8 Ideal structure CShm = 29.31234
Dy M 15.4996 13.746| 14.0077

©) L1 16.6324 14.8418 14.4338

©) L4 15.4933 12.3318 13.1911

O L6 14.2061 13.0632 14.7338

©) L7 15.9382 16.3822 13.1238

O L3 15.8264 14.3342 12.5197

©) L2 16.2997 12.8394 15.1052

O L8 15.061 11.1098 14.8916

O L5 14.5397 15.0656 14.0624

JBTPR-8 | Ideal structure CShM = 2.14194
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Dy M 15.2147 13.8586 13.9264
O L7 17.323¢ 15.6604 14.5909
0] L5 14.3964 12.8469 12.1676
0] L6 13.5873 12.781] 14.9147
O L3 15.3554 15.5238 12.5144
0] L1 17.106 13.3041] 12.9767
O L2 16.2964 13.2381] 15.7238
0] L8 15.6699 11.0435 13.9929
O L4 14.5463 15.4578 15.2614

8.2.4 SHAPE analysis for compound (13)

Table 8.17: Continuous shape measurements (CShfic®mpound13).

{CuCI(DMF)(N py)4}
Ideal structures| ML6
HP-6 1/ D6h Hexagon
PPY-6 2| C5v Pentagonal pyramid
OC-6 3| Oh Octahedron
TPR-6 4/ D3h Trigonal prism
JPPY-6 5 C5v Johnson pentagonal pyramid J2
Structure 1[Cu]
Cu 18.6919 13.3661 13.7951
Cl 20.9558 13.7025 12.3935
®) 16.5611 12.783 15.4422
N 17.8911 11.9488 12.5756
N 19.4927 11.9488 15.0146
N 19.3324 14.7295 15.1415
N 18.0514 14.7295 12.4487
HP-6 Ideal structure CShM = 28.223
Cu M 18.710¢ 13.3154 13.8302
Cl L1 20.0516 14.417] 12.9804
®) L4 17.3702 12.2139 14.6799
N L3 17.1696 12.723 12.827
N L5 18.9115 12.8063 15.6831
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N L6 20.2527 13.9079 14.8334
N L2 18.5103 13.8245 11.9772
PPY-6 Ideal structure CShM = 24.6384
Cu M 18.7163 13.0777, 13.6708
Cl L2 20.6135 13.4661 13.1562
0 L4 17.5597 12.1484 15.0174
N L5 16.8032 13.3787 13.1567
N L3 19.9146 12.2023 15.0172
N L1 18.6783 14,7417 14.7865
N L6 18.6906 141931 12.0064
OC-6 Ideal structure CShM 2.9755
Cu M 18.7109 13.3154 13.8302
Cl L1 20.5988 13.5372 12.6332
0 L6 16.823 13.0937] 15.0271
N L2 17.9954 11.7305 12.4081
N L3 19.6958 11.7391 15.0916
N L4 19.4263 14.9004 15.2522
N L5 17.726 14.8918 12.5688
TPR-6 Ideal structure CShM = 14.980
Cu M 18.710¢ 13.3154 13.8302
Cl L1 20.7312 13.7852 13.4845
®) L5 17.5468 12.8386 15.5151
N L6 17.2558 121417, 12.8675
N L4 19.5332 11.4235 14.2378
N L2 18.7447 15.2003 14.7618
N L3 18.4537 145034 12.1142
JPPY-6 Ideal structure CShM = 26.94(
Cu M 18.723 13.1616 13.7325
Cl L1 20.6786 13.6258 13.243
®) L3 17.5291 12.1904 15.1149
N L4 16.7526 13.3816 13.1421
N L2 19.9555 12.3413 15.1773
N L6 18.6384 14.2386 14.4161
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| N L5 | 18609  14.2687 11.9852

8.2.5 SHAPE analysis for compound (14A)

Table 8.18: Continuous shape measurements (CShfic®mpoundl14A).

