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de dúvidas e resolução de burocracias.
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Ao Doutor Duarte Ananias agradeço a importante ajuda nos ensaios de
fotoluminescência. Da mesma maneira, agradeço à Doutora Anabela
Valente, e às suas colaboradoras Doutora Ana Gomes e Doutora Sofia
Bruno, pelos ensaios de catálise.
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estruturas e o apoio nos estudos magnéticos. Agradeço a ambos os seus
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tora Rosário Soares, que mais tenho como uma amiga do que como
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Resumo Este projecto de doutoramento tem como objetivo isolar e caracterizar
sistematicamente novos poĺımeros de coordenação, no estado sólido.
A presença de grupos ŕıgidos possuindo, em particular, átomos de
oxigénio e de azoto, deverá induzir interessantes propriedades fotolu-
minescentes (rendimentos quânticos e tempos de vida elevados, assim
como vias de transferência de energia eficientes), que poderão permitir
a utilização dos compostos poliméricos na produção de dispositivos fun-
cionais. As diferentes abordagens sintéticas foram ajustadas para cada
material e basearam-se, preferencialmente, nas śınteses hidrotérmicas e
nas assistidas por radiação de microondas. A estrutura dos materiais foi
elucidada a partir de métodos de difracção de raios X (de cristal único
ou de pós) em conjunto com outras técnicas, tais como RMN de es-
tado sólido, microscopia electrónica, análises térmicas, espectroscopia
vibracional e estudos de composição elementar. Os compostos micro-
cristalinos foram sistematicamente estudados a fim de investigar outras
propriedades além das de fotoluminescência. Alguns dos materiais re-
velaram multifuncionalidade apresentando simultaneamente tempos de
vida na ordem dos milisegundos, elevados rendimentos quânticos e ele-
vado desempenho como catalisadores heterogéneos. As propriedades
magnéticas de um composto baseado em érbio foram igualmente es-
tudadas, assim como as de adsorpção e permuta de solvente de uma
estrutura porosa baseada em cério.





Keywords Lanthanide-Organic Frameworks, Hydrothermal Synthesis, Microwave-
Assisted Synthesis, Photoluminescence, Catalysis

Abstract This PhD programme aims to systematically isolate and characterise,
in the solid state, novel coordination polymers. The presence of rigid
groups having, in particular, oxygen and nitrogen atoms, is expected
to induce interesting photoluminescent properties (high quantum yields
and lifetimes, efficient energy transference pathways) which may allow
the use of the polymeric compounds in the production of functional
devices. Synthetic approaches have been fine-tuned for each material
and were preferably based on hydrothermal and microwave-assisted
syntheses. The structure of the materials was elucidated from X-ray
diffraction methods (single-crystal or powder data) in tandem with
other techniques such as solid-state NMR, electron microscopy, thermal
analyses, vibrational spectroscopy and elemental composition studies.
The microcrystalline compounds were systematically studied in order
to investigate other properties besides the photoluminescence. Some of
the materials revealed multifunctional behaviour since they presented
simultaneously life times in the order of milliseconds, high quantum
yields and high performance as heterogeneous catalysts. The magnetic
properties of an erbium-based compound were also studied, as well as
the adsorption and solvent exchange behavior of a porous structure
based on cerium.
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Sofia M. Bruno, Rosário Soares, Anabela A. Valente, João Rocha, and Filipe A.

Almeida Paz

Journal of the American Chemical Society, 2011, Volume 133, Pages 15120–15138

� Microwave-Assisted Synthesis of Metal-Organic Frameworks

Jacek Klinowski, Filipe A. Almeida Paz, Patŕıcia Silva, and João Rocha

Dalton Transactions, 2011, Volume 40, Pages 321-330

� Fast Microwave Synthesis of a Microporous Lanthanide Organic Frame-

work
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btb 4,4’,4”-benzene-1,3,5-tribenzoate

btc 1,3,5-benzenetricarboxylate, trimesate

btre 1,2-bis(1,2,4-triazol-4-yl)ethane

CPO Coordination Polymer from Oslo

dabco 1,4-diaza-bicyclo[2.2.2]octane

DCE 1,2-dichloroethane

continued on next page
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Chemicals (continued from previous page)

DMBDC 2,5-dimethoxy-1,4-benzenedicarboxylate

DMF N,N’ -dimethylformamide

DMU 1,3-dimethylurea

DMSO dimethyl sulfoxide

dpa 2,2’-dipyridylamine

DPNI N,N’ -di-(4-pyridyl)-1,4,5,8-naphthalene tetracarboxydiimide

EMIm 1-ethyl-3-methyl imidazolium bromide

EtOH ethanol

FWHM Full Width at Half Maximum

H(2Cl-PhCO) 2-chlorophenyl(oximino)acetonitrile

H(4Cl-PhCO) 4-chlorophenyl(oximino)acetonitrile

H2atpa 2-aminoterephthalic acid

H2BDA 2,2’-dihydroxy-1,1’-binaphthalene-5,5’-dicarboxylic acid

H2BPhDC biphenyl-4,4’-dicarboxylic acid

H2dcbp 4,4’-dicarboxy-2,2’-bipyridine

H2dpa 2,6-pyridinedicarboxylic acid

H2NDC 2,6-naphthalenedicarboxylic acid

H2pda 1,4-phenylenediacetic acid

H2PhenDCA 1,10-phenanthroline-2,9-dicarboxylic acid

H2pydc 2,5-pyridinedicarboxylic acid

H2pzdc 2,3-pyrazinedicarboxylic acid

H2Thz 2,5-thiazolo[5,4-d]thiazoledicarboxylic acid

H2tpa terephthalic acid

H3BTT 1,3,5-benzenetristetrazol-5-yl)

H3IDC 4,5-imidazoledicarboxylic acid

H4MDIP methylenediisophthalic acid

H4pbdc 5-phosphonobenzene-1,3-dicarboxylic acid

continued on next page
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Chemicals (continued from previous page)

H4pmd 1,4-phenylenebis(methylene)diphosphonic acid

H4pmida N-(phosphonomethyl)iminodiacetic acid

H5cmp N-(carboxymethyl)iminodi(methylphosphonic acid)

H5hedp etidronic acid

H6nmp nitrilotris(methylenephosphonic acid)

HFIPBB 4,4’-(hexafluoroisopropylidene)-bis(benzoic acid)

ina isonicotinic acid

ino isonicotinoate

ITQMOF Instituto de Tecnologia Qúımica Metal-Organic Framework

MeOH methanol

mesox mesoxalato

ntb 4,4’,4”-nitrilotrisbenzoate

ODA (4,4’-oxidianiline)

pd pyrrolidine

Phen 1,10’-phenanthroline

PhIM phenylimidazolate

PTMTC tricarboxylic polychlorotriphenylmethyl radical

py pyridine

pyz pyrazine

pypz bis[3,5-dimethyl-4-(4’-pyridyl)pyrazol-1-yl]methane

sbtc trans-stilbene-3,3’,5,5’-tetracarboxylate

TBHP aqueous tert-butyl hydroperoxide

tci tris(2-carboxylateethyl)isocyanurate

TEABr tetraethylammonium bromide

tpt 2,4,6-tris(4-pyridyl)-1,3,5-triazine
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Techniques and Symbols

1D, 2D or 3D one-, two-, or threee-dimensional

a, b, c unit cell lengths (in Ångströms)

EA Elemental Analysis (for carbon, hydrogen, nitrogen and sulphur)

asym asymmetric vibration

BET Brunauer-Emmett-Teller method for surface area measuring

BFDH Bravais-Friedel-Donnay-Harker algoritm

br broad band in NMR, FT-IR or Raman spectroscopy

CCD Charge-Coupled Device

CT charge transfer

d doublet in NMR

EDS Energy Dispersive analysis of X-rays Spectroscopy

Ei energy gap between the ground and the ith crystal field level

eV electronvolt (ca. 1.6×10−19 joules)

FT-IR Fourier Transform Infrared Spectroscopy

FT-IR ATR Fourier Transform Infrared Spectroscopy with Attenuated Total Re-

flectance

GC-MS Gas Chromatography with detection using Mass Spectrometry

h hours

h, k, l Miller indices

HKUST Hong Kong University of Science and Technology

IRMOF Iso-Reticular Metal-Organic Frameworks

LI Ionic Liquid

Ln lanthanide

LnOF Lanthanide-Organic Framework

m medium band (in FT-IR and Raman) or multiplet (in NMR)

M molarity (units of concentration)

Mieff linear combinations of the free ion magnetic quantum numbers MJ

continued on next page
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Techniques and Symbols (continued from previous page)

MIL Materials of Institut Lavoisier

MOF Metal-Organic Framework

MWAS Microwave-Assysted Synthesis

NMR Nuclear Magnetic Resonance

p pressure

PF−6 hexafluorophosphate anion

ppm parts per million

PXRD Powder X-Ray Diffraction

R Residual factor for all reflections in accordance with the used resolution

limits

RBragg Residual factor for significantly intense reflections (usually calculated for

Rietveld refinements using powder data)

RE Rare Earth elements

rpm rotations per minute

s seconds or strong band (FT-IR/Raman) or singlet (in NMR)

SBU Secondary Building Units

SEM Scanning Electron Microscopy

STEM Scanning Transmission Electron Microscopy

sh shoulder (in FT-IR/Raman)

sym symetric vibration

t triplet (in NMR) or time

T temperature

TEM Transmission Electron Microscopy

TGA Termogravimetric Analysis

UV ultra-violet radiation

vs very strong band (FT-IR/Raman)

w weak band (FT-IR/Raman)

continued on next page
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Techniques and Symbols (continued from previous page)

W power irradiation (MWAS)

wR weighted residual factors for all reflections

Z number of the formula units in the unit cell (it gives the occupation of

the unit cell)

α, β, γ unit cell angles (in degrees)

δ chemical shift (NMR) or in plane bending vibrations (FT-IR)

ε dielectric constant

θ diffraction angle (in degrees) in XRD

λ wavelength (in cm−1)

µ absorption coefficient (in mm−1)

ν vibration or wavenumber (FT-IR/Raman)

ρcalc calculated density (in g·cm−3)

χ magnetic susceptibility

xiv



Synthesized Compounds

Presented in Chapter 2

1 [Er6(OH)8(pydc)5(H2O)3]·2.5H2O

2 [Er3(OH)6(pydc)Cl]

Presented in Chapter 3

3 [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O

3 Bz Alc [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O

exchanged with benzyl alcohol

3 CHCl3 [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O

exchanged with chloroform

3 50C [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O

heated at 50 ◦C for 72 h

4 [Ce2(pydc)3(H2O)2]

4-La [La2(pydc)3(H2O)2]

4-LaEu [(La0.95Eu0.05)2(pydc)3(H2O)2]

4-LaTb [(La0.95Tb0.05)2(pydc)3(H2O)2]

4-LaEuTb [(La0.90Eu0.05Tb0.05)2(pydc)3(H2O)2]

Presented in Chapter 4

5 [La(H3nmp)]

5-LaEu [La0.95Eu0.05(H3nmp)]

5-LaTb [La0.95Tb0.05(H3nmp)]

6 [La(L)], L3− = [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3n−

6-LaEu [(La0.95Eu0.05)(L)]

Presented in Chapter 5

7 [Gd2(H3nmp)2]·H2O

7-Eu [Eu2(H3nmp)2]·H2O

7-GdEu [Gd0.95Eu0.05(H3nmp)2]·H2O

8 [Gd(H4nmp)(H2O)2]Cl·2H2O

xv
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Chapter 1

General Introduction

1.1 Supramolecular Chemistry

The concept of Supramolecular Chemistry has been used in several different contexts

and represents one of the most popular and fastest growing research areas of the last

decades. We could try to point out several reasons for the large amount of work produced

in this experimental field, but the most important is its multidisciplinarity. Considering

the thousands of publications on supramolecular chemistry, it is remarkable how easily they

can be assigned to people with completely different academic backgrounds (in particular,

chemists, physicists, biologists, engineers and environmental researchers) [1]. Many of

these researchers continuously cross the limits of their initial academic formation, and

colaborate with each other in order to present their findings in this field.

The supramolecular chemistry research field has been simplistically considered as the

chemistry beyond the molecule, reminding its concern with chemical interactions beyond

the covalent bond. The complexity of the studied structures is obviously higher when

compared to molecules themselves, being based on their intermolecular (non-covalent)

binding interactions [2]. Quoting Dodziuk, “science is a complicated matter and any

definition of a research area is an oversimplification”. Thus we may look to supramolecular

chemistry as a wide field of research which examines the chemical systems composed

by molecular subunits. Considering that the chemical forces involved in the chemical

organization may vary from weak to strong, one must say that supramolecular chemistry

encompasses a wide range of interactions: hydrogen bonds, van der Waals interactions,

electrostatic forces, donor-aceptor, π−π stacking or metal ion coordination (Figure 1.1) [2–

4].
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Figure 1.1: Linking molecular entities into extended structures. MOF stands for Metal-Organic Frame-
work, ZIF for Zeolitic Imidazolate Framework, PCP for Porous Coordination Polymer, and COF for
Covalent Organic Framework.

Nevertheless, supramolecular chemistry is not solely defined by the nature of the in-

volved chemical interactions but also by the spatial architecture that structures present.

The (supramolecular) self-assembled architectures can be seen as programmed chemical

species considering that typically they have well-defined properties such as thermodynam-

ics, kinetics, conformational or structural ones [2]. Looking to the first case, for instance,

and considering that during the self-assembly process unstable structures are formed and

subsequently eliminated, the final products are rather thermodynamically maximally sta-

ble [5, 6]. If we consider an external influence on the self-assembly process, the thermody-

namic stabilities of the species involved would change and a selective favoring of a distinct

architecture should be observed [5, 6]. An obvious example would be the case of tempera-

ture variations, but changes on the organic linker structure or on the used counterion, and

the presence of third-party species which may interact during the self-assembly process

are important as well. The aforementioned properties are thus crucial in determining the

final compounds, in particular, in their design and control over other entities.

This research area encompasses many different chemical species. Considering the mid-

nineteenth century investigations on graphite intercalates as the starting point, supramolec-

ular chemistry has seen a fast expansion through the emergence of several families of com-

pounds: cyclodextrin inclusion compounds and other type of host/guest species, become

regular; also the structural determination of the DNA and vitamin B12 molecules, and

the arising of crown ethers and fullerenes, definitly changed this scientific field [1]. To

prove this, we may remember the Nobel Prizes of Chemistry atributted to Donald Cram,

Jean-Marie Lehn and Charles Pedersen rewarding their contribution to supramolecular

chemistry (in 1987), and also to Sir Harold Kroto, Richard Smalley and Robert Curl

rewarding their findings in fullerenes (in 1996). Nowadays, supramolecular chemistry is

still in constant development: concepts are always being updated and its multidisciplinar-

ity has become broader with the continuous inclusion and explotation of new research
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ideas [1, 2, 7].

Coordination polymers are among the study objects which can be found in supramolec-

ular chemistry. This class of extended structures (and within it, Metal-Organic Frame-

works) arised as a result of the solid state studies in the preparation of peculiar infinite

architectures based on Crystal Engineering and coordination chemistry notions [1, 8, 9].

In the same way that atoms are the elementary particles (or building blocks) which inter-

act to each other giving rise to molecules (by means of covalent bonds), supramolecular

structures represent the complexity level above the molecule: the self-assembly process is

based on the interaction between molecules (or ions), forming non-covalent bonds, to give

crystals and solution aggregates with different forms [1, 2]. The crystallization process is

the arranjement of the building blocks by means of the finding and recognition of each

other in solution while they try to achieve the optimum orientation in the time available.

This is a contiuous process with the inital aggregate ultimately resulting in an ordered

nucleus of more than transient stability (see Figure 1.2) [1].

Figure 1.2: Self-assembly process: steps of the spontaneous formation of ordered structures and crystals,
starting from molecular units.

The research of Desiraju and Etter on organic crystals assembled via hydrogen bonding

is often considered the beginning of the Crystal Engineering [10]. However, the hydrogen

interaction can be easily ruptured by adequate thermal or chemical treatments, which

resulted in the attempt to select another type of bonding. Research culminated with the

seminal report by Hoskins and Robson in 1990 of a multi-dimensional diamondoid-type

framework based on covalent bonds [11]. This type of bonding is of great importance

because it is a strong interaction (several hundreds of kJ·mol−1 in opposition to the tens

of kJ·mol−1 observed in hydrogen interactions) which may influence the physical properties

of the materials (see Figure 1.1) [4, 10, 12, 13].

Over the last two decades or so, researchers have been studying the possibility to control

the topology1 and properties of the frameworks by solely considering the chemical nature

1The theory of shapes which are allowed to stretch, compress, flex and bend, but without tearing and
gluing.
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and relative orientation in the solid state of the primary building blocks (namely metal

centres, bridging organic ligands, counter anions and guest molecules) [10, 12, 14, 15].

1.2 Coordination Polymers and MOFs

1.2.1 Origin and Definition

Coordination polymers are well known throughout the scientific world and the term

encompasses a large number of different compounds. Coordination polymers are one-, bi-

or tridimensional polymeric compounds in which metal centres are coordinated to bridging

ligands which are the responsible for the observed extended structures. Coordination poly-

mers do not need to be crystalline and their concept may not consider the final structure

or topology of the obtained material (Figure 1.3). However, the use of topological stud-

ies to enhance the crystal structure description of 3D-coordination polymers (and lately

Metal-Organic Frameworks) is highly recommended, since it facilitates the comparison

between materials (Figure 1.4) [16]. The relevance of research on coordination polymers

is clearly confirmed by the significant number of publications over the last decades (see

Figure 1.5).

Figure 1.3: Hierarchical terminology recommended by the International Union of Pure and Applied Chem-
istry (IUPAC).

In the mid nineties, several papers were reported using “Metal-Organic Framework”

designation, although there were no considerations about the dimensionality of the final

materials. Noteworthy, this beginning of the MOF research field was characterized by the

publication of reports in journals with major impact factor, thus foreseeing the importance

that such hybrid materials would represent.

Minerals and zeolites could be found in several applications, namely as molecular sieves

and other adsorption purposes, ion exchange and heterogeneous catalysis [1]. Thus in-

organic crystal engineering had an important role on pushing forward this research field:

preparation of robust crystalline structures with strong and highly directional metal-ligand
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Figure 1.4: Hierarchical definition of Coordination Polymers and Metal-Organic Frameworks. Image
based on the two models proposed by the task group (headed by Stuart R. Batten) which was charged
by IUPAC to define a suitable terminology on this subject [16].

Figure 1.5: Scientific reports on Coordination Polymers (in black) and Metal-Organic Frameworks (in
pink) published annually since 1990 until the present day. Source: ISI Web of Science [17]. Search
Topics: Coordination Polymer and Metal-Organic Frameworks; refined for the research areas of Chemistry,
Crystallography, Materials Science and Polymer Science. Date: consulted on 10th June 2013.
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coordination interactions (finally achieving polymeric macromolecules) [1]. These investi-

gations were mainly driven by the know-how derived from zeolite chemistry, and the so

related inclusion phenomena, based on the presence of pores and channels on zeolites. But

the starting point of MOFs research did not appear just to mimic inorganic materials like

zeolites (whose technological applications, by the 1990s, were already highly developed and

implemented). In fact, it emerged as a natural consequence in the design and preparation

of extended materials with permanent microporosity [18]. Unlike zeolites, MOFs had a

greater ease in controlling the shape, size and functionalization of the pores, thus justify-

ing their demand [19]. On that time, some names have become regular in this scientific

field, with Omar Yaghi, Gerard Férey and Wenbin Lin among the most popular and refer-

enced authors. The importance of their work is clearly noticed on their reports in some of

the most important journals but also in the production of patents and academia-industry

partnerships [20–33].

The synthesis of multidimensional coordination polymers as MOFs become common

and a more specific designation was demanded. The MOF designation was used for crys-

talline and porous three-dimensional networks, in which strong interatomic bonds were

not confined to a single plane. More recently, a MOF is often defined as a crystalline hy-

brid material, signifying that contains organic and inorganic components linked together

forming extended structures. Usually, the self-assembly polymerization is carried out by

metal ions and rigid organic moieties joined together by coordinative bonds, leading to

highly crystalline materials infinitely drawn-out into one-, two- or three-dimensional (1D,

2D and 3D) structures [3, 4, 15].

Beyond the academic interest in obtaining rigorous definitions, the distinction between

these two types of structures is of great utility since MOFs usually show thermal stabil-

ity, permanent porosity and robustness of their networks (as a consequence of the strong

bonds involving metal and organic moieties) when compared to polymers in general. Note-

worthy, even though MOFs are expected to contain potential voids, porosity (and related

properties) measurements are not required per se [34]. Some distinctions between typical

MOFs and typical coordination polymers can be found in literature (Figure 1.4) [16, 35].

1.2.2 Towards the first findings on MOF materials

The concept of building blocks or bricks was transported to MOF research from tra-

ditional zeolite chemistry. In that sense, ligands and metal ions are considered as the

Primary Building Units, Figure 1.6, and larger aggregated entities (formed by multiden-
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tate linkers) are called Secondary Building Units (SBU) [3, 4, 13, 15, 36]. The term SBU

refers to the geometrical shapes of the units defined by the points of extension of a given

structure. Refering an example, most carboxylate MOFs have the carboxylate C atoms as

the points of extension of the rigid and directional metal-oxygen-carbon clusters [37]. This

concept has been used in the classification of MOFs into their underlying topology: simple

geometric figures are often used to represent the SBUs, which by vertex sharing, transla-

tion and/or rotation form the final framework [35, 37]. These SBUs depict the inorganic

clusters or coordination spheres which are connected to each other by the organic moieties

resulting in the final MOF structure. A few examples of commonly occurring geometries

in SBUs are presented in Figure 1.7. Noteworthy, many SBUs are not observed directly

but are instead formed in situ under specific synthetic conditions [3, 37]. Nevertheless,

preformed SBUs may also be considered when branched organic links with greater than

two coordinating functionalities are used (see Figure 1.8) [3, 37].

The MOF concept usually implies a set of characteristics such as: (i) robust structures,

as a consequence of the strong bonding; (ii) well-defined structures; (iii) linking units

which are amenable to chemical modification by design (either by organic synthesis or

a selection of different metal centres) [43]. Those characteristics are specially important

when materials with potential applications are taken in consideration since it is possible

to establish different relationships between properties and structures [3].

Having in mind that MOFs are constructed by self-assembly in the solid state through

self-recognition processes based on coordinative bonds, it is thus necessary for the chemist

to intervene at the recognition step by selecting the right reactants and the best reactive

conditions to promote the chemical encounter of them.

The overwhelming variety of organic molecules and metal centres which could be self-

assembled guarantees an endless universe of hybrid organic-inorganic combinations [44].