{Zn(DMF) 2(Ot)2(Npy)2}

Ideal structures| ML6
HP-6 1| D6h Hexagon
PPY-6 2| C5v Pentagonal| pyramid
Octahedro
OC-6 3/ 0Oh n
TPR-6 4/ D3h Trigonal prism
pentagong
JPPY-6 5 C5v Johnson I pyramid | J2
Structure 1[Zn]
Zn 32.4195 14.0436 27.5638

O 33.991 12.5419 27.7138
O] 30.9178 15.6151] 27.4139
O 33.4074 15.1932 28.9898
0]
N
N

33.5691 15.0315 26.1379
31.3566 13.0506 29.1184
31.4265 12.9807 26.0093

HP-6 Ideal structure CShM = 33.10§
Zn M 32.4411 14.0652 27.5639
0 L1 33.4105 13.0959 28.6385
0 L4 31.4718 15.0346 26.4892
O L2 33.9925 14.6472 28.1012
0 L3 33.0231 15.6166 27.0265
N L6 31.8591 12.5139 28.1012
N L5 30.8898 13.48320 27.0265
PPY-6 Ideal structure CShM = 29.227
Zn M 32.4958 14.1883 27.3426
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) L2 33.3296 12.7024 26.7218

0 L4 30.9018 15.0489 27.4275

) L5 32.7407 15.7321 28.262

) L6 34.2412 14.2819 27.8258

N L1 32.1131 13.3266 28.8916

N L3 31.2657 13.1764 26.4757|

0OC-6 Ideal structure CShM 0.11361
Zn M 32.4411| 14.0652] 27.5639

0 L1 33.9433 12.563] 27.6957

0 L6 30.9389 15.5674 27.432

0 L2 33.4395 15.1954 29.0661

o] L3 33.5713 15.0636 26.0616

N L5 31.3109 13.0669 29.0661

N L4 31.4428 12.935 26.0616

TPR-6 Ideal structure CShM = 15.91117
Zn M 32.4411 14.0652 27.5639

@) L1 33.1912 12.2713 27.3813

0 L5 30.6472 14.8153 27.7464

) L6 32.9136 15.6806 28.5546

0 L3 34.0565 14.5377] 26.5731

N L4 32.0483 13.4142 29.3627|

N L2 31.7901 13.6724 25.765

JPPY-6 Ideal structure CShM = 32.52913
Zn M 32.3791 13.929] 27.4971

0 L1 33.7916 12.9453 28.1929

) L3 30.661 14.5415 27.843]

0 L6 32.8132 14.8828 27.9643

0 L5 33.7466 13.9216 26.2415

N L2 31.8846 13.3285 29.1828

N L4 31.8118 14.908 26.0253
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8.2.6 SHAPE analysis for compound (14B)

Table 8.19: Continuous shape measurements (CShfic®mpound14B).

Znl
Ideal structures | ML6
HP-6 1| D6h Hexagon
PPY-6 2| C5v Pentagonal| pyramid
Octahedro
OC-6 3/ 0Oh n
TPR-6 4/ D3h Trigonal prism
JPPY-6 5 C5v Johnson pentagongl pyramid J2
Structure 11[Zn]
Zn 34.5966 2.5906 24.0923

0] 34.0807 1.9634 22.1075
0] 35.039§ 4.5786 23.5577
O 34.9761 2.9463 26.0787
0]
N
N

34.3137 0.5862 24.6251]
36.5769 2.0131 23.6187
32.5607 3.1635 24.1625

HP-6 Ideal structure CShM = 31.43(
Zn M 34.592 2.5488 24.0346
0 L1 33.4864 1.7339 22.9631
O L3 34.3355 4.223 24.4422
0 L4 35.6976 3.3637 25.1062
0 L6 34.8485 0.8746 23.6271
N L5 35.9541 1.6895 24.6987
N L2 33.2299 3.4081 23.3706
PPY-6 Ideal structure CShM = 25.636
Zn M 34.3602 2.5605 24.1568
0 L2 33.6427 1.4252 22.9047
O L4 34.6626 4.3258 24.5613
o] L5 35.2187 2.6321 25.7784
O L6 34.5883 0.8394 24.7545
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N L1 35.9828 2.4785 23.3014
N L3 33.6886 3.58 22.7853
0OC-6 Ideal structure CShM = 0.47665
Zn M 34.592 2.5488 24.0346
(@) L1 34.1648 2.0708 22.0362
0 L2 35.014 4.5261 23.4715
(@) L6 35.0191 3.0268 26.0331
(@) L4 34.17 0.5716 24.5977
N L3 36.603 2.0324 23.7283
N L5 32.581 3.0652 24.341
TPR-6 Ideal structure CShM = 12.70222
Zn M 34.592 2.5488 24.0346
O L1 33.7847 1.4966 22.5841
0 L5 35.3843 4.3404 24.1964
O L6 34.1904 2.8631 25.9329
0 L3 35.0247 0.7557 24.7138
N L2 36.2186 2.233 22.9773
N L4 32.9498 3.604 23.8033
JPPY-6 Ideal structure CShM = 29.19342
Zn M 34.4485 2.551 24.1178
0 L1 33.694§ 1.39 22.8476
0 L3 34.725§ 4.3582 24.5493
O L4 35.3907 2.6222 25.7416
0 L5 34.7534 0.7877 24.6898
N L6 35.453 2.5358 23.5356
N L2 33.6771 3.5967 22.7607
Zn2
Ideal structures | ML6
HP-6 1/ D6h Hexagon
PPY-6 2| C5v Pentagonal pyramid
0C-6 3|/ Oh Octahedron
TPR-6 4/ D3h Trigonal prism
JPPY-6 5 C5v Johnson pentagondl pyramid J2
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Structure [Zn]