However, a search in the literature reveals that there are some recurrent structural mo-

tifs in MOFs preparation as an attempt to predict their architectures and control their

dimensionality, rigidity, size and shape [36, 45].

Within this universe, some research groups came up with interesting ideas on the

preparation of functional MOFs (based either in known or in novel structures) thus be-

ing interesting to focus our attention on these trends to summarize the state-of-the-art

on using those building blocks [46–56]. The mere publication of new crystalline struc-

tures is no longer a concern but instead the preparation of (multi)functional materials.

Nowadays, MOFs investigations are spread over different fields like porosity and sorp-

tion properties [56–60], biomedicine [48], magnetism [61] in the fabrication of membranes
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Figure 1.6: The concept of molecular building units: metal ion ’joints’ are used to connect organic “struts”
to finally obtain coordination polymers having different dimensionalities. Figure based on reference [38].

or thin films [46, 54], catalysis [50], as imaging contrast agents [55, 62] or even in the

preparation of light-conversion devices (using their peculiar photoluminescent properties

as optical sensors) [47].

Concerning metal centres, MOFs can accommodate almost all cations, particularly

the di- (as Cd, or Zn), tri- (like lanthanides) and tetravalent ions (Zr, Ti, U, and also

lanthanides as Ce, Pr, Nd, Tb, and Dy) [63–67]. Literature serves us many examples on the

use of alkaline earth metals (as magnesium or calcium), transition metals (as manganese,

iron, cobalt, nickel, copper and zinc) or even lanthanides (particularly, with lanthanum,

praseodymium, europium, gadolinium, terbium and erbium). However, zinc, nickel, iron,

copper, cobalt and manganese seem to be the most common [36, 68]. Disclosing that part

of the present thesis concerns the preparation of MOFs under microwave irradiation, a

closer look to MOFs prepared using this method also reveals the same trend but with
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Figure 1.7: The concept of Secondary Building Units [35]. Some examples of commonly occurring ge-
ometries in inorganic SBUs: (a) the triangle [39], (b) the square paddlewheel [40], (c) the rectangular
prism [41], and (d) the octahedra [42]. Green spheres denote metals, grey carbon, red oxygen, blue
nitrogen.

Figure 1.8: Two examples of common organic SBUs: (a) square tetrakis(4-carboxyphenyl)porphyrin, and
(b) trigonal 1,3,5-tris(4-carboxyphenyl)benzene. Figure based on references [3] and [37].

more emphasis in zinc and copper metal centers [69–85].

The selection of the metal ion has clear influence in the final framework topology be-
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cause of the metal coordination geometries: factors like different coordination modes, size

or hardness of the metal centre are thus major features [4]. Typical coordination envi-

ronments may be pointed according to the electronic configuration of each metal center.

In that sense, when using transition metals, we are able to find coordination geometries

going from linear to trigonal planar, square planar, octahedral and tetrahedral (see Fig-

ure 1.9) [14, 38].

Figure 1.9: Schematic representation of some coordination geometry environments of transition metals
observed in Metal-Organic Polymers.

On the other hand, lanthanides have a different chemistry from that of transition

metals mainly because of the presence of 4f valence electrons. Because they have a small

radial extension, and the 4f orbitals are shielded by the 5s2 and 5p6 ones (Figure 1.10),

the interaction between lanthanides and ligands are less intense than those observed for

transition metals. It should also be noticed the lanthanide contraction phenomena, which

is related with the penetration of 5s and 5p orbitals through the 4f sub-shell. This shielding

attenuates the effect of the nucleus on the outermost electrons and as a result there is a

continuous decrease of the Ln3+ ion radius. This decrease in size continues throughout

the series.

Because lanthanides have larger ionic size, electropositive character, electrostatic fac-

tors and steric conditions are more important in determining the stability, structure and

chemistry of lanthanide-based frameworks than interactions between the metal and lig-

and orbitals [86–88]. Lanthanides coordination geometries are rather diferent from those

presented in Figure 1.9 since they have higher coordination numbers when compared to

transition metals (typically between 8 and 12, as depicted in Figure 1.11) [89].

Lanthanides have characteristics in their chemistry that distinguishe them from the

d -block metals. Their reactivity is higher when compared to that of transition metals,

and a set of particular features is resumed below and is based on references [90] and [93]:

� High coordination numbers (usually between 8 and 12).

� Ligand steric factors play an important role in the determination of final coordination
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Figure 1.10: Electronic configuration of lanthanide elements: the example of europium. The idealized
electron configuration should be 4f65d16s2 but in pratice we observe 4f7 6s2. In this way, 4f orbitals are
shielded by the 5s2 and 5p6 ones. Similar observations are known for all lanthanides.

geometries.

� They can produce labile complexes which undergo easy exchange of linker.

� The well shielded 4f orbitals in Ln3+ ions (by the presence of 5s2 and 5p6 orbitals)

do not participate directly in bonding. As a consequence, the ligand does not have

large influence over their spectroscopic and magnetic properties.

� When compared with d -block metals, lanthanides have very sharp electronic spectra.

� Lanthanides prefer anionic organic linkers having high electronegativity donor atoms

(like O or F, for example).

� Ln3+ ions have high hydration energies and thus readily form hydrated complexes.

� The precipitation of insoluble hydroxides at neutral pH is observed (but complexing

agents solve this problem).

� The chemistry of lanthanides is largely that of one (3+) oxidation state, specially

when in aqueous solution.

� Unlike some transition metals and actinides, lanthanides do not form multiple bonds

like Ln=O or Ln≡N.

� Lanthanides do not produce stable carbonyls (as transition metals usually do) and

they do not have chemistry in the 0 oxidation state.
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Table 1.1: Most common oxidation states of lanthanides and the respective colors for their Ln3+ ions.
Note: lanthanides are silvery white but their ions have colors in both crystalline state and aqueous solution.
It is believed that the color of the ion is related to the number of unpaired electrons in the 4f-subshell.
Cations having x electrons in 4f-orbitals have similar colors to those having (14-x ) electrons, revealing
that 4f-orbitals are the source of the color of the lanthanide cations (example: Nd3+ (x=3) and Er3+

(14-3=11) have 3 and 11 electrons, and therefore both are reddish). Those containing empty, half-filled
or completey filled 4f-orbitals (La3+, Gd3+ and Lu3+) are colorless [90–92].

Element Chemical Oxidation Unpaired Color of

Symbol States f-elements Ln3+ ion

Lanthanum La 3 0 Colorless

Cerium Ce 3, 4 1 Colorless

Praseodymium Pr 3, 4 2 Green

Neodymium Nd 3 3 Reddish

Promethium Pm 3 4 Pink

Samarium Sm 2, 3 5 Yellow

Europium Eu 2, 3 6 Pale Pink

Gadolinium Gd 3 7 Colorless

Terbium Tb 3, 4 6 Pale Pink

Dysprosium Dy 3 5 Yellow

Holmium Ho 3 4 Pink-yellow

Erbium Er 3 3 Reddish

Thulium Tm 3 2 Pale Green

Ytterbium Yb 2, 3 1 Colorless

Lutetium Lu 3 0 Colorless

Therefore, the use of lanthanides is usually related with the preparation of products

having peculiar architectures and sometimes showing interesting properties when consid-

ering technological applications. Noteworthy, the dimensionality of the final product is

related with the observed coordination geometry [96, 97]. For example, Wang reported two

lanthanide coordination polymers of terbium, using benzoic acid and 4,4’-bipyridine [98].

As a result of the observed coordination geometries, compounds [Tb(O2CPh)3(CH3OH)2

(H2O)]n and [Tb2(O2CPh)6(4,4’-bipy)]n revealed a 1D and a 3D architecture, respectively.

In the first case, the Tb3+ ion is coordinated to eight oxygen atoms (five of them from the

benzoate moieties), with two of the benzoates appearing as bidentate bridging. Since none

of the bridging benzoate ligands is chelated to the metal center, the final result is the for-

mation of a 1D covalent chain. On the other hand, in the second compound, the Tb3+ ion
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Figure 1.11: Schematic representation of the most commonly observed coordination numbers (CN) and
geometries of Ln3+ ions in the solid state. Lanthanides may have CN between 3 and 12, but considering
they trend to have larger CN values only those between 8 and 12 are herein represented (based on
references [89, 94, 95]).

is coordinated to seven oxygen atoms of benzoate and one nitrogen atom of 4,4’-bipyridine.

In this case, all benzoate moieties act as bridging/chelating linkers (more specifically, two

bridging, and two bridging and chelating), and the final result is the achievement of a 3D-

coordination polymer. Some of the most cited reports, and most striking topologies, in

particular those concerning 3D networks (either using lanthanides or other metal centers),

can be found in the research of Yaghi, O’Keeffe or Férey groups, through materials like

MOF-5 or MIL-n series. Special attention to these an other relevant MOFs is given in

section 1.2.3.

Beyond metal centers, MOFs are assembled using organic molecules which act as

bridges between those metal ions and which structure is of crucial importance for the

establishment of the final extended frameworks. Considering such kind of building blocks,

we may easily infer that multi-dentate groups with one or more N-donor or O-donor atoms

are typically used and a group of common ligands includes molecules with pyridyl and

cyano groups, carboxylates, phosphonates, crown ethers, polyamines (see Figures 1.12,

1.13, 1.14 and 1.15 for a resume on this subject) [3, 4, 36, 45].

A closer inspection of the literature reveals a more recurrent set of organic linkers, in

particular those derived from benzene, imidazole and oxalic acid. Aromatic molecules are

often used when some rigidity (or even geometrical defined clusters) is sought, considering

the numerous examples that report: (i) high decomposition temperatures (sometimes in

the range of 300-500 ◦C). This feature is of utmost importance in porous MOF research

since it represents a remarkable stability even above the temperatures needed for guest
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Figure 1.12: Examples of prototypical anionic carboxylate organic ligands often used for MOFs prepara-
tion. 1,3-bdc is Benzene-1,3-dicarboxylate, isophthalate; 1,4-bdc is Benzene-1,4-dicarboxylate, tereph-
thalate; btc is Benzene-1,3,5-tricarboxylate, trimesate; ino is Isonicotinoate; tci stands for Tris(2-
carboxylateethyl)isocyanurate [99–103].

Figure 1.13: Examples of phosphonate organic ligands often used for MOFs preparation. L1 is [1,4-
phenylenebis(methanetriyl)]tetraphosphonic acid; L2 is 1,4-phenylenebis(methylene)diphosphonic
acid (H4pmd); L3 is N,N’-piperazinebis(methylenephosphonic acid); L4 is N,N’-4,4’-
bipiperidinebis(methylenephosphonic acid) [104–108].

removal; (ii) the maintaining of crystallinity during desorption and resorption of guest

molecules [3]. Porosity was the MOF subfield which has evolved the most in the last years

(please see subsections 1.2.6 and 1.2.7).

Nevertheless, and beyond the required choice of the basic molecular units, we may

also directly choose the SBUs that could better fit the final desired topology or geomet-
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Figure 1.14: Examples of commonly used neutral nitrogen-heterocycle linkers: tpt for 2,4,6-tris(4-pyridyl)-
1,3,5-triazine; dabco for 1,4-diaza-bicyclo[2.2.2]octane; bpe for bis(pyridin-4-yl)-1,2-ethene; btre for
1,2-bis(1,2,4-triazol-4-yl)ethane; pypz for bis[3,5-dimethyl-4-(4’-pyridyl)pyrazol-1-yl]methane. From L1
to L5: some examples of flexible organic linkers derived from bis(1,2,4-triazol-1-yl) moiety obtained by
spacer modification between the κN 4:N 4’ metal coordinating triazole moieties. L1 is 1,2-bis(1,2,4-triazol-
1-yl)ethane; L2 is 1,3-bis(1,2,4-triazol-1-yl)propane; L3 is 1,4-bis(1,2,4-triazol-1-yl)butane; L4 is 1,4-
bis(1,2,4-triazol-1-ylmethyl)benzene; L5 is 1,3-bis(1,2,4-triazol-1-ylmethyl)benzene [109].

rical shape. Tailoring of these secondary units is possible and crystalline MOFs having

different polarity, reactivity and sizes of the groups pending on the aromatic moieties

are well known. Families based on the cubic topology of MOF-5 (achieved by octahe-

dral Zn4O(CO2)6 clusters, SBU, connected by phenylene rings) or compounds based on

the bimetallic “paddlewheel” square SBU (prepared in situ by four carboxylates connected

with two cations, each capped by a labile solvent molecule) are just two common examples

(Figures 1.7, 1.16 and 1.17) [3, 110–112].
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Figure 1.15: Organic molecules usually chosen by our research group during the last decade, some of
which, quite recurrent among MOFs worldwide researchers. H2BPhDC: Biphenyl-4,4’-dicarboxylic
acid; H4pmida: N-(phosphonomethyl)iminodiacetic acid; 4,4’-bipy: 4,4’-Bipyridine; H6nmp: Ni-
trilotris(methylenephosphonic acid); Phen: 1,10’-Phenanthroline; H2dpa: 2,6-Pyridinedicarboxylic
acid; H2pydc: 2,5-Pyridinedicarboxylic acid; H2pda: 1,4-Phenylenediacetic acid; H4pmd: 1,4-
Phenylenebis(methylene)diphosphonic acid; 2,2’-bipy: 2,2’-Bipyridine; H5hedp: Etidronic acid;
H5cmp: N-(carboxymethyl)iminodi(methylphosphonic acid); H2pzdc: 2,3-Pyrazinedicarboxylic acid .

In a sense, this type of molecular manipulation was the way that chemists found

to prove the concept of chemical modification of MOFs and concomitant prediction of
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networks topologies alongside with their dimensionality, size and shape control.

Figure 1.16: SBUs that could better fit the final desired topology or geometrical shape: (left) octahedral
cluster successfully used in the synthesis of cubic networks based on MOF-5 topology; (right) bimetallic
square “paddlewheel” often used in the synthesis of porous networks, which predictable topologies are
related with the linear, bent, trigonal or tetrahedral link geometries this cluster allows. Green spheres
denote metals, grey carbon, red oxygen, blue nitrogen.

But aside the explotation of the synthetic possibilities resulting from the selection of

a certain organic molecule or metal precursor, those reactive units open new perspectives

regarding the properties which may be observed in the final structures: their choice may

influence the pore size of a material expected to be porous, may affect energy conversion

performances, conductivity or catalytic behaviour, for instance. Their choice actually rep-

resents the most strenght of MOFs over other materials. Even though we have pointed

that several architectures present remarkable thermal stability, MOFs lag behind the tra-

ditional zeolites. On the other hand, the incorporation of functionality into the linkers,

by means of the use of a certain reactive group, or a chiral or a redox center, results in

the achievement of an aimed characteristic throughout the bulk material [3]. Moreover,

the construction of these networks can be done using simultaneously more than one type

of metal centre or organic linker in the same reaction mixture, which opens new research

perspectives. In line with this, we have also to bare in mind that currently the most

part of coordination polymers are prepared by direct reaction of the metal ions with the

organic components, without suffering any type of chemical modification after their pur-

chase. But, remarkably, we are able to create novel organic molecules (or modify those

commercially available) using traditional organic synthesis or, in alternative, using in situ

preparation paths.
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Figure 1.17: Carboxylate linkers used under identical reaction conditions in order to form the same type
of frameworks but having different pore sizes and functionalities. This family of compounds is based on
MOF-5 structure and is known as IRMOF-n series [109, 113]. Please see Figure 1.18.

1.2.3 Creating the new and improving the old

As stated in the previous sub-sections, Yaghi and Férey are two of the most important

MOF researchers worldwide.

Yaghi, O’Keeffe and their co-workers were able to develop with great success MOF

materials scaling up the basic science beyond them to applications in clean energy tech-

nologies. Always presenting the worldwide community with cutting-edge research, Yaghi

has been devoting his attention to the porous behavior and developed materials for hydro-

gen and methane storage, and carbon dioxide capture and storage using different MOFs.

MOF-5 is the Yaghi’s most popular framework (Figure 1.19). This structure was obtained

by bridging Zn4O groups using 1,4-benzenedicarboxylic acid, and showed peculiar low

density and high porosity [25, 26]. Furthermore, and alongside with the initial prepa-

ration of MOF-5, Yaghi proved the concept of rational design for the particular case of
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Figure 1.18: Crystal structures of porous IRMOF-n series (IRMOF = Iso-Reticular Metal-Organic Frame-
work). Perspective view of twelve examples having the same cubic topology as MOF-5 (also known as
IRMOF-1), starting from the smallest (left), n = 1 through 7, 8, 10, 12, 14, and 16, labeled respec-
tively. The doubly interpenetrated IRMOFs-9, 11, 13 and 15 are not represented. IRMOFs family are
prepared using organic molecules derivatized from 1,4-benzenedicarboxylic acid, which are exemplified in
Figure 1.17. The linkers differ in functionality of the pendant groups (IRMOF-1 to -7) and in lenght
(IRMOF-8 to -16), with the later expansion resulting in the increase of the IRMOF internal void space.
Zn atoms are depicted in green, O in red, C in grey, Br atoms in orange, and amino-groups in blue (all
hydrogen atoms have been omitted for clarity). The large yellow spheres represent the largest van der
Waals spheres that would fit in the cavities without touching the frameworks [3, 113].

Figure 1.19: A portion of the crystal structure packing diagram of Zn4O(BDC)3 (MOF-5).
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MOFs [26, 113]. Naturally, this was a high impact (and promising) work considering

that showed that it is possible to construct large families of compounds based in the same

basic architecture just by changing the length or the chemical features of the organic build-

ing blocks (substituting groups, derivatization, functionalization of the pores, etc) [113].

Specifically based on MOF-5 architecture, for example, Yaghi was able to synthesize 16

derivatives with the same framework topology built of Zn4O clusters (SBU’s) connected

by different linear dicarboxylates in cubic lattice (see Figure 1.18) [113]. This strategy

was denominated “reticular chemistry” and the isotypical topologies achieved from differ-

ent organic linkers are known as isoreticular MOFs (for the previous case, for instance,

congeners were named starting from IRMOF-1 to IRMOF-16) [37, 113]. The importance

of such families of structures relies in the chance on systematic creation of compounds

having different pore sizes with concomitant tunning of the framework properties.

From its initial preparation, MOF-5 has been studied for its adsorption properties and

proved to be a material with higher apparent surface area and pore volume than most

porous crystalline zeolites (as zeolites A, X, Y and RHO) [25, 26, 36]. Hence, gas storage

applications using MOF-5 soon started to be the focus of worldwide MOFs researches and

studies involving nitrogen, ammonia, methane, hydrogen and carbon dioxide became com-

mon [59, 114–124]. MOFs adsorption capacities, mainly for H2 (which is one of the most

active fields of research), may present some limitations when compared to what should be

expected, which is justified by the large size of the pores and the preference of molecules

to adsorb at surfaces. Still, an appropriated pore size can be achieved using several

strategies such as the use of shorter links and the investigation of new topologies having

smaller cavities [97, 125]. Another option is the use of interpenetrating frameworks, in

other words, compounds having two or more networks which are, at least partially, entan-

gled on a molecular scale, to maximize packing efficiency; they are not covalently bonded

to each other and cannot be separated unless chemical bonds are broken [126]. In the

literature we can find this behavior treated as a problem for MOFs applications consid-

ering that interpenetration reduces, or even eliminates, the network porosity. However,

Yaghi presented us examples where interpenetration was useful for certain gas storage

applications considering that it could increase the available surface area per unit volume

(Figure 1.20) [8, 97, 125, 127].

Up to now, MOF-5 is not the only network with major importance for applications

and a small set of MOFs can be pointed: MOF-177 (prepared by Yaghi), HKUST-1 (for

Hong Kong University of Science and Technology, and synthesized by Ian Williams), MIL-

53, MIL-88 and MIL-101 (where MIL stands for Materials of the Institut Lavoisier and
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Figure 1.20: Schematic representation of two examples of molecular entanglement: (a) interpenetration
and (b) interweaving. SBUs are depicted as cubes and organic linkers as rods. In the first case, both
networks are maximally displaced from each other which implies an immediate reduction of the free
diameter of the pores. On the other hand, this consequence is not so extent when in the presence of
interweaving considering those networks are minimally displaced and exhibit many close contacts (which
also can improve the material’s rigidity by mutual reinforcement) [125].

their preparation was performed by Férey’s group). For the particular case of MOF-

177, Zn4O(1,3,5-benzenetribenzoate)2, tetrahedral units of [Zn4O]6+ were linked by large,

triangular and polycyclic tricarboxylate organic linkers. The final result was the emer-

gence of an ordered network having extra-large pores and a surface area estimated at

4,800 m2.g−1 [128–132]. This exceptional surface area was namely due to the presence of

large pores, considering that most of the gas stored within MOF-177 may be compressed

within the empty volume rather than adsorbed to its surface [133].

MOF-177 does not detain the record of surface area which, so far, is at around

10400 m2.g−1 for MOF-200 [134]. In fact, MOF-177 and MOF-200 are isoreticular com-

pounds with the latter being a non-interpenetrating expansion of MOF-177 where BTB

was substituted by BBC (as depicted in Figure 1.21).

Like MOF-5, 3D-[Cu3(btc)2(H2O)3], also known as HKUST-1 or Cu-btc (where btc

is 1,3,5-benzenetricarboxylate), is another compound which has been extensively studied

(see Figure 1.22). It is obtained from polymerization through {Cu2} units coordinated by

four carboxylate organic moieties, in a paddlewheel fashion, and crystallizes as a highly

porous cubic MOF having a complex 3D network of channels [109, 135]. Noteworthy,

HKUST-1 has large square channels of about 9 × 9 Å along the a-axis and presents

thermal stability upon removal of water (of crystallization and coordinated to the copper

atoms) considering that no loss of integrity was observed [109]. This porous network was

also studied for N2 based applications and its Langmuir surface area estimated at around

917.6 m2·g−1. Remarkably, the accessible porosity of HKUST-1 is 40.7%, which represents

a void fraction favorably comparable to those of several open zeolites (i.e. 0.41 to the

range of 0.47–0.50 typical for faujasite, paulingite, and zeolite A families) [135].

MIL-n series, from Institut Lavoisier, are well-known among the MOFs scientific com-
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Figure 1.21: Octahedral Zn4O(CO2)6 SBUs (in green) are connected with triangular organic molecules
(namely, aromatic tritopic linkers) to form highly porous MOFs. (a) Organic building unit used in the
preparation of MOF-177: 4,4’,4”-benzene-1,3,5-triyltribenzoate (BTB); (b) Organic building unit used
in the preparation of MOF-200: 4,4’,4”-(benzene-1,3,5-triyl-tris(benzene-4,1-diyl))tribenzoate (BBC). (c)
Crystal structure of MOF-200. Green stands for Zn (tetrahedral), red for O, and grey for C. Hydrogen
atoms are omitted for clarity.
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Figure 1.22: A portion of the crystal structure packing diagram of [Cu3(btc)2(H2O)3] (HKUST-1). For
clarity, the disordered water molecules inside the pores are not shown.

munity, also due to their notorious surface areas and large pore sizes (up to ca. 34 Å). This

family of porous compounds includes metal carboxylates prepared using trivalent cations

as vanadium(III), chromium (III) and iron(III), and p-elements such as aluminium(III),

gallium(III) and indium(III) [97, 109, 111, 136–138].

Considering MIL-53, [Al(µ4-bdc)(µ-OH)] where bdc2− is 1,4-benzenedicarboxylate or

terephthalate, the final product is a 3D framework constructed by infinite trans chains of

corner-sharing {AlO4(OH)2} octahedra interconnected by the bdc groups [136]. This con-

nection mode creates 1D channels having rhombic-shape, with empty pores of about 8.5 Å

(after evacuation upon heating of the disordered 1,4-benzenedicarboxylic acid molecules

trapped inside those tunnels) [36, 116, 136, 139]. Although MIL-53 does not have an

outstanding surface area (which is around 1590(1) m2·g−1), its termal stability is quite

superior to most MOFs showing decomposition above 500 ◦C. MIL-53 may absorb water

in its tunnels at room temperature, causing a very large breathing effect and shrinkage

of the pores, due to the interaction between the trapped water molecules and the car-

boxylate groups through hydrogen bonds [136]. The importance of MIL-53 relies also in

the opportunity to obtain isotypical materials by having metal centers as Cr3+ or Fe3+,

resulting again in highly flexible frameworks, having different shapes depending on the
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strong host-guest interaction [36, 109, 136, 139–141] (Figure 1.23). Due to the scarcity of

Fe-MOFs, the preparation of a porous material as MIL-53-Fe is an oportunity to study

prospective magnetic or catalytic properties [109].

Figure 1.23: A portion of the crystal structure of MIL-53, built from chains of {CrO6} octahedra sharing
OH vertices, which are linked in the two other directions by terephthalic acid moieties. For clarity, the as-
synthesized compound is here depicted without the disorded terephthalic acid molecules which lie within
the tunnels.

For the case of MIL-88, which is also a 3D compound, the final network was obtained

from trimers of iron(III) octahedra connected to fumarate dianions (see Figure 1.24).

We are again in the presence of a porous compound but having a particular feature: it is

composed by 1D tunnels along the c-axis filled with methanol molecules and by cages filled

with acetate groups. The final result encompasses hydrogen bond interactions between the

free methanol molecules within the pores with the oxygen atoms of the inorganic trimers

and van der Waals interactions with the -CH3 moieties of the free and bound methanol

molecules [36, 137]. The importance that MIL-88 synthesis could initially represent was

mainly due to the possibility to enlarge the field of hybrid materials based on trimeric

SBUs with various trivalent cations. The focus was mainly driven to the preparation

of open-frameworks with tunable pore sizes and shapes, also having useful chemical and

physical properties considering a perspective of applications [36, 137]. As happened with

MOF-5, isoreticular chemistry has been performed and several other structures based on

MIL-88 can be found in literature, openning the application range that such family may
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have [36, 37, 111].

Figure 1.24: A portion of the crystal structure of [Cu3(btc)2(H2O)3] (MIL-88). For clarity, free methanol
molecules and acetate groups inside the pores and cages are not shown.

MIL-101, [Cr3F(H2O)2O(1,4-bdc)3]·nH2O, is a 3D crystalline mesoporous compound

based on Cr3+ and terephthalate linkers having a hexagonal window of ca. 16 Å opening

and an inner free cage diameter of ca. 34 Å (Figures 1.25 and 1.26) [60, 138, 142, 143].

In a certain sense, MIL-101 topology can be understood as an augmented MTN zeolite

topology, which differ in surface chemistry, density and pore size, finally unveilling new

perspectives based on porosity [138]. Due to its uniform pore size and the possibility

to perform post-synthetic chemical functionalization on them, MIL-101 has been a good

candidate on the research on adsorbents for capture and storage of global warming CO2, H2

fueling systems or heterogeneous catalysts for several well-known industrially implemented

reactions [57, 59, 109, 116, 130, 139, 143–150].

Researchers like Yaghi or Férey are always trying to solve challenges going from their

old to the newest structures by changing them in order to present new opportunities for

their technological implementation. With their focus directed to gas storage applications,

in particular hydrogen and methane storage for fueling automobiles, Yaghi’s group is

already able to prepare some MOFs inexpensively in kilogram quantities [151]. New porous

materials or the improvement of known MOFs are being pursued for potential adsorbents
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Figure 1.25: A portion of the crystal structure of [Cr3F(H2O)2O(1,4-bdc)3]·nH2O (MIL-101). The inor-
ganic octahedral trimeric units (a) are connected to BDC (b) to form supertetrahedra. The latter entities
are corner-linked and form two types of cages having 20 (d) or 28 supertetrahedra (e). In (f) is depicted a
polyhedral representation of these cages with the vertices corresponding to the centers of the supertetra-
hedra. In (c) is presented the connection of the similar compound [Cr3F(H2O)3O(btc)2]·nH2O (MIL-100)
where BDC was replaced by BTC. From reference [142].

Figure 1.26: Pore cross section size of currently most-cited MOFs. The order in which the compounds
are depicted does not obey to their chronological appearance but to their increase in cage size. The grey
bar denotes the time period since the early preparation of MOF-5 to the achievement of a MOF material
with the higher pore size value known to date.

for capture and storage of global warming gases, such as CO2 [59, 129–132, 152]. Also

MOFs useful for laptops technology, cellular phones and other mobile electronics have

been under their attention. Even though the creation of new compounds can be seen as

an easy task, considering the infinity of features to be explored within reaction conditions

and reactants mixtures, the improvement of these structures is a hard and a consuming

step. Nevertheless, it is a way that more and more researchers are following and which

we hope that expand the benefits that MOFs could represent in the actual society, high

beyond the so traditional applications based on porosity behavior.
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1.2.4 Synthesis procedures for MOFs crystallization

Synthetic approaches towards the isolation of coordination polymers have changed

considerably since the seminal paper by Hoskins & Robson [11]. Initially the isolation

of large single crystals was a strict requirement due to limitations of the single-crystal

instruments. Approaches such as slow evaporation, diffusion in various media and reflux

reactions were preferred, with the former leading to limited yields and being time consum-

ing. These mostly thermodynamically-driven approaches led to the discover of amazing

structural architectures and to the self-assembly of highly interpenetrated frameworks,

allowing structural chemists to find countless structures whose topological features mimic

those very simple found in minerals.

Later in the 1990s coordination chemists transposed the hydrothermal method to re-

search on coordination polymers. This method, which was already widely used in zeolite

preparation, is based on heterogeneous reactions taking place above 100 ◦C and 1 bar au-

togeneous pressure [153, 154]. The basics of this approach came from geological evidence,

and specifically from the existence of natural crystals and minerals. Looking to Nature, the

preparative chemist readily transposed the crystallization procedure based on high tem-

peratures and high pressures of water to a laboratory scale, and lately to industry. Two

main hydrothermal methods were introduced, both still used today. The first is based on

isothermal conditions (usual in powder synthesis) and the other in a temperature gradients

(more common in attempts to produce larger crystals). Considering that the viscosity of

water decreases sharply with increasing temperature, the mobility of the molecules (and

ions) in the supercritical range, or close to it, is much higher when compared to normal

temperature and pressure conditions. Also the polarity (dielectric constant) of water de-

creases with temperature and increases with pressure [154]. In pratice we observe a drastic

effect on the behavior of the solvent, ultimately offering several advantages: it is possible

to isolate metastable compounds, low-temperature phases and materials having elements

in oxidation states which are difficult to obtain [154]. Initially, water was largely used but

more recently different solvents have been employed and hydrothermal reactions start to

be referred as solvothermal syntheses.

This preparative route is widespread in the industrial environment, in particular in the

production of artificial gems (as emeralds or saphires), magnetic oxides for information

storage, quartz crystals for oscillators and zeolites to be used as molecular sieves [153, 154].

Though solvothermal synthesis is still the most common synthetic procedure in MOFs

preparation, it has obvious drawbacks: (i) it is time and energy consuming (which compro-
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mise the economic perspective); (ii) it implies the use of expensive autoclaves and bulky

equipments; (iii) usually produces small amounts of the desired material; (iv) considering

synthesis using nonaqueous solvents, alcohols, acetone, dialkyl formamides, acetonitrile

and pyridine are among the most common reaction media, which represents a substan-

tial waste disposal and therefore an environmental concern; (v) the autogeneous pressure

carries safety issues during the reaction [3, 36].

In order to overpass these main limitations, or simply driven by curiosity, synthetic

chemists came forward with alternative methods for MOFs preparation, which have re-

sulted in several and important progresses [148]. First, the implementation of new ap-

proaches made possible the achievement of novel MOF materials when the same starting

mixtures were used. Huge improvements were also obtained concerning reaction time and

final yields (two added values for industrial purposes), and studies on particle morphology,

namely about the shape, size and texture, have suffered a great stimulus. This feature

is much important as more applications depending on this study emerge. Thin films or

membrane preparations, are good examples. Finally, and beyond the chemists needs or

the availability of materials and conditions, the proposal of new methods usually take in

account their potential implementation in large-scale processes [148].

Efforts have been made and several developments can be found in the literature re-

porting slow evaporation and slow diffusion, electrochemical essays, atmospheric pressure

and reflux conditions, ultrasonic irradiation methods, mechanochemical mixing, one-pot

procedures and microwave-assisted synthesis [148]. With almost two full decades of intense

worldwide research on MOFs, which led to thousands of new structures [13, 35, 155–164],

a new paradigm has been presented to crystal engineers: is it possible to develop new

synthetic concepts to transpose the laboratory-scale strategies to the materials science

field where the compounds may find a direct (and potential industrially interesting) appli-

cation [68]? The creation of this bridge is difficult because industry usually requires fast,

inexpensive and environmentally-friendly fabrication methods. It is, thus, not surpris-

ing why BASF® developed a commercially-viable large-scale approach (electrochemical

method) [68, 162] to replace the traditional method reported by Williams and collab-

orators for the preparation of HKUST-1, [Cu3(BTC)2(H2O)3]n [165]. Remarkably this

company already has available for sale a small set of MOFs, such as MIL-53 or Cu- and

Fe-BTC, always emphasizing their high surface areas and usefulness for applications based

on storage of small molecules or on catalysis [166, 167].

The most common methods currently used to obtain crystals are resumed and examples

are given:
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i) Slow diffusion

Starting reactants are dissolved in an appropriate solvent which slow evaporation pro-

motes the growth of crystalline structures (usually suitable for single-crystal X-ray diffrac-

tion studies). Different approaches can be used still they are time-consuming and take

from several days to months. Examples are: vapour diffusion (Figure 1.27a), liquid dif-

fusion (Figure 1.27b), slow evaporation (concentration) at fixed temperature or using

thermal gradients, slow cooling (when the solubility decreases with decreasing tempera-

ture), growth from vapour (slow sublimation, where the system is evacuated with vacuum),

growth from gels (Figure 1.27c).

Yaghi, for instance, have prepared several MOFs using this approach. Zn(bdc)·(DMF)

(H2O) (MOF-2), Zn3(bdc)3·6CH3OH (MOF-3), and Zn4O(bdc)3·(DMF)8C6H5Cl (MOF-

5) can be synthesized from 1,4-benzenedicarboxylic acid (herein denoted as bdc) by slow

vapor diffusion of triethylamine for at least one week [24, 25, 168]. Other example, using

the same reactive system, is [Zn3(bdc)3(H2O)2]·4DMF, grown by a modified liquid-liquid

diffusion of the triethylamine [169]. On the other hand, the slow diffusion of the reactants

through agarose gel have been used to obtain single crystals of La2[Cu(pba)3]3(H2O)8·8H2O

(in a U-shaped tube), or polycrystalline samples of the compounds 2D-[Ln2(µ-H2mesox)3

(H2O)6] (with Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Yb, and mesox = mesoxalato

ligand) [170, 171].

Figure 1.27: Slow diffusion approaches: (a) vapour diffusion; (b) liquid diffusion; (c) growth from gels.

ii) Electrochemical essays

Chemical reactions are performed under application of electricity and involve elec-

tron transfer between the electrode and the electrolyte (ionic conductor) or species in

solution. The well-known HKUST-1 was the first MOF being prepared by this approach

(Figure 1.28a). Bulk copper plates have been arranged as the anodes in an electrochemical
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cell with the btc organic linker (1,3,5-benzenetricarboxylic acid) dissolved in methanol as

solvent and a copper cathode. After 150 min at a voltage of 12-19 V and a currency of

1.3 A, the greenish blue precipitate HKUST-1 was formed [68]. The industrial production

of this MOF (under the name Basolite® C300) still uses this procedure. Noteworthy, Van

Assche and co-workers have recently synthesized thin HKUST-1 layers on a copper mesh

using a similiar electrochemical method (2.7 V for 20-30 min at 50 ◦C [172]) (Figure 1.28c

and 1.28d).

Figure 1.28: Laboratory scale preparation of HKUST-1 using an electrochemical procedure based on Cu-
plates as electrode material. (a) Synthesis cell used, for the first time, by Mueller, and (b) the respective
SEM image of the obtained product; (c) and (d) SEM images of the top and side views of the copper
support mesh prepared by Van Assche. Reproduced from references [68, 172].

iii) Solvothermal methods

Imply high costs as a consequence of the required pressure-sealed metal vessels, the

heating ovens and typical days of temperature controlled reactions. Different approaches

commonly used are: traditional hydro(solvo)thermal synthesis (using water, dimethylfor-

mamide, tetrahydrofuran, etc) or with non-miscible solvents (usually under lower temper-

ature and pressure ranges when compared to those of the first case), ionothermal reaction

(where the solvent is an eutectic mixture or ionic liquid).

The well-known MIL-53(Cr) has been prepared using typical hydrothermal condi-

tions [140], but its Fe analogue has been obtained using DMF in place of water [173].
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A MIL-53(Al) sample can be also prepared using a mixture of both solvents [174]. Re-

garding ionothermal reactions, one of the earliest works using this approach to pre-

pare MOFs was done by Liao and co-workers [175]. An eutectic mixture of choline

chloride2/urea at 80 ◦C was used to obtain colorless crystals of Zn(O3PCH2CO2)·NH4,

after a few hours. Other mixtures can be found, like choline chloride/malonic acid,

1,3-dimethylurea (DMU)/tetraethylammonium bromide (TEABr) or DMU/N,N-dimethyl

piperidinium chloride [105].

Figure 1.29 depicts a typical hydro(solvo)thermal synthesis apparatus, comprising an

electrical oven (static configuration), a teflon reactor and the respective stainless steel

autoclave.

Figure 1.29: Picture of a typical oven used for solvothermal reactions. The inset depicts a teflon reactor
and the respective autoclave.

iv) Mechanochemical and solvent-free reactions

Occur by mechanical energy absorption derived from the grinding of the starting re-

actants without the presence of a solvent. Reduce solvent use and hazard. Note that

liquid-assysted grinding may be seen as a branch of this procedures, but is not a very

employed method and certainly does not fit the green chemistry goal.

Disregarding the environmental concerns, this method achieve reactivity through mecha-

nochemical force (rather than thermal energy) and therefore it is seen as an interesting

2Choline chloride = hydroxyethyltrimethylammonium chloride.
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alternative to high temperature and pressure reactions [176]. The grinding of the reactive

mixtures implies MOF structures not suitable for single crystal X-ray diffraction studies,

which may increase the difficulty of product structural characterization.

The first solvent-free mechanochemical preparation of a MOF was demonstrated by

Pichon, when the 3D microporous [Cu(INA)2] (INA = isonicotinic acid) was obtained

by grinding together copper acetate and isonicotinic acid for 10 min, at room tem-

perature [177, 178]. Another important contribution was recently done by Klimakow

and co-workers: the well-known HKUST-1 (or (Cu3(BTC)2) and its analogue MOF-14

(Cu3(BTB)2) have been mechanochemically synthesized and compared with those tradi-

tionally obtained by electrochemical and one-pot routes, respectively [68, 179, 180].

v) One-pot procedures

Simple and with low energy consumption, these “shake and bake” methods are based

on the stirring of the reactants at normal temperature and pressure. Often uses room

temperature in short periods of time, producing particle sizes ranging from few nanometres

to high fractions of millimetres.

MOF-5, MOF-74, MOF-177 and HKUST-1 are some examples of prominent com-

pounds obtained by this synthetic route (in less than 24h) [181]. Still room tempera-

ture is preferred, examples using mild temperature values can be found: M(HBTC)(4,4’-

bipy)·3DMF (M = Ni or Co) has been been prepared at 120 ◦C for 24h, by reacting 1,3,5-

benzenetricarboxylic acid (BTC) and 4,4’-bipyridine (4,4’-bipy) residues in the presence

of DMF; [La2(H2pmd)3(H2O)12] and [La2(H2pmd)(pmd)(H2O)2] obtained by combining

residues of 1,4-phenylenebis(methylene)diphosphonic acid (H4pmd) with lanthanum, in

the presence of water, between room temperature and 80 ◦C [108, 182].

One-pot procedures are tipically rapid, simple and easy to scale up, but lag behind

other preparative methods in terms of reproducibility [108].

vi) Ultrasonic irradiation methods

Ultrasounds have been largely used, particularly in several therapeutic procedures

employing a wide range of frequencies and intensities, but sonochemical reactions are not

among the most recurrent ones when considering the state of the art on this subject.

This may be explained considering that (i) it is believed that the activation step may

occur through different mechanisms but literature is not always clear, which means that

ultrasounds are not typically considered as a first-choice synthetic approach; (ii) having
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in mind that several chemical species (as supramolecular entities) can be broken in the

presence of these waves, this route can somehow be regarded as counterintuitive [183].

According to Cravotto and Cintas, the key role in sonochemical reactions arise from

the generated cavitation (“formation, growth, oscillation, and collapse of bubbles in the

pressure field”) rather than the simple use of ultrasound frequencies (since the respective

wavelength is much larger than molecular dimensions and direct interaction between ultra-

sounds and molecules do not occur). They look to the generated bubbles as microreactors

inside of which may occur the formation of excited species (due to the high pressures and

temperatures consequent to the collapse), and therefore consider the sonochemical route

as an interesting alternative method for the preparation of new materials [148, 183].

In particular, ultrasounds represent one of the most important and promising aproaches

for nano-MOFs preparation. A remarkable example is that of Zn3(BTC)2·12H2O. It has

been prepared using ultrasound irradiation at room temperature and atmospheric pressure,

in less than 90 min, and has showed tunable size and shape by varying the reaction time

(Figure 1.30) [184]. Other examples of sonochemically prepared MOFs are Fe-MIL-88A,

MOF-177 or Mg-MOF-74 [132, 185].

Figure 1.30: TEM images of the Zn3(BTC)2·12H2O prepared using an ultrasonic procedure, for different
reaction periods. Reproduced from reference [184].
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vi) Microwave-Assysted Synthesis

The most common way to prepare MOFs is the hydro(solvo)thermal method. Nev-

ertheless, this approach is highly demanding considering its requirement of long reaction

times (days to weeks), bulky equipment and heavy energy consumption [3, 36, 68, 186]. To

overcome these limitations, new approaches have been developed with microwave-assisted

synthesis (MWAS) being one of the most promising routes.

Microwaves are normally generated by a magnetron, consisting of an oscillator con-

verting high-voltage direct current into high-frequency radiation. In a typical laboratory

instrument waveguides transfer the generated energy from the magnetron to the sample

chamber (Figure 1.31 – left). Many molecules, notably water, possess dielectric moments

and rotate to align themselves with the alternating electric field of the microwaves. The

heat generated by the molecular movement is dispersed as the molecules collide with other

molecules. The sample chamber is a Faraday cage which prevents the microwaves from

escaping into the environment. The main advantage of microwave heating is its energy

efficiency because power is only applied within the reactive mixture. Energy is generated

directly throughout the bulk of the material instead of by conduction from the external

surface (Figure 1.31 – right). Microwave heating is almost instantaneous, takes place with-

out heating the air or the container, and allows the use of temperatures above the boiling

point of a solvent within pressurized vessels [186, 187]. The heating is specific, with differ-

ent materials responding differently to microwave energy. For example, pharmaceuticals

can be sterilised without the packaging being damaged [186].

Figure 1.31: (Left) Schematic representation of the basic components of a monomode microwave oven
designed for scientific research. (Right) Comparison of heating profiles inside the reaction vessels for
microwave (a) and standard conductive heating (b).

Research in this field is mainly performed using microwave ovens specifically designed

for chemical synthesis, which allow to control the various parameters (irradiation power,
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time of the reaction, temperature inside the vessels, among several other parameters [186]),

but the literature also contains many reports on materials synthesised using modified do-

mestic instruments. However, the reproducibility varies with the brand of the instrument

and the size and geometry of the microwave cage.

Microwave heating may have a beneficial effect on the properties and performance

of materials. For example, sintering zirconia in a microwave furnace produces uniform

grain size. It can also give better control of the mechanical and optical properties of the

products than conventional heating. On the other hand, working with microwaves raises

some concerns with respect to safety and reproducibility. Although reactions are very fast

and usually proceed at low temperatures, the morphology and phase purity of the products

can be adversely affected if the reaction conditions are not strictly controlled, thus affecting

the mechanical strength, conductivity and chemical reactivity of the products [186, 188].

It is a fact that microwave heating allows a considerable reduction of the reaction

time [189], enables phase selectivity [190] and the control of crystal morphology [191]. It

is considered a much more efficient method also because these observations often agree

with an increase of the overall yields. Moreover, cleaner solvents (as water) may be easily

employed in microwave based experiments [36, 144].

While the development of microwave synthesis has been mainly driven by the pharma-

ceutical industry, the technique has been successfully used in organic synthesis [192–194]

and in the preparation of microporous and nanoporous inorganic materials [189, 195–206]

(which is easily justified by its faster heating, homogeneity of the temperature and more

uniform seeding conditions [186]). Although its use in the preparation of MOFs is still in

its infancy, several interesting reports are available [36, 69–75, 80, 82, 144, 148, 186, 199,

207–215]. Different research groups adopt different strategies and the choice of a chemical

system to study is somewhat random. Some remarkable reports devoted to the synthesis

and structural features of the MOFs clearly demonstrate the scientific curiosity aroused

by the method itself [186]:

� [Ag(dpa)], [Co(O3PH)(4,4’-bpy)(H2O)], [Mn[O2PH(C6H5)]2(4,4’-bpy)] and [Zn(O3PH)

(4,4’-bpy)0.5] [216].

� Tl(l) cyanoximates [Tl(2Cl-PhCO)] and [Tl(4Br-PhCO)] [217].