Zn 30.0594 3.2363 13.879

0 28.7152 3.8329 12.338

O 31.4015 2.6399 15.4215

0 31.1843 4.9035 13.5494

O 28.9324 1.5693 14.2102

0 28.8344 4.2588 15.1487

o] 31.2818 2.214 12.6108

HP-6 Ideal structure CShM = 31.408
Zn M 30.0585 3.2364 13.8797
0 L1 29.1734 45151 13.159
O L4 30.943 1.9577 14.6004
0 L2 30.7974 4.2266 12.692
0 L5 29.3196 2.2462 15.0673
O L6 28.435 3.5249 14.3466
0 L3 31.687 2.9478 13.4127
PPY-6 Ideal structure CShM = 29.27
Zn M 30.1193 3.0828 13.6899
0 L2 28.6887 3.6072 12.8066
O L4 30.7277 1.8988 14.8435
0 L6 30.5664 4.474 12.7068
O L3 28.7881 2.0156 14.1271
0 L1 29.6934 4.1582 15.0181
0 L5 31.8267 3.4182 13.9657
0OC-6 Ideal structure CShM 0.13034
Zn M 30.0585 3.2364 13.8797
@) L1 28.7943 3.7824 12.337
@) L6 31.3227 2.6903 15.4224
0 L2 31.1865 4.9395 13.5582
@) L4 28.9305 1.5333 14.2012
0 L3 28.8729 4.2744 15.2187
@) L5 31.2441 2.1983 12.5407
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TPR-6 Ideal structure CShM = 16.221
Zn M 30.0585 3.2364 13.8797|
O] L1 28.7846 2.9588 12.5058
6] L5 31.3574 2.1719 14.7555
O L6 31.2723 4.6153 14.3406
0 L2 28.8799 2.0982 14.8296
©) L3 28.7946 4.5416 14.4148
0 L4 31.2627 3.0325 12.4317
JPPY-6 Ideal structure CShM = 32.551
Zn M 30.0877 3.1377 13.7582
0 L1 28.6034 3.7289 12.9207
©) L3 30.7174 1.9037 14,9127
©) L5 30.5514 4.5431 12.7277
@) L2 28.7065 2.0976 14.2711
©) L6 29.8831 3.8287 14.6085
6] L4 31.8584 3.4151 13.9588
8.2.7 SHAPE analysis for compound (15)
Table 8.20: Continuous shape measurements (CSlfA)mpound15).
{Cd(DMF) 2(Ot)2(Npy)2} (Cd1)
Ideal structures| ML6
HP-6 1/ D6h Hexagon
PPY-6 2| C5v Pentagonal| pyramid
Octahedro
OC-6 3/0h n
TPR-6 4/ D3h Trigonal prism
pentagona
JPPY-6 5 C5v Johnson I pyramid J2
Structure 1[Cd]
Cd 0.4507 -8.685| 10.9693
O -1.2182 -7.1235, 11.1855
0 2.1203 -10.2466 10.7517
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0 -1.1859 -10.3187, 11.1413