� (EMIm)2[M3(BTC)2(OAc)2] (where M2+ = Ni2+ or Co2+) prepared using the ionic

liquid EMIm (melting point 83 ◦C) as solvent and template [72].
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� [Mg(Thz)(H2O)4] (1D chain), [Ca2(Thz)2(H2O)8] (1D chain), [Sr(Thz)(H2O)3] (1D

chain) and [Ba2(Thz)2(H2O)7] (lamellar structure) [218].

� MIL-47 (VIII(OH){O2C-C6H4-CO2}·x (HO2C-C6H4-CO2H) (x∼0.75)) derivatives pre-

pared using different organic building blocks [219–221].

� mesoporous MIL-100(Al, Cr, and Fe) nanoparticles, which stable colloidal disper-

sions (for Cr and Fe, only), made possible the preparation of optical quality thin

films [222].

Studies of known materials such as MOF-5 [70, 210], IRMOF-2 and IRMOF-3 [73],

or [Cu3(BTC)2(H2O)3] and [Cu2(OH)(BTC)(H2O)]·2nH2O [74] are most useful for the

specific examination of crystallinity, morphology, particle size and the design of new ap-

plications [186]. As the preparation of these materials is already known, modifications can

be introduced which may open new possibilities of functionalization. Interesting examples

can be readly found in literature: preparation of nano-sized crystals of MIL-101 [144],

growth of MOF-5 thin films on porous substrates [54, 82], preparation of new materials

which can be used in the separation of CO2 from CH4 [76], or target-specific magnetic

resonance imaging compounds [78].

Even though the preparation of MOF using MWAS has little expression when com-

pared to the universe of coordination polymers, the fact is that the number of reports is

increasing. Moreover, and as well as happened with coordination polymers, in the begin-

ning of an emergent research field is quite reasonable that the number of papers remain

considerably small or almost constant. Although MWAS has some limitations, mainly due

to high cost devices and the production of microcrystalline powders (preventing single-

crystal X-ray diffraction studies), this technique is certainly a promising approach to MOF

preparation.

1.2.5 Systematic investigations using high-throughput methods

Besides the used synthetic approaches, step-by-step methods are well established among

synthetic chemists and, thus, widely used. However, high-throughput techniques are grad-

ually appearing as charming and successful systematic procedures. In practice, these meth-

ods collect large amounts of data in short periods of time, which result in a considerable

minimization of efforts when we study the role that each reaction parameter plays in the

production of the final framework [36, 148]. High-throughput techniques use a workflow

36



Table 1.2: Reaction conditions for selected microwave-assisted syntheses of MOFs.

MOFs Reaction conditions Reference

IRMOF-1, IRMOF-2, IRMOF-3 25 s Ni and Masel [73]

(EMIm)2[Ni3(TMA)2(OAc)2]
(EMIm)2[Co3(TMA)2(OAc)2]

200 ◦C, 50 min Lin et al. [72]

[Ni20(C5H6O4)20(H2O)8]·40H2O 150–220 ◦C within 1 min Jhung et al. [71]

[Ni22(C5H6O4)20(OH)4(H2O)10]·38H2O

Cr-MIL-101 210 ◦C, 1–40 min Jhung et al. [144]

[Cu2(pyz)2(SO4)(H2O)2]n 180 ◦C, 20 min, 6 h Amo-Ochoa et
al. [69]

[Cu2(oba)2(DMF)2]·5.25(DMF) single-step: 160 ◦C, 1–150
min;

Wang et al. [75]

multi-step: 80–160 ◦C, 2 h

[Mn3(BTC)2(H2O)]6 120 ◦C, 10 min Taylor et al. [78]

[Cd(HIDC)(bbi)0.5] 2.0 Mpa, 20 min Liu et al. [211]

MOF-5 95–135 ◦C, 10–60 min Choi et al. [210]

[Cu3(BTC)2(H2O)3]
[Cu2(OH)(BTC)(H2O)]·2nH2O

140 ◦C, 60 min; Seo et al. [74]

[Cu(H2BTC)2(H2O)2]·3H2O 170 ◦C, 10 min

[Zn2(NDC)2(DPNI)] 120 ◦C, 1 h Bae et al. [76]

[Co3(NDC)3(DMF)4]
[Mn3(NDC)3(DMF)4]

110 ◦C, 30 min Liu et al. [77]

system: after the design of the experiment, parallel reactors with very small amounts of

reactive mixtures with various compositions (examples using different temperatures, time

and pressure can be also found in literature) are used simultaneously and a rapid charac-

terization of the final products is made, with the respective data evaluation. At this time,

and in several cases, automation is used in order to improve the methodology.

An early example on MOFs prepared by high-throughput techniques was reported by

Baeur and covered the solvothermal preparation and characterization of cobalt carboxy

phosphonates. The systematic investigation of the Co2+/phosphonocarboxylic acid/NaOH

hydrothermal reaction has led to four different cobalt carboxyaryl phosphonates, and made

possible the screening of the effect of the pH of the starting mixture as well as the influence

of the counterions of the cobalt salts on the product formation [223].

Other important contributions from Bauer are based on solvothermal reactions of 5-

diethylphosphonoisophthalic acid (using high-throughput powder XRD measurements),
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Figure 1.32: Example of a High-Throughput experiments diagram per-
formed by Baeur and co-workers. Crystallization diagram for the sys-
tem Co(NO3)2/(H2O3PCH2)2NCH2C6H4COOH/NaOH. Legend: (dark grey)
[Co2(O3PCH2)2NCH2C6H4COOH]·H2O, (black) [Co(O3PCH2)(OCH)NCH2C6H4COOH]·H2O, (white)
Co[H2(O3PCH2)2NCH2C6H4COOH], (crossed) [Co2(O3PCH2)2NCH2C6H4COOH]·3.5H2O, and (light
grey) X-ray amorphous. Reproduced from reference [223].

and 2-aminoterephthalic acid, with the latter involved in the preparation of isoreticular

compounds of MIL-53, MIL-88B, and MIL-101 (Fe-MIL53 NH2, Fe-MIL88B NH2, and Fe-

MIL101 NH2, respectively). For the latter example, it was shown that reaction medium

and temperature play the most important role, with the molar ratio of the reactive system

NH2–H2BDC/FeCl3 being less important [224, 225]. Identical methodologies have been

also used in the synthesis of the well-known MOF-5 and HKUST-1. In Figure 1.33 is

presented the multiclave apparatus used by Biemmi and co-workers, for the scanning of

the influence of metal salt, reagent concentrations, pH, temperature, and time of reaction.

Performing a total of 24 solvothermal reactions at a time (and through the respective

screening of the results using PXRD and SEM) it was proved that: (i) the choice of the

metal salt is the key factor on the phase purity of MOF-5, and on the product morphology

of HKUST-1; (ii) less MOF-5 is formed (in favor to other phases, when zinc nitrate is

used as the metal precursor) when the reaction medium polarity is descreased; (iii) the

variation of the starting mixture concentration in the synthesis of HKUST-1 allows the

control of particle size and morphology of the crystals [226].

Several contributions on this subject can be found [227–232]. They vary in the degree

of minituarization and automation but somehow they all agree in the main benefits of

high-throughput methods [223]: the preparation of new materials is not boring and time

consuming as step-by-step procedures usually are; they give rise to large amount of data,

38



in short periods of time, as a consequence of the significant number of different exper-

iments that one can test simultaneously; preparation of new and known solids in short

time, providing valuable insights into the role of each reactive parameter in the chemical

system [36, 148].

Figure 1.33: Multiclave apparatus for high-throughput inspection used by Biemmi and co-workers. The
reactor block has 24 cavities, and each miniaturized reactor allows the use of volumes up to ca. 2 mL.
Apart from the miniaturization of the system, a typical solvothermal reaction takes place in each hole.
Reproduced from reference [226].

1.2.6 The interest to study Metal-Organic Frameworks: appli-

cability

The reaction between organic and inorganic building blocks, leading to high-dimensional

frameworks has been known for a while [4, 13], but the MOF designation was only pro-

posed and largely used in the 90s [19, 20]. The considerable amount of work reported

in this field is closely related to the advantages of these hybrid crystalline materials over

other materials, such as inorganic frameworks. Some of these properties are highlighted

below:

� MOF materials allow a myriad of combination of cations and organic linkers into

framework-type structures. The number of structures which could be obtained is

almost endless. Nevertheless it is still very complicated to predict which structures

will be produced or which ones will be more advantageous in terms of applications.

� One peculiar feature of MOFs is the behaviour of the solvent, which in many

cases acts itself as the main structural template [4, 36]. An example is the hy-

dro(solvo)thermal reaction of MnCl2 and H2dcbp (4,4’-dicarboxy-2,2’-bipyridine)

to give 3D MOFs {[Mn(dcbp)]·1/2DMF}n and {[Mn(dcbp)]·2H2O}n (Figure 1.34).
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When using solvothermal conditions (with DMF or mixtures DMF/water at or above

50%, by volume), the first compound was achieved as pale yellow plate-like crystals.

The second MOF was obtained in the form of needle-like crystals when using hy-

drothermal conditions (at the same time that mixtures of both compounds were

never observed) [233]. Noteworthy, the network architecture of the final products

is not always the consequence of the mere change of the reactive medium: differ-

ent solvents have different steric profiles (size, shape, and coordination ability) and

therefore coordination properties might play the key role. If solvent residues are

able to coordinate directly to the metal center, restrictions on the possible number

of bridging ligands can be observed [233–235].

Figure 1.34: bis-Carboxylato bridged manganese chains in (top) {[Mn(dcbp)]·1/2DMF}n and (bottom)
{[Mn(dcbp)]·2H2O}n. The smooth grey carbons present similar orientation in both compounds, whereas
the meshed grey carbons point to different directions. The final result is a different orientation for the
4,4’-dcbp organic linkers and concomitant difference on the linkage of the chains in both architectures.
Based on reference [233].

� Porosity can be achieved by the combination of certain families of ligands and metal

centres. Because they have weak interactions with solvent molecules, it is possible

to produce MOF structures at low temperatures, sometimes leading to significant

porosity [4, 36]. This structural feature is important for adsorption studies. Also

interesting is the co-existence of hydrophilic and hydrophobic regions within the

pores, as a consequence of both organic and inorganic groups in the structures,

which may affect the adsorption behaviour of the frameworks. It is important to

emphasise that the thermal stability of MOFs is usually limited to temperatures

below 500 ◦C. This fact somehow reduces their potential with respect to applications

at high temperatures [36]. Nevertheless, MOFs have been shown to have potential

40



to be applied to a wide range of technological fields:

– heterogeneous catalysis. A considerable number of catalytic systems have

been reported, with the most recurring ones dealing with the oxidation of ole-

fines, selective oxidation of alcohols to the corresponding aldehydes or ketones,

oxidation of CO to CO2, of thiols to disulfides, and sulfides to sulfoxides;

cyanosilylation of carbonyl compounds; and hydrogenation reactions [33, 50,

114, 147, 159, 161, 215, 236–250]. One of the most studied MOFs is probably

MIL-101, which proved to be a good catalyst in reactions as selective oxidation

of aryl sulfides to aryl sulfoxides, carbonyl cyanosilylation, or hydrogenations.

But MIL-101 (and other MOFs) may also appear as host matrices of the cat-

alytically active guests, with examples on Keggin-type polyoxometallates or

palladium nanoparticles incorporation [161, 244, 251, 252].

– selective adsorption of gases [56–60, 115, 117, 118, 124, 253–256], and

enantioselective separation of molecules [33, 56]. MOF-5, IRMOF-3, MOF-

74, MOF-177, MOF-199 (or HKUST-1), and IRMOF-62 have been presented

as selective adsorbents for several harmful gases, such as sulfur dioxide, ammo-

nia, chlorine, tetrahydrothiophene, benzene, dichloromethane, ethylene oxide,

and carbon monoxide. Comparison with a sample of Calgon BPL activated

carbon, these MOFs have showed a superior performance in all but one case

(that using carbon monoxide), and a high dynamic adsorption capacities up to

35% by weight [115].

– biomedicine [48, 55, 62, 78, 257]. The potential use of MOFs is found both in

medical diagnostics and in delivery of drugs and gases. MIL-100, MIL-101, and

MIL-53 have been tested for the loading and slow release of ibuprofen, giving,

for example, loadings up to 1.38 g/g and time release of 6 days when using

the MIL-101(Cr) solid, or 0.21 g/g and 21 days for MIL-53. These compounds

(or their derivatives) have been also tested for other challenging compounds,

such as antitumorals (busulfan or doxorubicin), procainamide (an antiarrhyth-

mic agent), caffeine or urea. [48, 258, 259]. As well, the delivery of certain

(endogenously produced gases) from outside the body using MOFs is another

growing field: CPO-27-M (M = Ni or Co) and HKUST-1 have been studied for

the NO adsorption and storage; CPO-27-M, MIL-53(Al, Cr and Fe analogs),

MIL-100(Cr) and MIL-101(Cr) for H2S; and CPO-27-Ni for CO [48, 260, 261].

Mn(BDC)(H2O)2 and Mn3(BTC)2(H2O)6 nanoMOFs for magnetic resonance
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imaging were reported by Taylor and co-workers [78]. Likewise, nanoparticles

of M-UiO (M = Zn or Hf; M6O6(OH)4(BDC)) have been recently tested for their

use as contrast agents in computed tomography, and proved their ability to in-

corporate high loadings of heavy elements which can be surface-functionalized

for biocompatibility enhancement and in vivo applications [262, 263].

– magnetic materials [61, 246, 264–269]. Recent studies by Zhao reported

[Mn(HBTC)(2-PyBim)(H2O)] (2-PyBim = 2-(2-pyridyl)benzimidazole), a MOF

compound exhibiting ferromagnetic coupling between the binuclear Mn(II) ions

[270]. Other example, concerning Ln-based MOFs, is [NH2(CH3)2][Gd(MDIP)

(H2O)] (H4MDIP = methylenediisophthalic acid), in which antiferromagnetic

interactions between Gd3+ ions could be observed [271]. Relevant work has

been also reported by Maspoch, who claimed to have prepared the first exam-

ple of a nanochannel-like architecture having mixed ferro- and antiferromag-

netic interactions between Co(II) ions and PTMTC radicals (three-connecting

tricarboxylic polychlorotriphenylmethyl radicals, to form [Co6(PTMTC)4(py)17

(H2O)4(EtOH)]) [266].

– fabrication of membranes. Several MOF materials, among them the well-

known MOF-5, IRMOF-3, HKUST-1 or MILs, have been reported as one of two

types of membranes: made solely of MOF particles, or mixed-matrix (in order

to combine the processability and mechanical properties of organic polymers

with the selective adsorption and diffusion properties of MOFs) [54, 272–278].

An example is the MIL-53 membrane prepared on a porous alumina support,

either by reactive seeding or in situ solvothermal method, which has exhib-

ited high integrity and high selectivity for dehydration of the azeotrope of ethyl

acetate aqueous solution by pervaporation3 [274]. Also with MIL-53 but regard-

ing mixed-matrix membranes, it has been reported the incorporation of MOF

nanoparticles into the polymer membrane 6FDA-ODA polyimide [6FDA, (4,4’-

(hexafluoroisopropylidene)-diphthalic anhydride) and ODA (4,4’-oxidianiline)],

exhibiting excellent CO2/CH4 separation properties [279].

– thin films [46, 54, 172, 280–283]. Several MOFs have been prepared as thin

films, forseeing sensing applications and separation (covering membrane-based

processes or using chromatography columns filled with these MOFs). A versa-

3Membrane-based process in which the feed and retentate streams are both liquid phases while per-
meant emerges at the downstream face of the membrane as a vapour. In reference [126].
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tile compound is HKUST-1, which has been processed as a film on the top of

several substrates, among them copper mesh and α-alumina for gas separation

(showing permeability and selectivity for H2 over CO2, N2, and CH4) [284, 285];

on the top of copper slices [286], or copper electrodes for humidity sensoring (a

coated quartz crystal microbalance was used to monitor the adsorption of water

from nitrogen streams at different relative humidity) [287]. Substrates such as

silica wafers, gold, glass slides or flexible synthetic polymer surfaces, have been

also used but they lag behind on the direct application of the final HKUST-1

thin film [46]. Noteworthy, MOF-5 was already deposited on a chromatography

column for separation processes [288].

– light-conversion devices (using their peculiar photoluminescent properties) [47,

54, 163, 289]. Examples are ITQMOF-1, which has been used to sense ethanol in

air [290], ITQMOF-3-Eu, a miniaturized pH sensor, or Eu0.0069Tb0.9931-DMBDC

a reliable and instantaneous luminescent thermometer [289].

1.2.7 Prospective applications

During the first two decades of intense research on MOF materials, the final products

were somehow confined to a laboratory scale and environment. The main concern was

the preparation of novel architectures with the respective structural characterization. A

large amount of data (concerning reaction conditions, starting reactants, final structures,

crystalline phases) on this class of materials was gathered, but soon the focus was moved

to chemical and physical properties which could be the basis of potential technological

implementations. Mainly driven by porosity and surface area based applications, MOFs

were promising for gas storage, uptake and separation, as well as a good candidates to

perform catalytic reactions. It was thus a matter of time until the development of industrial

scale-up processes for some MOF compounds. BASF® claimed to have been the pioneer

in the large-scale production of MOFs when they developed an electrochemical method for

the industrial preparation of HKUST-1 [68, 162, 165]. Remarkably this company already

has available for sale a small set of MOFs, such as MIL-53 or Cu- and Fe-BTC, always

emphasizing their high surface areas and usefulness for applications based on storage of

small molecules or on catalysis [166, 167, 291].

The compounds BASF produces are being sold by Sigma-Aldrich and thus available

as raw materials to the entire community. Nevertheless, most of their production remain

reserved to the realm of fundamental research that is being done internally through several

43



R&D programs. This company foresaw the technological importance that MOFs could

represent right after Yaghi’s Nature publication in 1999 [25]. Mainly motivated by their

outstanding surface areas and their possibility to be synthesized with readily available

and cheap reactants, BASF has ever since collaborated with Yaghi’s research group. Once

again, their attention is rather focus on purification, storage, and transportation of gases.

Shell Global Solutions is another company which has ongoing research on MOFs. Be-

yond the properties focused by BASF, Shell’s attention was captivated also by the “wealth

of new structures (. . . ) the large pores, the surprising stability, and the ability to tweak

the chemistry of the basic building blocks”, said Herman Kuipers (regional manager for

innovation and research at Shell Global Solutions) [292].

Somehow they all try to impress and make a difference in the world of the automobile

and fuel, with innovative technological solutions for MOFs especially in storage of fuels.

Their high surface areas and favorable energetics for adsorbing gas, made possible projects

like EcoFuel World Tour: a journey through 40 countries and five continents, in a car which

was optimized for natural gas combustion and used fuel tanks improved with MOFs. In

this case, and according to data released by BASF company, it is possible to design a

tank with MOFs which can store about twice the quantity of gas that could be stored in

a traditional tank [292].

Other striking examples concern the zero-emission Mercedes-Benz F125® (research)

vehicle using hydrogen stored in MOFs [293], or the BMW Hydrogen 7®, the world’s

first production-ready hydrogen vehicle [294]. Compounds having pore sizes up to 98 Å,

thus large enough to fit bulky organic molecules and proteins, are also expanding the

applications of gas storage to biological molecules [60].

Remarkable efforts have been made to overcome the remaining challenges. Yaghi is

now challenging himself and the scientific community by giving pertinent suggestions:

what would be the impact on using more than a couple of building units as biology has

made? Are we able to understand if we get the robustness that we forsee at the same time

that we explore their biological applications? Like many other researchers worldwilde,

Yaghi believes that next generations on MOFs shoud benefit society and points that such

materials shoud be more specific on solving problems (we could prepare materials specific

to convert CH4 or CO2 to liquid fuels or compounds able to convert solar energy to

electricity, for instance).
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1.3 Our contribution to the research field of MOFs

No one does scientific research in an isolation way but explores a reserch field or an

idea that was born sometime in the past. Likewise, the present thesis brings forward

new findings made in a context of continuation of the efforts that have been made by our

group toward the construction and isolation of novel coordination polymers, in particular

LnOFs [10, 105, 214, 215, 237, 290, 295–298, 298–307]. Our main attention and synthetic

procedures have been rather focused on two lines of research:

� the use of bridging organic ligands based on pyridine derivatives with substitutent

carboxylic acid groups;

� and the use of tripodal flexible organic molecules based on phosphonic acid groups.

The first motivation to use 2,5-pyridinedicarboxylic acid (H2pydc) was its similarity with

the widely employed terephthalic acid molecule, an organic ligand present in hundreds

of papers concerning coordination polymer research [140, 308–312]. Besides, the bridging

ability of H2pydc encompasses the potential to form framework materials with either d -

block transition metal cations and lanthanides, opening the scope of its application in new

materials synthesis [313–322]. Ultimately, only a handful of structures is available in the

literature comprising the lanthanide/2,5-pyridinedicarboxylic acid system [214, 300, 315,

316, 321–326].

Phosphonic acid groups have also been employed by us. Our strategy has been fo-

cused in the simultaneous replacement of carboxylic acid (CA) groups by phosphonic

acid (PA) moieties and transition metal centres by rare-earth cations. In that sense, our

group have investigated several families of structures, based on: nitrilotriacetic acid (3

CA groups) [327], N-(phosphonomethyl)iminodiacetic acid (2 CA and 1 PA groups) [10],

N-(carboxymethyl)iminodi(methylphosphonic acid) (1 CA and 2 PA) [237, 303] and also

nitrilotris(methylenephosphonic acid) (H6nmp; 3 PA groups) [215, 298, 328, 329]. Surpris-

ingly, the two latter organic molecules have been to date scarcely employed in the construc-

tion of networks, either with d - or f -block elements. Phosphonate moieties are interesting

chelating moieties for the construction of MOFs because while the three tetrahedral oxy-

gen atoms mimic the building units of zeolites (thus providing various anchoring sites for

a wide range of metals), they also induce the formation of networks with high thermal and

mechanical robustness, which is an important pre-requisite for possible applications (for

example, catalytic activity at high temperatures) [157, 330–332]. Our aim was to design
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more (mechanically and thermally) robust networks ultimately envisaging the potential

fabrication of novel devices, based on tripodal flexible organic molecules [290, 333].

Synthetic design principles of MOFs are simple in nature and many of these compounds

have been studied for their properties. Nevertheless, most of the research is still essentially

focused at the isolation of novel architectures, which so far resulted in a remarkably small

percentage of truly functional MOFs that can be used in materials science and devices.

In that sense, we have recently directed our efforts to the practical use of our MOFs as

functional materials (namely, as catalysts, ethanol or pH sensors, or photoluminescent

compounds) [10, 105, 214, 237, 290, 298, 301–303, 333].

1.3.1 Light-conversion frameworks

MOFs are able to find several technological applications and the engineering of optical

centers is one of the possibilities. Even though this niche of activity is lagging behind

porous applications, we find several reports on lighting, optical communications, photonics

and biomedical devices [48, 53]. Noteworthy, examples of systems where light emission

is concomitant with other properties are also very promising studies for device prototype

engineering.

Photoluminescent studies, i.e. spontaneous emission of radiation from an electronically

or vibrationally photoexcited species not in thermal equilibrium with its environment [126],

are particularly important. Beyond the potential applications previously pointed, they

represent a powerful technique in the assessment of the structural integrity and purity of

compounds, (which sensitivity exceeds that of PXRD) [146].

Luminescence

The electromagnetic spectrum represents the distribution of the radiation according to

energy (or similarly to wavelength or frequency). It is divided into several ranges, encom-

passing gamma-rays, X-rays, ultra-violet radiation (UV), visible light, infrared, microwaves

and radio waves. At this point, UV and visible light, in the ranges of 180–380 nm and

380–780 nm (see Figure 1.35 for a simplified scheme of the visible spectrum range and its

associated colors), are the most important regions considering the luminescent properties

of our materials.

Considering that luminescence can be generated by several sources (see Table 1.3), in

theory, one could use several approaches to excite a MOF to yield light emission [146].
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Figure 1.35: The color wheel: circular graphical illustration that represents the ranges of irradiation
wavelenghts (in nm) corresponding to a certain color. The color wheel shows relantionships between
primary, secondary and complementary colors. The limits for each range of wavelenghts herein represented
are in some extent arbitrary [334].

Tough, examples on this family of compounds are mainly focused on photoluminescence,

with other types of light emission being scarce [335–337].

Several trivalent lanthanide ions exhibit photoluminescence in the visible or near-

infrared spectral regions upon irradiation with ultraviolet light [339]. Depending on the

lanthanide ion, we may observe different emitted colours in the spectral visible range: red

for Eu3+, green for Tb3+, blue for Tm3+ and orange for Sm3+, for example. Yb3+, Nd3+

and Er3+ present near-infrared emission and Gd3+ in the ultraviolet range [339, 340]. This

ability to convert light arises from the fact that any element which is in an excited state

tends to relax to its fundamental state by radiative transitions (emission of light) and/or

non-radiative transitions (vibrations and intersystem crossing). For the particular case of

lanthanides and consequent luminescent behaviour, their emission of light is dependent on

the minimization of the nonradiative deactivation processes [47, 341].

Figure 1.36 depicts the complexity of the energy level diagram for the lanthanide ions

with different number of electrons in the 4f orbitals. Lanthanide(III) ions are known for

their weak light absorption and sharp f–f emission lines, as a consequence of the shielded

4f orbitals (Figure 1.37). Considering that these orbitals do not participate much in the

binding, the consequent rearrangement derived from the excitation of an electron to a 4f

orbital having higher energy does not perturb much the internuclear distances observed in

that state and the binding pattern in the molecules [339–341, 343]. Besides, the forbidden

electronic transitions result in low molar absorption coefficient values, typically less than

10 dm3·mol−1·cm−1.

47



Table 1.3: Types of luminescence. Based on references [126], [146] and [338].

Excitation source

Bioluminescence Living sistems

Cathodoluminescence High-energy electron beam

Chemiluminescence Chemical reaction

Electroluminescence Electric current

Ionoluminescence Ion beam

Photoluminescence Photons

Radioluminescence High-energy particles or radiation (X-rays, γ-rays)

Sonoluminescence Sound waves

Thermoluminescence Increase in temperature

Triboluminescence Mechanical forces (scratching, crushing, or rubbing)

Figure 1.36: 4fn energy level diagram for the Ln3+ ions in LnF3 crystals. Based on references [342, 343].
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Figure 1.37: Radial charge densities for the 4f, 5s, 5p, and 6s electrons for Gd+. The 4f shell is deeply
imbedded inside the 5s and 5p shells. From reference [344].

Considering that luminescent intensity is proportional to the amount of absorved light

and that the direct excitation into the 4f excited levels hardly produces highly photolu-

minescent compounds, this major problem for lanthanide-based materials is commonly

surpassed using luminescence sensitization processes (also known as antenna effect, de-

picted in Figure 1.38) [2, 340, 343]. In this case, the excitation is not performed directly

in the lanthanide ion but indirectly throught the coordination of a organic ligand (the

chromophore, also known as the antenna). These organic molecules are able to intensively

absorb in a wide range of wavelengths (comparing to those of lanthanide ions) and to

transfer the excitation energy from their surroundings to the lantanide ion emission level

by intramolecular energy transfer, with the latter eventually emitting their characteristic

color [343].

It is important to notice that the sensitization lanthanide emission requires a physical

overlap between the orbitals of the donor and the acceptor species, thus representing a

strongly distance dependent process. The sensitization pathway involves the excitation of

the (antenna) chromophore to its singlet excited state, consequent intersystem crossing

of the chromophore to its triplet state, and finally energy transfer from this latter state

to the lanthanide ion [340]. Nevertheless, competing pathways can also be found and

should be taken in consideration since they may play an important role in the observed
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Figure 1.38: Schematic representation of the photophysical processes leading to antenna effect. This phe-
nomena deals with the improvement of lanthanide photoluminescence through organic ligand sensitization.
Based on references [163] and [345].

luminescent properties of a given compound. Two common examples are the fluorescence4

of the chromophore (which competes with intersystem crossing) and quenching effects of

the triplet state by dissolved molecular oxygen (which competes with the energy transfer

to the Ln3+) [47, 340, 341].

Commonly, aromatic and unsaturated organic ligands are used as efficient antennas.

In fact, linkers having π delocalized systems are known to promote energy transfer to

the metal center [36, 343]. Hence carboxylates, aminocarboxylates, phosphonates, hy-

droxyquinolinates or hydroxypyridinones are examples of good candidates for lanthanide

sensitization, namely considering their intense absorption above 330 nm, longer excited

state lifetimes and embedding of the emitting metal ion into a rigid and protective environ-

ment which might minimize nonradiative deactivation processes [343]. One should notice

however that Ln-MOFs often have hydroxyl groups of the solvent which are responsible

for quenching effects due to the loss of excited state energy to vibrational energy of OH

4Luminescence which occurs essentially only during the irradiation of a substance by electromagnetic
radiation (in opposition to phosphorescence which in a phenomenological point of view, describes long-
lived luminescence) [126].
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oscillators in the vicinity [36, 343].

In addition to the efficient light-harvesting observed in antenna effect, other phenom-

ena are still present in the luminescent behaviour of several MOFs, namely intra-ligand

charge transfer (ILCT), ligand-to-metal charge transfer (LMCT) or metal-to-ligand charge

transfer (MLCT) [343].

The example of Europium(III)

In the present report, Eu-based MOFs have been prepared to get additional structural

information on the obtained crystalline products. Figure 1.39 depictes a schematic diagram

of some of the energy levels of Eu3+ ground state, having electronic configuration of [Xe] 4f6

(the levels 7FJ (J = 0, 1, 2, 3, 4, 5, 6) and the excited 5D are presented). Each transition

yields a characteristic narrow line in a specific wavelength, with some of them having larger

intensity and being sensitive to the local environment. For the particular case of Eu3+, the

hypersensitive emission band is that representative of transition 5D0 → 7F2, as depicted

in Table 1.4 (the main emission lines observed in Eu(III) are summarized, but considering

our focus in the lanthanides herein studied, the emission lines of Tb(III) spectra are also

pointed out).

Figure 1.39: Schematic diagram of some of the energy levels of Eu3+ ground state. From references [346,
347].
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Table 1.4: The typical emission bands (main emissive state → final state) of the Eu3+ and Tb3+ in
solution. In bold, the hypersensitive transitions for each Ln3+ ion.

Ln Transition Wavelength
emission (nm)

Radiative life-
time of Ln(III)
ionsa (ms)

Eu3+ 5D0 →7F0 580 9.7 (1–11)
7F1 590
7F2 615
7F3 650
7F4 720
7F5 750
7F6 820

Tb3+ 5D4 →7F6 490 9.0 (1–9)
7F5 540
7F4 580
7F3 620
7F2 650
7F1 660
7F0 675

a Values for the aqua ions and ranges of observed lifetimes in all media
between parentheses. Based on reference [343].

Efficiency

The efficiency of the light emission from a lanthanide(III) ion can be evaluated using

parameters as the luminescence quantum yield and the luminescence decay time. The first

parameter can be roughly defined as the ratio between the number of emitted photons

and the number of absorbed photons per time unit [339, 343]:

η =
number of emitted photons

number of absorbed photons

The relaxation of an excited state may occur in the form of radiative and/or nonradia-

tive processes. In the first case there is emission of photons as a consequence of a direct

electronic transition from a higher energy level to another with lower energy, whereas non-
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radiative decay occurs mainly through vibrational transitions. The decay of N ions from

the excited state to the ground state, and the rate constant for radiative deactivation (k r)

can be used to represent the luminescence intensity [339, 343, 347]:

Iji(t) = Eji · gj · kji ·Nj(t)

where i and j represent the initial and final levels, respectively, Eji is the transition

energy, and gj represents the degeneracy. Considering that N(t) is a function of the number

of excited ions at t = 0 and of the lifetime of the excited state (τ), it can be represented

as:

N(t) = N0 · e−
t
τ

and the luminescence intensity as:

I(t) = I0 · e−
t
τ

The lifetime of the emitting state can thus be calculated by determining the slope

of the line obtained from the linearization of the last equation. In pratice, it represents

the time necessary to decrease the population in the excited state to 1/e of the initial

population (and it is valid when the decay time is much longer than the time during which

the excited state was populated) [347]. Considering that lifetime is not solely defined by

radiative processes, its experimental determination can be obtained from the following

equation:

1

τexp
= kr + knr =

1

τr
+ knr

where k r and knr are the rate constants for radiative and non-radiative deactivation

processes, with the first being temperature-independent [339].

Lately, the quantum efficiency of a given excited state can be expressed as:

η =
kr

kr + knr

Whereas the luminescence quantum yield is related to the quenching observed for the

whole system, the luminescent decay time is a measure of the extent of quenching at the

emitting ion site only [339]. Lanthanide(III) ions are known to have high excited state

lifetimes, typically in the range of microseconds (as happens with Pr3+ or Nd3+, for in-
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stance) or miliseconds (for Eu3+ and Tb3+, for example) [343]. For the chemical point of

view, these parameters are important for the characterization of the designed photolumi-

nescent materials. Nevertheless, for the materials engineering field the main concern relies

in the prediction of the potential interest that these materials may have in technological

applications. Most part of the current research activity is focused in the latter situa-

tion [49, 53, 163, 348], with our group being one of the examples. Light-conversion frame-

works (namely Eu- and Tb-based) have been under our attention for the last decade and

several important results have been presented [215, 237, 290, 298, 300, 305–307, 333, 349].

Although most of the MOFs prepared and characterized by us have shown common op-

tical properties, two examples (obtained from collaborative efforts with another research

group) stand out. The first one concerns ITQMOF-1-Eu, a compound prepared using Ln3+

centers and the hydrophobic organic molecule 4,4’-(hexafluoroisopropylidene)bis(benzoic

acid) (HFIPBB). This MOF was able to efficiently sense ethanol in air by monitoring

the emission at 619 nm under an air stream alternatively saturated and not saturated

with ethanol [290]. The rapid decrease of the emission intensity and the rapid recovery

observed when the compound was, respectively, exposed to ethanol or to air have been

justified by the possible coordination of ethanol to the Ln3+ ions and concomitant quench-

ing effects derived from the O–H oscillators. Moreover, this material was able to efficiently

sense ethanol in the presence of water and under ambient conditions, thus confirming its

versatility and potential as chemical sensor [290].

The second example, ITQMOF-3-Eu, was assembled from Eu3+ centers and 1,10-

phenanthroline-2,9-dicarboxylic acid (H2PhenDCA). The particularity of this MOF relies

in the chance to fabricate a miniaturized pH sensor prototype, which does not require

external calibration for the pH range of 5–7.5. This pH region is commonly used for the

study of biological fluids and therefore ITQMOF-3-Eu opens new perspectives for MOFs

biomedical apllications as imaging nanoprobes (as magnetic resonance imaging contrast

agents and luminescent indicators) [48, 333].

Chemical (cation, anion, molecule) sensing using MOF compounds is certainly a feasi-

ble application. But considering that we are in the beginning of MOFs sensors engineering

and full understanding, we may have a long way to go until technological and scientific

implementation is a reality.
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1.3.2 MOFs with catalytic performance

Catalysis is one of today’s most important research fields and, certainly, one of which we

depend more. This technology is found in several biological reactions (enzymatic catalysis,

for instance) but our dependence is particularly felt in the industrial environment and

concomitant preparation of a countless number of products which are essential to our

modern lifestyle [350]. Regardless of the type of applications that we can find within

catalytic processes, it is important to retain that this technology is beneficial for humans,

either from an environmental or from an economic perspective. We need catalysis in a

daily basis to produce fuels, chemicals, furniture and fertilizers, to remove pollutants from

exhausts, to prepare and to modify food, to produce clothes based on fibres and plastics,

or to prepare drugs with pharmaceutical importance [350].

A catalyst can be defined as a material which have the ability to increase the rate

of a certain reaction, while not being consumed in the process [350]. In fact, it is able

to establish chemical bonds with the reagent (also, known as substrate, yielding an in-

termediate specie), providing an alternative reaction pathway which is energetically more

favorable to the formation of the final product. This consequence comes from the reduc-

tion of the activation energy, without modifying the overall standard Gibbs energy change

in the reaction, and the concomitant increase in the reaction rate [126]. The cleavage of

the chemical bonds involved in the intermediate compounds yields the final product and

the regeneration of the catalyst. A very simple description of the catalytic process can be

found in Figure 1.40 [350, 351].

Figure 1.40: (Left) Generic diagram of potential energy of a reaction performed with (pink line) and
without (black line) the presence of a catalyst. (Right) Simplified scheme of a catalytic cycle.

According to the nature of the catalyst, the reactive cicle may have different designa-

tions. When the catalyst and the substrate are in the same state of matter, the catalysis
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is classified as homogeneous. When those compounds are in different states we are in

the presence of a heterogeneous process. In this case, the chemical reaction happens in

the interface between both phases and the reaction rate is dependent on the respective

area [351]. The most common heterogeneous system is that involving a solid catalyst

dispersed in the liquid or gas phase of the substrate.

The surface of the catalyst (in heteregeneous processes) is not uniform and the reaction

takes place in specific sites on the surface, called active centers [248, 351]. Also, the

interactions between the substrate and the surface of the catalyst are based on physical

and chemical adsorption processes [351].

Noteworthy, two important properties have to be considered when catalytic materials

are being designed: catalytic activity and selectivity. The importance of both features

relies on the fact that they allow us to infer about how good is a certain compound doing

its job of converting species (reactants into products) [350]. The catalytic activity can be

simply defined as the rate of consumption of the reactant, or specified to a certain product.

However, it is possible to find other options. For instance, activity can be defined in terms

of temperature, or similarly in terms of contact time, as the value needed to reach a fixed

conversion [350, 351].

An ideal catalyst should be continuously regenerated without changes in stability,

however one observes activity loss throughout its useful life [351]. Hence, an absolut value

for activity could be expressed as the number of moles of substrate that are converted (per

unit time) by a mole of catalyst, before becoming inactivated. This parameter is called

turnover number (or turnover frequency, when represented per unit time) [350, 351].

The deactivation of the catalyst is usually caused by poisoning, fouling and solid-state

transformations (Figure 1.41) [248, 350–352]. The poisoning phenomena is caused by the

strong adsorption of impurities in the active centers of the catalyst; fouling concernes the

formation of deposits in the catalyst surface, blocking the access to the interior of the

porous structure; and the solid-state transformations comprise the several modifications

of the catalytic structure that result from the participation of its constituents in chemical

reactions or from their sintering [350–352]. In the latter case, one might include the

thermal degradation and the mechanical damage which are able to occur in all stages of

the life cycle of the catalyst, and the corrosion/leaching caused by the reactive medium

(in particular when drastic pH values are used) [352].

In addition to the activity, to evaluate the performance of a catalyst, the selectivity

and stability are also used. Selectivity refers to the fraction of products obtained from

given reactants and it can be quantitatively expressed by ratios of rate constants for the
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Figure 1.41: Major types of deactivation processes in heterogeneous catalysis, according to J.A. Moulijn.
Scheme from reference [352].

alternative reactions [126, 350]. The stability concerns the resistance that the different

solid phases present against the deactivation processes, and it is directly related to the

lifetime of the catalyst [351].

Catalytic technology is rather based on the pore size and shape of the materials,

considering their relantionship with the surface area exposed to the reactant (which should

be as higher as possible, but we need to remind that for some reactions a modest value may

avoid further reaction of intermediate products). In this sense, the host-guest interactions

involved in the catalytic reaction, the thermal stability of the catalyst, its longevity (by

regeneration or recycling), environmental compatibility (by decrease or avoidance of toxic

by-produts releasing) and cost are also major factors to define a good catalytic material [50,

350].

MOFs lag behind the traditional oxides (zeolites) concerning thermal stability win-

dows, hydrothermal and chemical stabilities, and the consequent costs for their prepara-

tion [248, 353]. In the case of zeolites, considering these properties and due to their limited

pore size (< 1 nm), they are widely used in gas phase reactions under harsh conditions.

They are well spread in the industrial medium in processes as cracking, isomerization,

oligomerization and alkylation [248]. For these reasons, MOFs have been put in question

in terms of their use in the catalysis technology. Nevertheless, this tendency has been re-

cently refuted given the increasingly number of catalytic MOFs presented in the literature

(see Table 1.5 for a small set of examples) [50, 159, 161, 162, 244, 246, 248, 250].
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Table 1.5: Some examples of known MOFs used in common catalised reactions.

Reactions MOFs References

Ring opening of epox-
ides

[Cu(bpy)(H2O)2(BF4)2(bpy)] [354]

[Fe(BTC)], [Cu3(BTC)2], [Al2(BDC)3] [247]

[Cu2(5,5’-BDA)2] [355]

Acetalization or ke-
talization of carbonyl
compounds

[Fe(BTC)], [Cu3(BTC)2], [Al2(BDC)3] [356]

Methylation of amines [Al2(BDC)3] [357]

Cyanosilylation Mn3[(Mn4Cl)3BTT8(CH3OH)10]2 [358]

[Cu3(BTC)2] [359]

[Mn3(atpa)3(dmf)2], [Mn2(tpa)2(dmf)2],

[Mn3(atpa)2(Hatpa)2], [Mn3(tpa)3(def)2] [360]

Condensation [Cd(4-btapa)2(NO3)2] [361]

MIL-101 [362]

Zn2(tpt)2(2-atp)I2 [363]

IRMOF-3, amino-functionalized MIL-53(Al) [364]

Hydrogenation [Al2(BDC)3], [Fe(BTC)], [Cu3(BTC)2] [365]

[Pd(2-pymo)2] [366]

Oxidation Cr- and Fe-MIL-101 [367]

[PW11TiO40]5−@MIL-101,

[PW11CoO39]5−@MIL-101 [368]

[Cu(2-pymo)2], [Co(PhIM)2] [369]

[Pd(2-pymo)2] [366]

Zeolites are among the most successful and well implemented catalysts at industrial

level and like them, MOFs present key features for catalytic applications: large internal

surfaces areas and uniform pore and cavity sizes [161]. But, in their particular case, MOFs

have several advantages over other porous materials which make them promising for such

purposes [8, 43, 161, 353]:

� MOFs chemical variety is much higher considering the countless organic moieties

that can be used;

� their pores can be easily tailored (through the use of longer organic linkers) which

may result in products optimized for specific catalytic uses. An example is given by
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the family of three isoreticular porous compounds based on zinc(II)-phosphonocarbo-

xylate frameworks: [Zn3(pbdc)2]·2H3O, [Zn3(pbdc)2]·Hpd·H3O·4H2O and [Co1.5Zn1.5

(pbdc)2]·2H3O. Friedel-Crafts benzylation reactions of toluene with 4-chlorobenzyl

bromide were carried out using these MOFs and proved that the first exhibits re-

markable catalytic performance (selectivity >90% to the para products) [370];

� besides MOFs functionalization through the use of functional organic linkers it is

also possible to perform post-synthesis functionalization of the framework by modi-

fying the organic pendant groups. An example was given by Wenbin Lin, who have

studied the preparation of isoreticular chiral MOFs ([LCu2(solvent)2], where L is

a chiral tetracarboxylate ligand derived from 1,1’-bi-2-naphthol) and their postsyn-

thetic functionalization for applications in enantioselective catalysis. Though the

identical architectures, their performances in the conversion of aromatic aldehydes

into chiral secondary alcohols proved to be dependent on the open channel sizes [243];

� they have high metal content and due to their highly crystalline nature, MOFs active

sites are rarely different.

Catalysis is not the most active field within MOFs studies but these compounds are

certainly good candidates in the engineering of such type of application. For that, one

has to consider the type of active sites which can be present. Different perspectives may

appear in literature but in a simplistic way, and according to Ranocchiari & Bokhoven,

the strategies for the building of specific catalytic sites in MOFs can be classified into

the following groups: (i) frameworky activity; (ii) encapsulation of active species; (iii)

post-synthetic modification [248].

The latter case was exemplified in the preceding paragraph, but some attention should

be also given to the other two strategies (Figure 1.42). The first one deals with active sites

which are an intrinsic part of the framework, either at the inorganic nodes or at the organic

linkers. Examples on the former type are those using MIL-101 or activated (by heating

under vacuum) HKUST-1, in the catalysis of cyanosilylation of carbonyl groups [359,

362]. Considering the importance that the nodes take in maintaining the framework

cohesion, their behavior as active centers can lead to rearrangements of their coordination

geometry during the catalytic process, and eventually to the collapse of the network and

deactivation of the compound [248]. An example of active sites based on the organic linkers

is that reporting the use of IRMOF-3 (an amino-functionalized MOF) in the Knoevenagel

condensation of benzaldehyde with ethyl cyanoacetate [364].
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Figure 1.42: Strategies for the building of specific catalytic sites in MOFs for heterogeneous catalysis.
Based on reference [250].

Due to the wide variety of pore sizes in MOFs, the encapsulation of active species

within them (by non-covalent interactions) has captivated much attention in recent years

(Figure 1.42). Typically, metal particles, complexes and clusters are used in well known

structures [248]. Some examples of catalytic reactions performed in this way include the

C2 arylation of substituted indoles using Pd@MIL-101(Cr) [371], the CO oxidation using

nanoparticles of CuO and CuO-CeO2 in HKUST-1 [372], and the liquid-phase oxidation

of alcohols in the presence of Au@MOF-5, Au/ZnO@MOF-5 and Au/TiO2@MOF-5 [373].