0 2.088 -7.0514] 10.7959

N 0.2732 -8.8586 8.6829

N 0.6289 -8.5115 13.2543

HP-6 Ideal structure CShM = 29.711
Cd M 0.45] -8.685 10.9687

0 L1 -1.1467 -8.1461 11.9124

0 L4 2.0488 -9.224 10.025

0 L2 -1.2773  -9.3215 10.3842

0 L5 2.1794 -8.0486 11.5532

N L3 0.3204 -9.8604 9.4406

N L6 0.5816 -7.5096 12.4968

PPY-6 Ideal structure CShM = 28.655
Cd M 0.3051 -8.4541 10.901

0 L2 -0.9779 -8.8411 12.3454

0 L1 1.3267 -10.0708 11.3752

6] L3 -1.13  -9.5797 10.1553

0 L5 1.9849 -7.5193 10.469

N L4 0.7011 -8.7627 8.9956

N L6 0.9472 -7.5677 12.5393

OC-6 Ideal structure CShM 0.18448
Cd M 0.451 -8.685 10.9687

®) L1 -1.2017| -7.0854] 11.0794

@) L6 2.1037] -10.2846 10.858

@) L2 -1.1366] -10.3398 11.1776

®) L4 2.0386/ -7.0303 10.7599

N L3 0.2264| -8.7586 8.6782

N L5 0.6757] -8.6115 13.2592

TPR-6 Ideal structure CShM = 16.239
Cd M 0.45] -8.685 10.9687

0 L1 -0.6216 -7.0804 11.8195

0 L5 2.4122 -9.4435 11.1362

0 L3 -1.4826 -9.5201 10.8529

246

01

43



8. Appendix

247

0] L4 1.4685 -7.1028 10.0144
N L6 0.6076 -9.5425 9.0479
N L2 0.322 -9.421 12.9413
JPPY-6 Ideal structure CShM = 31.91414
Cd M 0.3659 -8.5372] 10.9173
®) L1 -1.0123 -8.8276) 12.3628
®) L6 0.9617 -9.5722] 11.2773
0 L2 -1.1211  -9.6619 10.1444
0 L4 2.1361 -7.6626/ 10.5016
N L3 0.8251 -8.9418 8.994
N L5 1.001% -7.592 12.5836
{Cd(Npy)2(Or)4} (Cd1)
Ideal structures | ML6
HP-6 1/ D6h Hexagon
PPY-6 2| C5v Pentagonal | pyramid
0OC-6 3| Oh Octahedron
TPR-6 4/ D3h Trigonal prism
JPPY-6 5 C5v Johnson pentagondl pyramid J2
Structure 1[[Cd]
Cd -1.2598 1.1346 21.9385
®) 0.611 2.3732 22.1053
®) -3.13 -0.1041 21.7705
N -1.4135 1.7813 19.7526
N -1.1055 0.4879 24,1232
®) -0.0769 -0.723 21.3407
®) -2.442 2.9921 22.5351
HP-6 Ideal structure CShM = 32.23241
Cd M -1.2595 1.1346 21.938
0 L1 -0.4655 2.7758 21.5215
0 L4 -2.0536 -0.5067 22.3544
N L2 -0.341 1.3459 20.3226
N L5 -2.178 0.9233 23.5533
0 L3 -1.1351 -0.2954 20.7391
0 L6 -1.384 2.5645 23.1369
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PPY-6 Ideal structure CShM = 29.725
Cd M -1.5187 1.0728 21.8685
0 L1 0.2956 1.5054 22.3548
0 L2 -1.3262 -0.6595 22.6917
N L4 -1.309 2.0473 20.2187
N L6 -2.0506 1.2282 23.7147
0 L3 -0.8679 -0.1533 20.5311
0 L5 -2.0399 2.9011 22.1863
0OC-6 Ideal structure CShM 0.04433
Cd M -1.2595 1.1346 21.938
®) L1 0.6544 2.343 22.1271
@) L6 -3.1734 -0.0738 21.7488
N L2 -1.4308 1.7472 19.7575
N L4 -1.0882 0.522 24.1184
®) L3 -0.0484 -0.6885 21.3307
@) L5 -2.4706 2.9576 22.5453
TPR-6 Ideal structure CShM = 16.234
Cd M -1.2595 1.1346 21.938
0 L1 0.4529 2.0955 21.2542
0 L5 -2.4631 -0.4184 21.2575
N L2 -2.0967 2.1035 20.2998
N L6 -1.9516 0.4656 23.7811
0 L4 0.08685 -0.4264 22.2119
0 L3 -1.5851 2.9875 22.8233
JPPY-6 Ideal structure CShM = 33.111
Cd M -1.4242 1.1048 21.8899
0 L6 -0.2717 1.3135 22.2267
0 L1 -1.3363 -0.6902 22.7014
N L3 -1.1219 2.1201 20.2267
N L5 -2.0011 1.2569 23.7693
0 L2 -0.793 -0.1567 20.512
0 L4 -1.8685 2.9937 22.2398
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8.3 Publications