Nanoparticles of platinum supported on MOF-177 or palladium supported on MOF-5 have

been also used, respectively, in oxidation reactions, and in hydrogenation and in coupling

reactions [248, 374–376]. Among oxidation reactions, one may also find catalysts based

on the inclusion of polyoxometalates into MIL-101 [252, 377].

Unlike other technological applications (which directly use the pores and their ability

to insert within other species, or use the network when properties similar to those observed

for dense solids are required – as magnetism, optical properties, conductivity, etc) catalysis

deals with the surface of the pores [8, 36]. In that sense, a deeper knowledge should be

sought in order to understand if it is possible to prepare MOFs with unusual catalytic

properties based on a given metal center, a ligand, a particle size or even a combination of

these parameters. In any case, and while we do not have the answer to the final question,

i.e., whether or not MOFs can compete with the today’s well-known industrial catalysts,

we can keep in mind that so far we have been only limited by our imagination and much

more work can be done [8].

1.4 Work guidelines and general objectives

The present thesis intends to be a significant contribution in the research field of MOFs.

Its main purpose was (i) to present our progress on using (static or dynamic) Hydrothermal
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Synthesis and Microwave-Assisted Synthesis (MWAS) in the preparation of MOFs, (ii) to

bring out our main difficulties and (iii) present our thoughts on further studies to improve

our early work at the same time that we foresee potential technological applications for

our compounds.

The results herein presented are divided in two main parts, with the first devoted

to the preparation of MOFs based on a carboxylate organic linker, and the second on

a phosphonate molecule. A total of eight MOFs have been obtained and described in

terms of their peculiar properties. In particular, when using 2,5-pyridinedicarboxylic acid,

four compounds were prepared: two erbium based MOFs with peculiar architectures and

having magnetic behaviour (Chapter 2); a novel microporous MOF and a highly photo-

luminescent 3D-material (Chapter 3). On the other hand, when using the understudied

nitrilotris(methylenephosphonic acid), another four MOFs were isolated: two lanthanum

based MOFs having remarkable catalytic and photoluminescent properties (Chapter 4);

and two gadolinium based compounds, one of which also studied for the latter properties

(Chapter 5). Chapter 6 reports all experimental details and Chapter 7 summarises the

main conclusions.

The workflow adopted a similar strategy for all research carried out, which was based on

data acquired by several characterization techniques. The X-ray diffraction studies were

used to screen quickly the obtained phases and the microscopic analysis to infer about

particle surface and morphology. Other techniques were used as secondary tools in the

full characterization of all materials: vibrational spectroscopy (FTIR and FT-Raman),

thermochemistry (TGA and thermodiffractometry), elemental analyses, and solid-state

NMR.

Overall, the main goal of this thesis was to prepare novel MOFs as phase-pure com-

pounds, presenting different synthetic routes, while forseeing potential technological apli-

cations based on their properties.
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Chapter 2

Self-Assembly of Erbium Tetramers

and 2,5-Pyridinedicarboxylic Acid

2.1 Summary

Two novel 3D lanthanide-organic frameworks, [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1)

and [Er3(OH)6(pydc)Cl] (2) (pydc2− is the deprotonated residue of 2,5-pyridinedicarboxylic

acid – 2,5-H2pydc), were prepared by hydrothermal synthesis. Compound 1 consists of an

unique one-dimensional cationic [Er6(OH)8(H2O)3]10n+
n inorganic chain embedded into an

organic matrix formed by the linker. Individual chains are disposed in the ab plane of the

unit cell in a brick-wall fashion, and result from the coalescence of cubane-type clusters of

Er3+. Compound 2 comprises densely packed cationic [Er3(OH)6Cl]2n+
n inorganic layers,

constructed by the lateral coalescence of 1D chains identical to those found in compound

1. These layers are pillared by the organic linkers along the [001] direction of the unit

cell yielding the crystal structure of 2. The crystal structures and properties of the two

compounds have been investigated by (single-crystal and powder) X-ray diffraction, elec-

tron microscopy (SEM and EDS), vibrational spectroscopy, CHN elemental analyses and

thermogravimetry. The magnetic properties of compound 1 have also been investigated

with the high temperature data for the χT product being in good agreement with the

typical behaviour of Er3+ paramagnetic ions, within the studied temperature range.
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2.2 Initial Considerations

We have been interested in all aspects of the synthesis and structural characterization

of MOFs, at the same time that we consider their properties and potential applications.

In this context, the investigation to find the best conditions to obtain a particular material

is of crucial importance [105, 214, 215, 237, 295–301, 378–380]. Considering our previous

experience, solvothermal syntheses have been preferentially employed: hydrothermal and

ionothermal approaches with the experimental conditions being optimized for each reactive

system [105, 237, 298–301]. Because the characteristic nucleation of the solvothermal

synthesis usually results in peculiar frameworks often obtained as crystals with suitable

size for single crystal X-ray diffraction studies [153, 154], this method was a natural choice

to a first approach to the field. To keep the procedures as environment-friendly as possible,

water was chosen as the reaction medium.

The use of lanthanides as metal centers in MOFs has become very popular because

of their propensity to high and variable coordination numbers and geometries, leading

to complex network topologies and interesting properties, including magnetism and pho-

toluminescence [3, 4, 110, 113, 381]. H2pydc is a pyridine derivative (closely related to

terephtalic acid, the iconic ligand of MOFs reported by Yaghi and Férey) and a multi-

carboxylic acid molecule [382]. H2pydc readily coordinates lanthanide cations, behaving

as a multiple (O, N) donor [383], effectively linking between metal centers to generate

MOF structures [214, 300, 304, 324, 382–389].

As a continuation of our research efforts towards the synthesis and structural character-

ization of novel Ln3+-MOFs [105, 214, 215, 300, 301, 304, 306, 307], in this chapter I wish

to describe two novel 3D modular framework materials resulting from the self-assembly

of Er3+ and 2,5-pyridinedicarboxylic acid (H2pydc, Figure 2.1) and based on tetrameric

units: [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and [Er3(OH)6(pydc)Cl] (2). A search in the

literature and in the Cambridge Structural Database yields a large number of structures

containing tetrameric [Ln4(µ3-OH)4]8+ cubane-type or related clusters [390, 391]. How-

ever, compounds 1 and 2 are unique and present some uncommon features: while the

finite coalescence of the tetrameric units via a Ln3+ center has been reported for a number

of cyclic discrete complexes [392–394] and for the dicubane [Ln7(µ3-OH)8]13+ moiety [395],

the infinite coalescence into a one-dimensional inorganic chain embedded into an organic

matrix, as observed in 1, is unprecedented. Compound 2 constitutes an example of the

next self-assembly step as it is composed of densely packed inorganic layers which are

formed by the parallel coalescence of similar cationic chains as those present in compound
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1. The crystal structure of compound 2 is ultimately formed by the pillaring of these

layers by the organic ligands.

Figure 2.1: Chemical structure of 2,5-Pyridinedicarboxylic acid (H2pydc).

2.3 Hydrothermal synthesis

[Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and [Er3(OH)6(pydc)Cl] (2) were isolated as

phase-pure materials using typical hydrothermal synthesis during 3 days which had, nev-

ertheless, to be properly fine-tuned so to derive the optimal conditions which are described

in more detail in the Experimental Section (Chapter 6). The study of the influence of the

reaction parameters over the products revealed the following:

� Low pH (2 or 3) of the initial reaction mixture promotes the formation of the tetrag-

onal phase [Er2(pydc)3(H2O)2] previously reported by Huang et al [324], while com-

pounds 1 and 2 are preferentially isolated in a narrow pH range, between 6 and 7.

Under basic conditions the obtained materials are poorly crystalline;

� A minimum temperature of 145 ◦C is necessary to isolate crystalline 1 and 2;

� Compound 1 is preferentially isolated for diluted reaction mixtures (e.g., a ligand:

metal: NaOH: H2O ratio of 1: 1: 2.5: 800). It is however important to emphasize that

crystallinity also decreases significantly for very diluted systems (up to the tested

1 : 1 : 2.5 : 1600 conditions), being this parameter also a detrimental factor to isolate

highly crystalline compound 1;

� Increasing the concentration of the metal in the initial reaction mixture (e.g., reaction

mixtures with 1: 2: 2.5: 800 or 1: 1: 2.5: 400 molar ratios) promotes the isolation of

pure compound 2.

Phase purity and homogeneity of the bulk materials isolated for each optimal synthetic

condition were inspected using a combination of powder X-ray diffraction and electron

microscopy studies (Figure 2.2), alongside with CHN elemental analysis and vibrational

spectroscopy studies.
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Figure 2.2: Powder X-ray diffraction patterns and SEM images of bulk materials prepared using hy-
drothermal reactions at 170◦C during 3 days. For identical molar ratio and pH conditions, phase-
pure [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1), as needle-like crystals, is isolated using diluted reaction
mixtures (as a ligand: metal: NaOH: H2O molar ratio of about 1: 1: 2.5: 800), whereas phase-pure
[Er3(OH)6(pydc)Cl] (2) (plate-like crystals) is isolated when increasing the concentration of the metal
in the initial reactive mixture (up to 4 fold).

2.4 Crystal morphology

Crystals of [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) were isolated as long needles with

a rather uniform size distribution (Figure 2.3). Compound [Er3(OH)6(pydc)Cl] (2) is

usually isolated as plate-like crystals (Figure 2.4). In this case there is a tendency to

occur aggregation of crystallites, leading to clusters with irregular dimensions and shapes.
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Figure 2.3: SEM image of the bulk material [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) isolated using hy-
drothermal reactions at pH 7, 170◦C, and 3 days of time reaction. Molar ratio of the reactive mixture:
1: 1: 2.5: 800 (2,5-H2pdc: ErCl3·6H2O: NaOH: H2O).

Figure 2.4: SEM image of the bulk material [Er3(OH)6(pydc)Cl] (2) isolated using hydrothermal reactions
at pH 6, 170◦C, and 3 days of time reaction. Molar ratio of the reactive mixture: 1: 2: 2.5: 800 (2,5-
H2pdc: ErCl3·6H2O: NaOH: H2O).
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2.5 Crystal structure description

Two novel 3D LnOF materials were isolated from hydrothermal synthesis and formu-

lated as [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and [Er3(OH)6(pydc)Cl] (2) on the basis

of single-crystal diffraction studies and CHN elemental analyses (Table 2.1). In a previ-

ous study, we reported a series of 3D modular frameworks based on distinct Ln3+ clus-

ters: dimers in (CH3)2NH2[Ln(pydc)2]·1/2H2O (with Ln3+ = Eu3+ and Er3+), tetramers

in [Er4(OH)4(pydc)4(H2O)3]·H2O and hexamers in [Pr3.25O(OH)3(pydc)3] [304]. In the

present thesis, I present materials with increased dimensionality of the inorganic clusters,

viz., chains (1) and layers (2). Compounds 1 and 2 are true hybrid materials because

they exhibit a clear separation between the organic matrix (pydc2− ligands) and inorganic

[Er6(OH)8(H2O)3]10n+
n chains in 1 and [Er3(OH)6Cl]2+ layers in 2.

Table 2.1: Crystal data collection and refinement details for [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and
[Er3(OH)6(pydc)Cl] (2).

1 2

Formula C35H31Er6N5O32 C7H9ClEr3NO10

Formula weight 2037.21 804.38

Temperature / K 100(2) 150(2)

Crystal type Pink needle Colourless prism

Crystal size / mm 0.40×0.06×0.01 0.03×0.02×0.01

Crystal system Monoclinic Orthorhombic

Space group P21/c Pbca

a / Å 24.807(4) 13.2964(8)

b / Å 13.6667(19) 7.0927(4)

c / Å 14.224(2) 27.3093(15)

α / ◦ 90 90

β / ◦ 100.195(9) 90

γ / ◦ 90 90

Volume / Å3 4746.1(12) 2575.5(3)

Z 4 8

Compound 1 crystallizes in the centrosymmetric monoclinic P21/c space group (Ta-

ble 2.1), with the asymmetric unit comprising six crystallographically independent Er3+

centers, eight µ3-bridging OH hydroxyl groups, five pydc2− organic linkers, three coor-
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dinated and two and a half uncoordinated water molecules (Figure 2.5). The Er2 and

Er6 centers are nine-coordinated (ErO9 and ErO8N, respectively) with the coordination

spheres resembling distorted monocapped square antiprisms (Figures 2.6b and 2.6f), while

the remaining Er3+ centers are eight-coordinated (ErO8 and ErO7N for Er1 and Er3–Er5,

respectively) with overall coordination geometries resembling distorted dodecahedra (Fig-

ure 2.6a, and 2.6c–2.6e): Er1 is coordinated to two O-atoms of two pydc2− residues and

six hydroxyl groups (Figure 2.2b); Er2 is coordinated to one pydc2− ligand in a syn,syn-

unidentate coordination fashion, six hydroxyl groups and one water molecule (Figure 2.7c);

Er3 and Er5 show similar overall coordination environments, being coordinated by four

O-atoms from four pydc2− residues, one N-atom of one of these ligands and three hydroxyl

groups (Figure 2.7d and 2.7f); Er4 coordinates to three O-atoms from three distinct pydc2−

ligands, one N-atom, three hydroxyl groups and one water molecule (Figure 2.7e); finally,

the coordination environment of Er6 is composed of three O- and one N-atom from three

distinct pydc2− ligands, three hydroxyl groups and two water molecules (Figure 2.7g; tab-

ulated bond lengths and angles associated with all Er3+ coordination environments are

provided in Tables A.2, A.3 and A.4 in Appendix A).

Figure 2.5: Ball-and-stick representation of the asymmetric unit of compound
[Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1). Hydrogen atoms and the non-coordinated water molecules
have been omitted for clarity.

Compound 1 is based on a heptanuclear cluster composed of six crystallographic in-

dependent Er3+ centers (Er1, Er2, Er3, Er4, Er5 and Er6), with the seventh being a
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Figure 2.6: Schematic representation of the coordination environments for the six crystallographic in-
dependent Er3+ centers composing the crystal structure of compound [Er6(OH)8(pydc)5(H2O)3]·2.5H2O
(1): (a) Er1 , (b) Er2, (c) Er3, (d) Er4, (e) Er5 and (f) Er6. Detailed tabulated data of the bond
lengths and angles for each coordination environment are systematized in Tables A.2, A.3 and A.4, in
Appendix A.

symmetry-generated Er2i [symmetry transformation: (i) x, 1/2-y, 1/2+z ]. This high nu-

clearity unit results from the coalescence of two tetranuclear clusters with a distorted

cubane-like [Er4(µ3-OH)4]8+ arrangement (i.e., four Er3+ centres are bonded together by

four hydroxyl groups placed at opposite vertices of the cuboidal arrangement – O5, O6,

O7, O8 and O1, O2, O3, O4) (Figure 2.7a and Table A.1 in Appendix A). While one of

the cubane-like units is formed by Er1, Er2, Er3 and Er4 (cub 1), the other is instead build

up by Er1, Er5, Er6 and Er2i (cub 2). In the cubane-like tetranuclear clusters the four

Er3+ metallic centers are located at the four apexes of slightly distorted tetrahedra with

the intermetallic Er· · ·Er distances ranging from 3.4510(6) to 3.8832(7) Å for cub 1, and

from 3.4194(7) to 3.8338(7) Å for cub 2 (Table A.1 in Appendix A summarizes all indi-

vidual Er· · ·Er distances). Each triangular face of the Er3+ tetrahedra is capped by one of

the µ3-OH groups [Er–OH distances ranging between 2.283(6) and 2.529(7) Å for cub 1,

and from 2.267(6) to 2.394(6) Å in cub 2; see Table A.2 in Appendix A for individual

distances].

The inter-connectivity of individual heptanuclear clusters along the [001] direction of

the unit cell is ensured by the Er2 metallic centers with a typical zigzag fashion (Fig-

ure 2.8a), leading to the formation of pure cationic lanthanide hydroxide inorganic chains.

These cationic [Er6(OH)8(H2O)3]10n+
n chains are completely surrounded by the pydc2−

ligands (organic matrix), thus originating a true organic-organic hybrid material (Fig-
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Figure 2.7: Schematic representation of the (a) heptanuclear cluster present in compound
[Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1), and of the complete six crystallographically independent coor-
dination environments for Er3+: (b) Er1, (c) Er2, (d) Er3, (e) Er4, (f) Er5 and (g) Er6. The labeling
scheme for all the atoms composing each individual coordination sphere is provided. Atoms belonging to
the asymmetric unit are drawn in ball-and-stick mode while those generated by symmetry are represented
in stick mode. For selected bond lengths and angles pertaining each individual coordination environment
see Tables A.2, A.3 and A.4, in Appendix A. Symmetry transformations used to generate equivalent
atoms: (i) x, -y+1/2, z+1/2; (ii) x, y+1, z ; (iii) x, -y+1/2, z -1/2; (iv) x, y-1, z ; (v) -x, -y, -z ; (vi) -x, y+1/2,
-z+1/2; (vii) x, -y+3/2, z+1/2; (viii) -x+1, y+1/2, -z+1/2; (ix) x, -y+3/2, z -1/2; (x) -x+1, y-1/2, -z+1/2;
(xi) -x, y-1/2, -z+1/2.

ure 2.8a and Figure 2.8b). As mentioned previously, the structure of 1 is based on five

crystallographic independent anionic pydc2− residues: while three ligands coordinate to

only three Er3+ centers with the connectivities depicted in Figure 2.9(i) (ligand containing

the N1 atom) and Figure 2.9(iii) (those containing the N3 and N4 atoms), the remaining

linkers (those having N2 and N5) establish bridges between four Er3+ centers according

the coordination modes depicted in Figure 2.9(ii). As a consequence of this multitude

of coordination modes the cationic inorganic chains, disposed in a typical brick-wall-like

arrangement, are interconnected in the ab plane of the unit cell by the pydc2− ligands,

ultimately leading to the crystal structure of [Er6(OH)8(pydc)5(H2O)3] (Figure 2.10).
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Figure 2.8: (a) Schematic representation of the zigzag inter-connection between adjacent heptanuclear
clusters along the [001] direction of the unit cell promoting the formation of the one-dimensional cationic
[Er6(OH)8(H2O)3]10n+n inorganic chains present in compound [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1). In-
dividual chain surrounded by the pydc2− ligands viewed along the (b) [001] and (c) [100] directions of
the unit cell. Hydrogen atoms have been omitted for clarity.

Figure 2.9: Coordination modes of the pydc2− anionic ligand found in both 3D LnOF materials,
[Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and [Er3(OH)6(pydc)Cl] (2).

The structural robustness of the framework is considerably strengthened by the pres-

ence of an extensive O–H· · ·O and O–H· · ·N hydrogen bonding network interconnecting

the coordinated water molecules (O1W, O10W and O20W/O21W) and all the hydroxyl

groups (O1 and O2) and oxygen atoms of adjacent carboxylate oxygen atoms, as well as

the N5 atom of coordinated ligands (intra-framework hydrogen bonds; see Table 2.2 for

further details on the geometrical features of these supramolecular interactions). Addi-

tionally, the two and a half water molecules of crystallization (which are disorder over

five distinct crystallographic positions: O11W, O12W, O13W, O14W and O15W) are

also engaged in numerous inter-molecular hydrogen bonding interactions with the neutral

framework.

Compound 2, [Er3(OH)6(pydc)Cl], crystallizes in the orthorhombic Pbca space group
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Figure 2.10: Mixed ball-and-stick and polyhedral representation of the crystal packing of
[Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) viewed along the [001] direction of the unit cell. Cationic
[Er6(OH)8(H2O)3]10n+n inorganic chains are disposed in the ab plane of the unit cell in a typical brick-
wall-like arrangement, with each chain being isolated from the other by the organic matrix created by the
organic linker.

with the asymmetric unit being composed of only three crystallographically independent

lanthanide Er3+ centers interconnected by six bridging hydroxyl groups, one pydc2− ligand

and a coordinated chloride anion (Table 2.1; see Figure 2.11). The three crystallographi-

cally independent lanthanide centres have distinct coordination environments: Er1 is co-

ordinated by three crystallographic independent O-atoms of µ3-bridging hydroxyl groups,

three O-atoms and one N-atom of three symmetry-equivalent organic ligands and a chlo-

rido anion, in a {ErClNO6} eight-coordination environment whose geometry resembles a

distorted dodechaedron (Figures 2.12a and 2.13a); Er2 is coordinated to five oxygen atoms

of µ3-bridging hydroxyl groups (O1, O2, O4 O5 and O5iv), one O-atom of the bridging

µ2-O hydroxyl group (O6) and one O-atom of the organic linker (O10i), ultimately forming

a seven-coordination environment {ErO7} with geometry resembling a distorted capped

trigonal prism (Figures 2.12b and 2.13b); Er3 is eight-coordinated with an overall distorted

dodecahedral geometry, being formed exclusively by O-atoms of bridging hydroxyl groups
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Table 2.2: Hydrogen bonding geometry (distances in Å and angles in degrees) for compound
[Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1).

O–H· · ·A d(H· · ·A) d(O· · ·A) <(OHA)

O1W–H1A· · ·N5 2.22(8) 2.884(10) 126(8)

O1W–H1A· · ·O26iii 1.97(5) 2.761(9) 140(7)

O1–H1· · ·O16ii 2.30 3.205(10) 150.7

O2–H2· · ·O22viiii 1.84 2.765(10) 152.4

O3–H3· · ·O12iv 2.00 2.942(8) 156.0

O4–H4· · ·O10i 2.01 2.801(8) 134.6

O5–H5· · ·O26iii 1.80 2.767(8) 160.5

O6–H6· · ·O17iii 1.77 2.708(9) 155.3

O7–H7· · ·O9 2.11 2.887(8) 133.1

O8–H8· · ·O23i 2.04 2.868(9) 138.8

Symmetry transformations used to generate equivalent atoms:

(i) x, -y+1/2, z+1/2; (ii) x, y+1, z ; (iii) x, -y+1/2, z -1/2.

(iv) x, y-1, z ; (viii) -x+1, y+1/2, -z+1/2.

(O1, O2, O3, O5vi, O2vii, O3vii and O4vii are µ3-O atoms, while O6vi is a µ2-O atom (Fig-

ures 2.12c and 2.13c). Detailed and systematized information related to the individual

bond lengths and angles of the three Er3+ coordination centers is given in Tables A.5 and

A.6, respectively.

As compound 1, Er3(OH)6(pydc)Cl] is also a true hybrid LnOF because of the markedly

distinct location of the organic (pydc2− ligand) and the inorganic (layer) components in

the crystal structure. The interconnectivity of Er3+ metallic centers ensured exclusively by

the µ2- and µ3-bridging hydroxyl groups leads to the formation of two-dimensional (2D)

inorganic cationic networks {i.e., layers; [Er3(OH)6Cl]2n+
n } extended in the ab plane of the

unit cell (Figure 2.14a). The structural robustness of this cationic layer is additionally

reinforced by the various O–H· · ·Cl and O–H· · ·O hydrogen bonds involving the bridging

hydroxyl groups (O1, O2, O3 and O5) and the Cl− anion coordinated to Er1: O1–H1· ·
·Cl1x, O2–H2· · ·Cl1vii, O5–H5· · ·Cl1iv and O3–H3· · ·O6iii (intra-layer hydrogen bonds

represented as dashed lines in Figure 2.15; Table 2.3 contains information on geometrical

details of these interactions). The crystallographically independent pydc2− organic ligand

connects four Er3+ centers (three symmetry-related Er1 and one Er2 cation) through

the coordination mode depicted in Figure 2.9(iv), being responsible for pillaring adjacent
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Figure 2.11: Ball and stick representation of the asymmetric unit of compound [Er3(OH)6(pydc)Cl] (2).

Figure 2.12: Schematic representation of the coordination environments of the three crystallographic
independent coordination centers [(a) Er1, (b) Er2 and (c) Er3] present in the crystal structure of the
3D LnOF [Er3(OH)6(pydc)Cl] (2), showing the labeling scheme for all atoms composing the respective
coordination spheres. Atoms belonging to the asymmetric unit are represented in ball-and-stick mode
and those generated by symmetry are drawn in stick model. For selected bond lengths and angles see
Tables A.5 and A.6. Symmetry transformations used to generate equivalent atoms: (i) -x+1, -y+1, -z+2;
(ii) -x+3/2, y+1/2, z ; (iv) -x+1/2, y+1/2, z ; (vi) x+1/2, y, -z+3/2; (vii) -x+1, y+1/2, -z+3/2.
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Figure 2.13: Schematic representation of the coordination environments of the three crystallographic
independent Er3+ metallic centers composing the crystal structure of compound [Er3(OH)6(pydc)Cl] (2):
(a) Er1, (b) Er2 and (c) Er3. Detailed tabulated data of the bond lengths and angles for each coordination
environment are systematized in Tables A.5 and A.6.

Table 2.3: Hydrogen bonding geometry (distances in Å and angles in degrees) for compound
[Er3(OH)6(pydc)Cl] (2).

O–H· · ·A d(H· · ·A) d(O· · ·A) <(OHA)

O1–H1· · ·Cl1x 2.36 3.344(12) 166.0

O2–H2· · ·Cl1vii 2.97 3.602(12) 121.8

O3–H3· · ·O6iii 2.00 3.003(17) 177.5

O4–H4· · ·O10xi 2.19 3.153(17) 160.7

O5–H5· · ·Cl1iv 2.45 3.244(12) 136.2

O6–H6· · ·O7vii 1.83 2.776(17) 173.5

Symmetry transformations used to generate equivalent atoms:

(i) x, -y+1/2, z+1/2; (ii) x, y+1, z ; (iii) x, -y+1/2, z -1/2.

(iv) x, y-1, z ; (viii) -x+1, y+1/2, -z+1/2.

inorganic layers and leading to the densely packed architecture of the LnOF (Figure 2.14b).

The interaction between the inorganic and organic moieties is further strengthened by

O–H· · ·O hydrogen bonds involving hydroxyl groups (O4 and O6) and the carboxylate O-

atoms of the pydc2− ligand (O7 and O19): O6–H6· · ·O7vii and O4–H4· · ·O10xi (Table 2.3).
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Figure 2.14: (a) 2D inorganic network (layer) [Er3(OH)6Cl]2n+n extended in the ab plane of the unit cell.
(b) Crystal packing of the 3D LnOF [Er3(OH)6(pydc)Cl] (2) viewed in the [100] direction of the unit
cell, with the cationic inorganic layers definitely separated by the organic ligands (pydc2−). The H-atoms
were omitted for clarity purpose.
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Figure 2.15: Intra-layer O–H· · ·Cl (dashed blue lines) and O–H· · ·O (dashed orange lines) hydrogen
bonds connecting various bridging hydroxyl groups and the Cl− anion in compound [Er3(OH)6(pydc)Cl]
(2). Table 2.3 summarizes the geometrical details on the represented hydrogen bonds (distances in Å
and angles in degrees). Symmetry transformations used to generate equivalent atoms: (iii) -x+1, y-1/2,
-z+3/2; (iv) -x+1/2, y+1/2, z+1; (vii) -x+1, y+1/2, -z+3/2; (x) x, y+1, z ; (xii) x, y-1, z ; (xiii) x -1/2, y-1,
-z+3/2; (xiv) -x, y-1/2, -z+3/2.

2.6 Structure relationships based on the tetramer build-

ing unit

In the previously reported [Er4(OH)4(pydc)4(H2O)3]·H2O framework, the tetrameric

building unit appears isolated in the crystal structure, with intertetramer connections

being solely ensured by the chelating and/or bridging organic residues [304]. The slight

modification of the experimental conditions (see Chapter 6, Materials and Methods) led

to the isolation of two novel phases based on similar building units: on the one hand, in

[Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1), tetramers are fused into 1D chains by corner-sharing

of adjacent tetrameters (Figure 2.16a); on the other, the previously described inorganic

layers observed in [Er3(OH)6(pydc)Cl] (2) are simply obtained by the lateral coalescence

of related 1D chains through µ2- and µ3-bridging hydroxyl groups (Figure 2.16b). This

self-assembly is evident when taking into consideration the internodal distances: while

along the chains distances are found in the narrow range of ca. 4.22–4.29 Å, the “gluing”

hydroxyl bridges in 2 impose much longer distances (around ca. 7.02 Å – see Figure 2.16b).
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This step-by-step rationalization of the formation of 1 and 2 is also clearly demonstrated

by the empirical formulas of the compounds: the coalescence of tetramers is accompanied

by a decrease in the number of coordinating organic ligands, and the concomitant increase

in the number of bridging hydroxyl groups.

Figure 2.16: Schematic representation of the (a) one-dimensional cationic inorganic chains present in
compound [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1), and (b) coalescence of the 1D inorganic chains through
O-bridges in compound [Er3(OH)6(pydc)Cl] (2).

2.7 Thermal Stability

The thermal stability of [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and [Er3(OH)6(pydc)Cl]

(2) was investigated from the ambient temperature to ca. 700 ◦C (Figure 2.17).

The thermal decomposition of compound 1 occurs in three main stages with the struc-

ture of the material remaining approximately unchanged up to ca. 400 ◦C. Given that the

first two losses overlap, they have been considered together as a unique weight loss in the

range ca. 21–390 ◦C. Overall, compound 1 loses in this range approximately 6.1% of the

total weight, which agrees well with the release of seven water molecules per formula unit

(calculated value of 6.2%). Noteworthy, the observed value of 7 water moieties is higher

than the 5.5 expected (based on the empirical formula) which may be attributed to either

unaccounted water molecules inside the channels of the framework or adsorbed molecules

on the surface of the crystallites. Above ca. 425 ◦C the organic component starts to

decompose, with the total observed weight loss being of about 33.5% (calculated 32.8%

for the release of 4 ligand residues), leading to the formation of Er2O3 (calculated final

residue of 56.3%; observed 59.8%). The residue at 700 ◦C was isolated and identified from

powder X-ray diffraction (PDF4+ database; Release 2012) as Er2O3 (ICDD 04-003-6254).
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Compound 2 is thermally robust up to ca. 295 ◦C, after which two consecutive weight

losses occur: the first, corresponding to ca. 3.7% up to ca. 407 ◦C is attributed to the

liberation of 1.5 water residues per formula unit (calculated value of about 3.4%) probably

arising from dehydration of the hydroxide layers; the second loss of about 27.8% is assigned

to the simultaneous release/decomposition of the organic matrix, leading to the collapse

of the network (calculated value 27.5%). The residue at 700 ◦C (ca. 68.9%) is again Er2O3

(ICDD 04-008-8240; calculated ca. 71.3%).

Figure 2.17: Thermogravimetric studies of compounds [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and
[Er3(OH)6(pydc)Cl] (2), registered between ambient temperature and 700 ◦C. Legend: Black – phase-
pure 1; OrangeRed – phase-pure 2.

2.8 Vibrational spectroscopy

Vibrational (FT-IR and FT-Raman) spectroscopy studies clearly support the main

structural features unveiled by the X-ray diffraction analysis (see Figures 2.18 and 2.19).

The spectra for both compounds, [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and [Er3(OH)6(pydc)

Cl] (2), markedly exhibit the same diagnostic bands which reflect, on the one hand, the

presence of various hydroxyl groups and water molecules coordinated to the metallic cen-

ters and, on the other, the presence of pydc2− residues exhibiting a multitude of coordi-

nation modes to the Er3+ cations [396].
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Figure 2.18: FT-IR spectra of compounds [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and [Er3(OH)6(pydc)Cl]
(2). Legend: Black – phase-pure 1; OrangeRed – phase-pure 2 [396]. For comparison purposes, baseline
correction of compound 2 was needed.

The spectral region between ca. 3600 and 3100 cm−1 exhibits a very broad band

composed of several shoulders, for the two compounds. As described in the crystallo-

graphic section, each compound contains several bridging hydroxyl groups also involved

in hydrogen bonding interactions. The stretching vibrational modes associated with these

moieties, alongside with those of both coordinated and uncoordinated water molecules in

1, appear in this region with the dispersion in wavenumbers being a direct consequence of

the various chemical environments [396, 397].

Particularly diagnostic is the spectral range below ca. 1650 cm−1 for both compounds

where two groups of very strong bands appear being attributed to the stretching vi-

brational modes of coordinated carboxylate groups associated with the pydc2− organic

linkers. While the bands at ca. 1619 and 1596 cm−1 for 1 and 2, respectively, are broad

(still with various discernible shoulders) and assigned to δ[νasym(–CO−2 )], those below ca.

1417 cm−1 are more structured clearly revealing the presence of the various coordination

modes [398, 399]: for example for compound 1, in this region there are least three bands

(at ca. 1417, 1393 and 1360 cm−1; see Figure 2.18) which correspond to average δ[νasym(–

CO−2 ) - νsym(–CO−2 )] values of ca. 202, 226 and 259 cm−1 in good agreement with the

predominance of syn,syn-bridging, syn- and anti -unidentate coordination fashions for the
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pydc2− organic linkers (Figure 2.9(i)–(iii)). Notably, as clearly depicted in Figure 2.18, for

compound 1 there is a shoulder at 1435 cm−1 with the corresponding being absent in the

FT-IR spectrum of compound 2 . This observation agrees well with the existence of the

syn,syn-chelating mode in 1 (Figure 2.9(i)) which is not present for 2 (Figure 2.9(iv)).

A number of medium-intensity, but sharp, bands in the 1100-500 cm−1 spectral region

alongside with the weak band peaking about ca. 1480 cm−1 in both compounds are

indicative of the presence of 2,5-disubstituted pyridine organic moieties.

Figure 2.19: FT-Raman spectra of compounds [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and
[Er3(OH)6(pydc)Cl] (2). Legend: Black – phase-pure 1; OrangeRed – phase-pure 2 [397].

2.9 Magnetic properties

Magnetic properties are among those expected a priori to be of interest in the present

compounds, because Er3+ ions possess ground states with nonzero magnetic moment and

they are in close proximity in the compounds herein reported. In particular, 1 is com-

posed of Er3+ clusters separated by organic molecules, which could lead to interesting

single-molecule magnet behavior. In this view, the thermal dependence of the magnetic

susceptibility χ of 1 was studied in detail. For this compound χ has a monotonic decrease

with temperature, which can be qualitatively described as a Curie-like decrease, and no

thermal irreversibility. In a closer look, a monotonic increase of the χT product with tem-
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perature toward the Er3+ free ion limit is observed (theoretical value: 11.48 cm3K/molEr;

experimental value: 11.8 cm3K/molEr), corresponding to L=6, S=3/2 and J =15/2).

The χT temperature dependence of 1 is characteristic of Ln3+ ions in the presence

of a crystal field, similar to that previously found in Er2O3 and La2−xErxO3 compounds

(0.2<x<2), for instance [400, 401]. In crystal fields with symmetry lower than cubic, the

ground term of Er3+4I15/2 splits into eight Kramer’s doublets and the magnetic suscepti-

bility can be expressed as [400, 401]

χ =
Ng2

Jµ
2
B

kT

∑
iM

2
ieffe

−Ei/kT∑
i e
−Ei/kT

(2.1)

where E i is the energy gap between the ground and the ith crystal field level and

M ieff denotes linear combinations of the free ion magnetic quantum numbers M J . In

practice, it is a good approximation to consider M ieff ≈ M J (with M J = ±1/2 ±3/2

±5/2 ±7/2 ±9/2 ±11/2 ±13/2 ±15/2) [400, 401]. Under this approximation, the χT

temperature dependence can be well described with E 8=54.3 K, E 7=9.7 K, E 6=1.2 K

and the remaining terms E i=0 (see Figure 2.20).

Therefore, within the studied temperature range (which is associated to a given energy

range) the Er3+ ions behave as isolated ions and not as single-molecule magnets. This

means that possible exchange coupling between Er3+ ions of the heptanuclear cluster of 1

has characteristic energies typically below those of the order of 4 K. This is in line with

the behavior previously found for Er3+-formate frameworks, where single ion paramagnetic

behavior was found below ca. 4 K [402].

The χT temperature dependence of [Er3(OH)6(pydc)Cl] (2) is also characteristic of Ln

ions in the presence of a crystal field, increasing with the increase of temperature (data

not shown). However, in 2 the high temperature value is still 10.5 cm3K/molEr, about 9%

below the Er3+ free ion limit. Possible explanations for this fact include (i) the existence

of antiferromagnetic interactions that decrease the average susceptibility value and (ii) the

existence of an amorphous phase not detected by PXRD such that the average Er content

of the measured sample is different (lower) than that of the crystalline phase.
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Figure 2.20: χT temperature dependence of compound [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and fitting
to Equation 2.1.

2.10 Concluding Remarks

Two novel Ln3+-based MOFs containing residues of the organic linker 2,5-pyridinedicar-

boxylic acid, [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) and [Er3(OH)6(pydc)Cl] (2), have been

prepared by hydrothermal synthesis and their crystal structures fully unveiled. Com-

pounds are true hybrid materials entailing one- or two-dimensional inorganic aggregates

separated by the organic matrix. Compound 1 contains cationic inorganic [Er6(OH)8

(H2O)3]10n+
n chains parallel to the c axis of the unit cell. Individual chains, distributed in

a brick-wall-like fashion in the ab plane, are pillared by the organic linkers, which establish

effective inter-chain connections. A few years ago we have reported the presence of in-

terrupted inorganic chains in the 3D MOF material [PrIII2PrIV 1.25O(OH)3(pydc)3] [304].

In 1 the lanthanide hydroxide chains are infinite in nature and uncommon. Compound

2 is based on densely packed cationic [Er3(OH)6Cl]2n+
n layers on the ab plane of the unit

cell, which are pillared by the organic linkers along the [001] direction. Inorganic chains

of 1 constitute the core of the inorganic layers observed in compound 2: the lateral

coalescence of the chains by way of µ2- and µ3-bridging hydroxyl groups promoted the

condensation into inorganic layers. Both compounds are, nevertheless, based on relatively

similar tetrameric Er3+ building units: even though the cores are identical, the connec-

tivity through the lateral coalescence and also by way of the bridging organic ligands
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constitutes the base for the observed structural diversity.

The structural robustness of both compounds was found to be increased by various

supramolecular interactions, particularly O–H· · ·O hydrogen bonds involving the hydroxyl

groups and the coordinated and uncoordinated water molecules and chloride anions. This

feature is markedly visible in the thermal studies that show that the two materials are

thermally robust to relatively high temperatures.

Magnetic studies of compound 1 show that the χT temperature dependence is charac-

teristic of paramagnetic lanthanide ions, within the studied temperature range. The χT

temperature dependence of compound 2 was also characteristic of Ln ions in the pres-

ence of a crystal field, increasing with the increase of temperature. Nevertheless, its high

temperature value was about 9% below the Er3+ free ion limit. Further studies were there-

after planned to optimize the synthesis conditions of these materials in order to engineer

other lanthanide centers into these networks, in particular optically-active lanthanides

such as Eu3+ and Tb3+. Even though the close proximity between these metallic centers

is not enough to promote magnetic interactions apparent above 4.2 K, the various pos-

sible energy-transfer pathways are expected to give rise to interesting photoluminescent

properties. These studies will be described in the subsequent chapters.
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Chapter 3

Self-Assembly of Cerium Units and

2,5-Pyridinedicarboxylic Acid

3.1 Summary

The preparation of microporous [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) and a

isotypical series of 3D Ln3+-MOFs based on residues of 2,5-pyridinedicarboxylic, [Ln2(pydc)3

(H2O)2] [with Ln3+ = Ce3+ (4), (La0.95Eu0.05)3+ (4-LaEu), (La0.95Tb0.05)3+ (4-LaTb) and

(La0.90Eu0.05Tb0.05)3+ (4-LaEuTb)], from microwave-assisted reaction is herein explored.

The microporous (ca. 43% of accessible volume) cationic lanthanide-organic frame-

work, 3, has been prepared under just 30 min (total reaction time) and contains prominent

channels (cross section ca. 12 × 7 Å2) running parallel to the [001] direction housing dis-

ordered charge-balancing chloride anions and water molecules of crystallization. The BET

surface area of the degassed material was calculated as approximately 106 m2·g−1. The

solvent could be partially exchanged by chloroform or benzyl alcohol by crystal immersion

at room temperature over a period of several days.

Compound 4 (and its analogues) can be readily isolated as micro-crystals under 1

minute of reaction time and at 120 ◦C. 3D densely packed [Ln2(pydc)3(H2O)2] compounds

are very similar to the microporous 3D compound 3. It is also shown that mixed-lanthanide

materials are effective UV-to-visible light converters: red 4-LaEu, green 4-LaTb, and

orange 4-LaEuTb. Compounds have very high absolute emission quantum yields (43%

for 4-LaEu and 75% for 4-LaTb) under indirect excitation in the UV ligand bands, with

lifetimes of 0.50 and 1.06 ms, respectively, with these properties resulting from effective

intersystem crossing and ligand-to-metal transfer processes.
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4 is an effective solid catalyst for the ring opening of styrene oxide with methanol under

mild reaction conditions (55 ◦C), giving 2-methoxy-2-phenylethanol in 100% selectivity at

ca. 80% conversion.

It is reported herein my findings concerning the MWAS of these two structures, as

well as I propose alternative routes to prepare them. Their properties were screened

in detail, foreseeing their potential technological application in the photoluminescence

and in the catalytic fields. Structural details, were investigated by using in tandem X-

ray diffraction (single-crystal and powder), electron microscopy (SEM and EDS), and

vibrational spectroscopy.

3.2 Fast Microwave Synthesis of a Microporous

Lanthanide-Organic Framework

[Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O

3.2.1 Initial Considerations

While investigating the lanthanide/2,5-pyridinedicarboxylic acid system (H2pydc) [300,

304] using MWAS, for which only a handful of structures is available in the literature [315,

316, 321–326], I discovered a novel MOF structure with large one-dimensional chan-

nels [214]. The material could be isolated under very mild conditions under just 20 minutes

of reaction: [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3).

It is believed that 3 constitutes the first example of a new microporous system, with

large accessible channels, prepared under these reaction conditions.

Large single crystals of framework 3 were directly isolated from the reaction vial via

filtration, but a second phase was also systematically present and was identified as iden-

tical to the structure reported by Shao and Hong: [Ce2(pydc)3(H2O)2] (4) [324, 403]. A

systematic change of the reaction conditions to promote the sole preparation of 3 proved

to be unsuccessful. Nevertheless, the considerable difference in particle size allowed an

easy seggregation of 3 and 4 for further studies.

3.2.2 Microwave-assisted hydrothermal synthesis

While reacting H2pydc with CeCl3·7H2O in distilled water for 20 minutes (120 ◦C,

50 W microwave power), single crystals of [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3)
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were directly isolated from the reaction vial via filtration (see Materials and Methods, sec-

tion 6.9.1, for more detailed information). Giving the presence of a secondary crystalline

phase, the MWAS optimization for the preparation of 3 encompassed the systematic varia-

tion of the following reaction parameters: i) temperature (T), from 90 to 170 ◦C; ii) power

(P), from 50 and 150 W; iii) reaction time (t), between 1 and 10 minutes of microwave ir-

radiation (for simplicity, each sample is identified as TmPntp where the subscripts indicate

the specific experimental conditions employed). By doing so, it was found that one could

only improve the ratio between the desired microporous phase 3 and [Ce2(pydc)3(H2O)2]

(4) to 4 : 1 (i.e., ca. 20% of the dense material – see Figure 3.1). The considerable differ-

ence in particle size allowed an easy segregation of 3 for further detailed X-ray diffraction

studies (see below, Table 3.1).

Table 3.1: Crystal data for [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3).

3

Formula C21H32Ce2ClN3O23

Formula weight 1010.19

Crystal type Colorless needles

Crystal size / mm 0.12×0.08×0.03

Crystal system Monoclinic

Space group C 2/c

a / Å 31.283(4)

b / Å 14.5442(18)

c / Å 8.6817(10)

α / ◦ 90

β / ◦ 96.033(7)

γ / ◦ 90

Volume / Å3 3928.1(8)

Z 4

3.2.3 Crystal structure description

The framework [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) is based on a single crys-

tallographically independent Ce3+ (Figure 3.2). The nine-coordination sphere is composed

of one water molecule, six oxygen atoms from syn,skew - or syn,syn-bridging carboxylate
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Figure 3.1: Le Bail whole-powder X-ray diffraction pattern decomposition of the as-synthesized ma-
terial from MWAS. Observed data points are indicated as red circles, the best-fit profile (upper trace)
and the difference pattern (lower trace) are drawn as solid black and blue lines, respectively. Green
and orange vertical bars indicate, respectively, the angular positions of the allowed Bragg reflections for
[Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) and [Ce2(pydc)3(H2O)2] (4), respectively.
Compound 3
Unit Cell: crystal system = monoclinic; space group = C2/c; a = 31.537(3) Å; b = 14.444(2) Å; c =
8.759(2) Å; β = 95.92(4) Å.
Secondary phase (4)
Unit Cell: crystal system = monoclinic; space group = P21/c; a = 6.5602(8) Å; b = 18.055(3) Å; c =
9.451(1) Å; β = 95.38(2) Å.
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groups, plus a N,O-chelate. Considering the C1i syn,syn-bridge as a single coordination

site [bite angle of 48.86(12)◦], the coordination polyhedron resembles a highly distorted

dodecahedron with the two bisphenoids having lateral triangular faces with distances rang-

ing from ca. 3.07 to 4.65 Å (all belonging to the elongated bisphenoid which is composed

by O1W, O1, O6i and C1i – Figure 3.2).