- Schmidt, S. F. M., Merkel, M. P., Kostakis, G. Buth, G., Anson, C. E.
and Powell, A. K., SMM Behaviour and Magnetocaloiidfect in
Heterometallic 8-4f Coordination Clusters with High Azide:Metal Ratios
Dalt. Trans.2017, 46, 15661-15665.

- Peewasan, K.; Merkel, M. P.; Zarschler, K.; Stephdn Anson, C. E.;
Powell, A. K., Tetranuclear Cu(ll)-chiral complexessynthesis,
characterization and biological activigSC Adv2019 9, 24087.

- Peewasan, K.; Merkel, M. P.; Fuhr, O., Powell, A, K designed and
potentially decadentate ligand for use in lantheigl catalysed biomass
transformations: targeting diastereoselective trhBs
diaminocyclopentenone  derivatives.Dalt. Trans. 2020 DOI:
10.1039/D0ODT00183J.

8.4 Conferences

2016 FMOCS IV @ PoCheMoN, Newcastle upon Tyne, UK, poste
presentation.

2018 3MET, Karlsruhe, DE, participation.

2019 Spin begins at 60, Karlsruhe, DE, flash presemati

8.5 Work shops

- “Olex2 fur Kénner” from 7. to 8. March 2018
- Sommerschule Kristallographie®, Hardehausen 171.-September 2018
»Grundlagen der Einkristallstrukturbestimmung*
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8.6

8.7

Stay Abroad

Short-term stay at the University of Sussex (Droge E. Kostakis) from
January 14. To February 24, 2019

Collaborations

Prof. Dr. Pedro De Oliveira and Dr. Mbomekalle &réelectrocatalytic
studies) (Laboratoire de Chimie Physique, UMR8000niversité Paris-
SudBatiment 349 - Campus d’Orsay 15, avenue JeaimP4a405 Orsay,
FRANCE)

Dr. George E. Kostakis (Topology) (University ofsSax, Chichester 3 3R
3R507, Brighton, BN1 9RH, United Kingdom)

Dr. Ying-Chu (photocatalytic studies) (Prof. Dragt Feldmann) from the
Institut flr Anorganische Chemie, Karlsruher Ingtiftir Technologie
(KIT), Engesserstr, 15 Geb, 30.45.

8.8 Teaching assistant

WS2015/16 Anorganisch-chemisches Praktikum futgesichrittene

SS2016 Anorganisch-chemisches Praktikum fir Fedgettene
Anorganisch-chemisches Praktikum fir studierende de
Physik

WS2016/17 Anorganisch-chemisches Praktikum flutgesichrittene
Betreuung der Bachelorarbeit von Johannes Wenz
Betreuung der Bachelorarbeit von Jonas Morgenstern

SS2017 Anorganisch-chemisches Praktikum fir Fedgettene

WS2017/18 Anorganisch-chemisches Praktikum flutgesichrittene
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SS2018 Anorganisch-chemisches Praktikum fir Fedgettene
wWS2018/19 Anorganisch-chemisches Praktikum flutdésichrittene

Betreuung der Bachelorarbeit von Fatih Ulusoy
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9. Eidesstattliche Erklarung

9 EIDESSTATTLICHE ERKLARUNG

Ich versichere hiermit wahrheitsgemal3, die Arbmitauf die dem Aufgabensteller
bereits bekannten Hilfsmittel selbstédndig angedertalle benutzten Hilfsmittel
vollstdndig und genau angegeben und alles kenrgkchacht zu haben, was aus

Arbeiten anderer unverandert oder mit Abanderuriggmnommen wurde.

Karlsruhe, den

Datum und Unterschrift
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