Figure 3.2: Distorted dodecahedral LnNO8 coordination environment of the Ce3+ centre present in
[Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3). A detailed list of all polyhedral bond angles is provided in
Table B.1 (see Appendix B). Symmetry transformations used to generate equivalent atoms: (i) x, 1-y,
-1/2+z ; (ii) 1.5-x, -1/2+y, 1.5-z ; (iii) 1.5-x, 1.5-y, 2-z.

The two single H2−xpydc−x residues have markedly distinct structural functions. The

fully deprotonated N,O-chelated moiety (Figure 3.2) promotes close proximity between

Ce3+ centres via a combination of five coordinative bonds and strong π − π offset stack-

ing contacts (Figure 3.3), ultimately directing the formation of undulated layers placed

in the bc plane of the unit cell (Figure 3.4a) which contain zigzag-distributed lanthanide

centres. The shortest intermetallic distance is 4.6832(5) Å. The Hpydc− moiety promotes

porosity by acting as rigid pillars along the [100] direction. The pillaring process seems

to be completely random with the heteroatom being protonated [ν(N+–H) at 2925 and

2853 cm−1 – Figure 3.9] and engaged in strong and highly directional N–H· · ·Cl hydro-

gen bonds (Figure 3.3 and Table 3.2) with the charge-balancing (and partially-occupied)

chloride anions located inside the channels. This structural arrangement leads to channels

with large apertures running parallel to the c axis. A simulation of the crystal habit using

the BFDH method [404–406] is in good agreement with that observed for crystals of 3

(Figure 3.4b), further evidencing that crystal growth occurs predominantly in the direction
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of the channels. This result is another indication of the existence of strong connections

composing the aforementioned undulated layer, and further indicates that the formation

of extra channels to enlarge crystal size is more erratic and, thus, less favorable.

Figure 3.3: [Left ] Schematic representation of the π − π offset stacking contacts between adjacent N,O-
chelated pydc2− anionic ligands and the zigzag chain of lanthanide polyhedra running parallel to the [001]
direction. [Right ] Schematic representation showing the N+–H· · ·Cl− hydrogen bonds (dashed orange
lines) connecting the pillaring Hpydc− residues to the charge-balancing chloride anions. For geometrical
details on the hydrogen bonds see Table 3.2.

Table 3.2: Hydrogen bonding geometry (distances in Å and angles in degrees) for 3.

D–H· · ·A d(D· · ·A) <(DHA)

O1W–H1A· · ·O4Wiv 2.771(13) 154(8)

O1W–H1B· · ·O3W 2.884(10) 154(6)

N2–H2· · ·Cl1 2.658(8) 156

N2’–H2’· · ·Cl1v 2.861(7) 162

Symmetry transformations used to generate equivalent atoms:

(iv) 1.5-x, 1.5-y, 1-z ; (v) x, 1-y, -1/2+z.

Channels confine water molecules of crystallization for which it was possible to model

7 crystallographic locations, totally adding up to 4.5 chemical entities per Ce3+. Not all

confined water could be modeled into the final structure: the inner section of the channels

contains extra unaccounted electron density (hence the y in the empirical formula of 3)

which encompasses a total volume of 363 Å3 (181 electrons; Figure 3.5). In total, the
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channels contain the impressive volume of 1671 Å3 as solvent accessible area, i.e., ca. 43%

of the volume of the unit cell, with apertures of about 12 × 7 Å2 (Figure 3.4c).

Figure 3.4: (a) Mixed ball-and-stick and polyhedral representation of the crystal structure of
[Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) emphasizing the large one-dimensional channels running
parallel to the [001] direction and filled with water molecules of crystallization and charge-balancing chlo-
ride anions. (b) SEM picture of the crystals directly isolated from the MWAS showing a similar crystal
habit to that predicted theoretically using the Bravais-Friedel-Donnay-Harker (BFDH) method [404–406]
(simulation performed using Mercury) [407]. (c) Connolly surface [408] (probe molecule with average ra-
dius of 1.2 Å, such as water) encompassing the channels and having approximate cross-section of 12 × 7 Å2.

Figure 3.5: Schematic representation of the unaccounted solvent accessible area (363 Å3 per unit cell
encompassing 181 electrons) which is located at the center of the one-dimensional channels running parallel
to the [001] direction of the unit cell. Images were created with the software package Mercury from the
Cambridge Structural Database [407].
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3.2.4 Adsorption and Solvent Exchange Studies

The material [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) exhibits a type I adsorption

isotherm behavior, typical of microporous materials [409]. A maximum N2 uptake of ca.

1.1 mmol·g−1 was reached at a relative pressure (p/p0) of ca. 0.16, remaining constant as

p/p0 tends to unity (see Figure 3.6). The specific pore volume calculated for p/p0
∼= 0.9

is 0.037 cm3·g−1. Noteworthy, experimental points for p/p0 < 0.16 do not correspond to

equilibrium conditions, which could not be reached after 6 h. Nevertheless, the approxi-

mate BET specific surface area calculated for the p/p0 range of 0.03–0.16 is of 106 m2·g−1.

This microporosity further explains, for example, why single-crystals of 3 release water

when pressed (an occurrence observed during the preparation of the KBr pellets for the

FT-IR measurements).

Figure 3.6: (Left) Nitrogen adsorption isotherm at -196 ◦C of [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O
(3). (Inset) SEM image and (Right) powder X-ray diffraction pattern of the material recovered after
the adsorption studies, showing that the crystalline framework remained in its essence intact and crystal
morphology was also retained.

Solvent exchange studies were performed using benzyl alcohol (3 Bz Alc) and chlo-

roform (3 CHCl3) (see Materials and Methods section for more detailed information).

Single-crystal X-ray studies in conjunction with SEM showed that exchanged crystals

preserved their structural integrity (see Figures 3.7 and 3.8).

Additionally, when treated for 3 days at ca. 50 ◦C (3 50C), X-ray studies failed to

show a significant loss of water molecules of crystallization (data not shown), which agrees

well with the TGA data (Figure 3.10) thus suggesting some structural robustness and the

existence of strong hydrogen bonding interactions mediating the inter-water connections
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Figure 3.7: SEM images of single-crystals of [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) emphasizing
the fast crystal growth along the [001] direction of the unit cell (i.e., those parallel to the channels – see
Figure 3.4).

Figure 3.8: SEM images and EDX analysis data of single-crystals of: (a)
[Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3); (b) 3 CHCl3. EDX data was collected at 25.0 keV with
190 s and 207 s of measure time, respectively.
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inside the channels. Indeed, FT-IR studies (Figure 3.9) show that the ν(O–H) vibrational

modes of water fall in the 3300-3125 cm−1 region which supports (i) a general weakening

of the O–H bond via hydrogen bonding interactions, and (ii) a distribution of the strength

of these interactions with, most probably, the water moieties closer to the framework

interacting more strongly than those in the inner section of the channels. This assumption

is supported by the TGA measurements which indicate two distinct weight losses up to

ca. 320 ◦C: despite none of them could be solely attributed to one particular type of water

molecules, it is feasible to assume that those released below ca. 120 ◦C should be the ones

more weakly bound to the structure (i.e., in the inner positions of the channels). Variable-

temperature powder Xray diffraction studies performed in the 40–200 ◦C range further

confirm the assumed structural robustness and clearly point out to a gradual contraction

of the channels with increasing temperature (Figure 3.11) rather than its collapse.

Figure 3.9: FT-IR spectrum in the 4000–500 cm−1 spectral range (collected as KBr pellets, 512 scans,
resolution 2 cm−1) of compound [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3).

The first reflection of the dense secondary product is highlighted in Figure 3.11 in green

and, because it does not suffer any modification in the temperature range inspected, it

can be envisaged as an “internal standard”. Comparatively, the (200), (110) and (310)

reflections of 3 (green: reflections allowed for space group C 2/c) migrate showing a

gradual modification of the structure as represented on the scheme in the right: while the

a-axis increases there is a concomitant reduction of the b-axis. This assumption is further
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Figure 3.10: TGA of [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) registered between ambient tempera-
ture and 600 ◦C.

supported by the migration to higher 2θ values of the (010) reflection (in red as forbidden

for C 2/c): the appearance of this forbidden reflection is attributed to an overall reduction

in crystal symmetry resulting from the release of the water molecules.

Figure 3.11: Variable-temperature PXRD studies of the assynthesized material from MWAS, consisting
of a physical mixture of [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) (ca. 80%) and [Ce2(pydc)3(H2O)2]
(4) (ca. 20%; structure identical to that reported by Shao and Hong [324, 403]).
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X-ray analysis of the solvent-exchanged crystals revealed a significant increase in overall

electron density registered inside the channels. The structural modeling of benzyl alcohol

or chloroform molecules did not lead to sensible refinements. We have instead investigated

the electron density as a whole by using the SQUEEZE subroutines implemented in the

software package PLATON: a general increase in electron count per unit cell is observed

for 3 Bz Alc and 3 CHCl3 when compared with the evacuated structure of 3 (i.e., 3

except the water molecules of crystallization which were manually taken – Table 3.3).

EDX analyses for 3 and 3 CHCl3 clearly denote a reduction in the Ce/Cl ratio (Figure

3.8). It is also important to stress that even though the crystal structure remains intact,

the unit cell volume of 3 Bz Alc is about 10% smaller than that of 3 (Table 3.3). These

data constitute clear evidence that benzyl alcohol and chloroform molecules are truly

incorporated into the microporous structure by simple diffusion at ambient temperature.

Table 3.3: Crystal data for evacuated [Ce2(pydc)2(Hpydc)(H2O)2]Cl (3∗), 3 Bz Alc and 3 CHCl3.

3∗[a] 3 Bz Alc 3 CHCl3

Temperature / K 150(2) 150(2) 150(2)

Crystal type – Colorless needles Colorless needles

Crystal size / mm – 0.08×0.03×0.02 0.12×0.08×0.03

Crystal system Monoclinic Monoclinic Monoclinic

Space group C 2/c C 2/c C 2/c

a / Å 31.283(4) 31.603(5) 31.010(2)

b / Å 14.5442(18) 14.098(2) 14.7158(12)

c / Å 8.6817(10) 8.7086(10) 8.7042(6)

α / ◦ 90 90 90

β / ◦ 96.033(7) 95.174(13) 96.182(4)

γ / ◦ 90 90 90

Volume / Å3 3928.1(8) 3864.1(9) 3948.9(5)

SQUEEZE Information

Potential solvent area / Å3 1671 1664 1719

Electron count / cell 1241 1421 1607
[a] The structure 3∗ used for the calculations is the structure 3 reported in the present

chapter except the water molecules of crystallization which were removed manually.
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3.2.5 An alternative way to prepare compound 3

Even though compound [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) can be readily

prepared by MWAS, it is possible to use a traditional heating method for its achievement

(see Materials and Methods for detailed information). Differences on the BET specific

surface areas for samples prepared using both synthetic approaches were observed (Ta-

ble 3.4), but I believe they can be explained by the differences in the particle size of the

final products. Still, I need to stress this behavior should be carefully considered when

potential applications are based on adsorption properties of compound 3.

Table 3.4: Approximated BET specific surface area obtained for compound
[Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) prepared using two different methods.

Hydrothermal Synthesis BET surface area

Microwave-assisted (MWAS) 106 m2·g−1

Dynamic (convection and under rotation) 56 m2·g−1

3.2.6 Remarks

Microwave heating can lead in a very short period of time, to a microporous lanthanide-

organic framework based on H2−xpydc−x residues and Ce3+ centres, [Ce2(pydc)2(Hpydc)

(H2O)2]Cl·(9+y)H2O (3). The results presented in this section indicate that the material

undergoes single-crystal-to-single-crystal solvent exchange at ambient temperature, and

that the mild heating of the crystals does not lead to the release of the confined water

molecules.

Framework integrity is also not compromised with increasing temperature. I believe

that this work can open new perspectives in this field of research envisaging new approaches

to obtain large quantities of functional materials (for example with applications based on

porosity) in an economically-viable period of time.
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3.3 MWAS of [Ce2(pydc)3(H2O)2]: an Insight into the

Self-Assembly Process and the Fabrication of Pho-

toluminescent Crystalline Materials

3.3.1 Initial Considerations

As mentioned in the previous section, while reacting H2pydc with CeCl3·7H2O in

distilled water, under microwave irradiation, large single crystals of [Ce2(pydc)2(Hpydc)

(H2O)2]Cl·(9+y)H2O (3) were directly isolated from the reaction vial via filtration. The

reaction took place without stirring and a second phase was systematically present and was

identified as identical to the structure reported by Shao and Hong: [Ce2(pydc)3(H2O)2]

(4) [324, 403]. The properties of the material reported by Shao and Hong et al. [324, 403]

were not studied in detail. It was found that this compound, while substituted by stoichio-

metric amounts of other lanthanide centres, has remarkable photoluminescent properties,

relatively uncommon among MOF structures. It was further explored the use of this

framework as a heterogeneous catalyst in the conversion of styrene oxide into 2-methoxy-

2-phenylethanol by epoxide ring opening with methanol under mild conditions. The latter

reaction represents an important step in the preparation of β-alkoxy alcohols, which are

often used as solvents or intermediates in several branches of organic and inorganic syn-

thesis [410].

3.3.2 Microwave-Assisted Hydrothermal Synthesis

Shao and Hong have reported the structures of [Pr2(pydc)3(H2O)2] and [La2(pydc)3

(H2O)2] based on single-crystal data sets: crystals were grown from hydrothermal syn-

thesis over a period of three days [324, 403]. Based on our recent studies this synthetic

method is, besides time consuming, highly inefficient from the energetic standpoint [108].

The transposition of the experimental conditions to microwave-assisted synthesis (MWAS)

resulted in the isolation of microcrystalline powders, which were identified from powder

X-ray diffraction as mixtures of phases. Optimization of the MWAS conditions (hereafter

samples coined as TmPntp, where the subscripts indicate the specific experimental condi-

tions employed for temperature - T, power - P, and reaction time - t) of [Ln2(pydc)3(H2O)2]

materials was, therefore, pertinent so to avoid the formation of secondary materials while

taking advantage of the short reaction times typical of this synthetic method [186].
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Rationale behind the MWAS

Test-compounds have been, in general, prepared using a different composition of the

reactive gels used by Shao and Hong [324, 403]. It was discovered that the present exper-

imental conditions produce better results for microwave irradiation:

� NaOH has been added to the reactive gel (in excess for the complete deprotonation

of 2,5-H2pydc): because MWAS is expected to induce a fast rate of nucleation, the

addition of a strong base before the reaction ensures the immediate availability of

carboxylate groups for coordination.

� Ce3+ has been selected as the metallic node because: (i) [Ce2(pydc)3(H2O)2] is a sec-

ondary phase appearing in the preparation of the microporous [Ce2(pydc)2(Hpydc)

(H2O)2]Cl·(9+y)H2O [214], and, more importantly, (ii) Ce3+ compounds find count-

less technological applications in photoluminescent materials, fuell cells, glass, ce-

ramic and metallurgic industries, catalytic materials, among several others [411].

For the engineering of photoluminescent materials it is usually desirable the presence

of Eu3+ and Tb3+ in dilute amounts dispersed in a non-emitting matrix, such as La3+.

Because [Pr2(pydc)3(H2O)2] and [La2(pydc)3(H2O)2] are isotypical [324, 403], for the func-

tional materials I have employed La3+ as the main metallic node.

Optimization of MWAS for the isolation of [Ce2(pydc)3(H2O)2]

In order to identify the best experimental MWAS conditions (temperature, microwave

irradiation power and time of reaction) which lead to the desired material as a highly crys-

talline phase-pure compound with uniform crystal morphology, a series of test-compounds

from distinct experimental conditions have been prepared (Figure 3.12). Compounds were

analyzed using a combination of PXRD, SEM imaging and CHN elemental analyses.

The study of the influence of the reaction parameters revealed the following:

(i) [Ce2(pydc)3(H2O)2] (4) can be obtained over a wide range of experimental conditions,

as a pure material with high crystallinity;

(ii) Small modifications in the experimental conditions have considerable effects on crys-

tal size and overall crystallinity of the products: crystallinity is significantly improved

with increasing irradiation power;

101



Figure 3.12: TmPntp diagram for the MWAS of [Ce2(pydc)3(H2O)2] (4). Legend: solid red circle –
absence of the desired material or amorphous phase; shaded circle – a mixture of the desired material
with other phases; solid green circle – 4 as a phase pure material.

(iii) At 90 ◦C, the recovered products were composed by 4 (for 1 min reaction periods)

and another compound which was, a posteriori, identified from PXRD as isotypical

with the layered material [Ce2(pydc)2(Hpydc)2(H2O)4·2H2O]n isotypical with the

Nd3+-based compound reported by Zhang et al. [323]. For 5 min of reaction the

physical mixture was essentially composed by 4. Longer periods of reaction ensured

the presence of phase-pure, highly crystalline compounds (Figures 3.12 and 3.13);

(iv) At 120 ◦C, highly crystalline 4 is isolated for most tested conditions. I further note

that for this temperature, after the initial formation of the crystals, the increase in

the irradiation time leads to crystal degradation (Figure 3.14). This behaviour is

not unprecedented under MWAS and it was reported by Choi for the iconic MOF-5

structure [210];

(v) For most experimental conditions crystals of 4 were obtained as large aggregates of

micro-sized plate-like crystals (Figure 3.15): we found that for this system, under

MWAS, there is a tendency to occur aggregation of crystallites, leading to clusters

with spherical shape and dimensions ranging from few micrometers to dozens of

micrometers.

In short, the optimal experimental conditions to obtain compound 4 as a pure phase are:

120 ◦C, 50-80W, and 1-10 minutes. Lower irradiation power and short reaction times

ensure, in this way, a significantly more efficient synthetic procedure than those reported

for the analogous materials [324, 403].
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Figure 3.13: [Left ] PXRD patterns for the materials prepared at 90 ◦C, showing three families of irradiation
power (50, 80 and 100 W) and the three reaction times employed (1, 5 and 10 minutes). [Right ] SEM
images showing the influence of the reaction time (t) in the crystal morphology and size of the desired
material.
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Figure 3.14: [Left ] PXRD patterns for the test-compounds prepared at 120 ◦C, showing three families
of irradiation power (50, 80 and 100 W) and the three reaction times employed (1, 5 and 10 minutes).
[Right ] SEM images showing the influence of the reaction time in the crystal morphology and size of the
desired material.

Figure 3.15: [Left ] Electron microscopy images of [Ce2(pydc)3(H2O)2] (4): (a) isolated from hydrothermal
synthesis (170 ◦C for 72h), and (b) using optimal MWAS conditions.

104



3.3.3 Crystal Structure

Description

All isotypical materials prepared and studied herein have been systematically isolated

as micro-crystalline powders directly from the MWAS reaction vial: [Ce2(pydc)3(H2O)2]

(4), [(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu), [(La0.95Tb0.05)2(pydc)3(H2O)2] (4-LaTb),

[La2(pydc)3(H2O)2] (4-La) and [(La0.90Eu0.05Tb0.05)2(pydc)3(H2O)2] (4-LaEuTb). Pow-

der X-ray diffraction identified unequivocally the materials as having identical frameworks

to those reported by Shao and Hong: [Pr2(pydc)3(H2O)2] and [La2(pydc)3(H2O)2] [324,

403]. Rietveld and Le Bail whole-powder-profile fittings have been performed for all pre-

pared materials and the data for compound 4 is provided in Figure 3.16 and Table 3.5.

Figure 3.16: Final Rietveld plot of [Ce2(pydc)3(H2O)2] (4). Observed data points are indicated as red
circles, the best-fit profile (upper trace) and the difference pattern (lower trace) are drawn as solid black
and blue lines, respectively. Green vertical bars indicate the angular positions of the allowed Bragg
reflections. Inset : Crystal packing of 4 viewed in perspective along the [001] direction of the unit cell.

Compound 4 is formed by a single crystallographically independent Ce3+ metallic

center which is coordinated to one water molecule plus six organic ligands (Figure 3.17).

The asymmetric unit of the material is, however, only composed by a whole N,O-chelated

to a pydc2− organic ligand plus another half of such moiety with its centre of gravity located
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Table 3.5: Crystal data for [Ce2(pydc)3(H2O)2] (4).

4

Formula C21H13Ce2N3O14

Formula weight 811.58

Crystal system Monoclinic

Space group P21/c

a / Å 6.5503(4)

b / Å 17.9777(10)

c / Å 9.4217(5)

α / ◦ 90

β / ◦ 95.419(4)

γ / ◦ 90

Volume / Å3 1104.54(11)

Z 2

at a crystallographic inversion center. This latter crystallographic feature has strong

influence on the crystal features as described below in more detail. Ce3+ is, thus, nine-

coordinated with the overall coordination sphere, CeNO8, strongly resembling a distorted

square antiprism with one of the basal planes capped by the nitrogen atom of the N,O-

chelated pydc2− (Figure 3.17a, and Table B.2 in Appendix B). Noteworthy, while the

O1→O6→O3→O5 base of the antiprism is almost planar, the O1→O2→O4→O7 base is

significantly more distorted with the atom distances to the average plane ranging between

ca. 0.075 and 0.093 Å. In addition, the two average planes are not parallel subtending a

small ca. 4.4◦ angle tilted towards the location of the coordinated water molecule (due

to the presence of hydrogen bonds with nearby carboxylate groups). As also depicted in

Figure 3.17a, the central Ce3+ cation is also closer to the former basal plane (distance of

ca. 0.93 Å) than to the latter (distance of ca. 1.82 Å) most likely due to the attractive

effect of coordinated nitrogen atom of the N,O-chelated to a pydc2− organic ligand.

The aforementioned N,O-chelated to a pydc2− organic ligand is also the moiety respon-

sible for the interconnection of individual CeNO8 polyhedra along the [001] direction of

the unit cell by establishing a syn,syn-bridge with an adjacent Ce3+ cation (Figure 3.17b).

This leads to the formation of a tape in which the shortest intermetallic Ce· · ·Ce distance

is of 4.8875(4) Å. These moieties constitute the ”core” of the densely packed Ce-pydc

layers described in the following subsection. The centrosymmetric pydc2− anionic ligand
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Figure 3.17: (a) Schematic representation of the capped nine-coordination CeNO8 coordination environ-
ment of Ce3+, which resembles a distorted square antiprism. The N,O-chelating pydc2− organic ligand
is depicted so to emphasize which polyhedral base is capped. (b) Portion of the crystal structure of
[Ce2(pydc)3(H2O)2] (4) showing the one-dimensional tape of CeNO8 polyhedra interconnected through
syn,syn-bridges of the aforementioned N,O-chelating pydc2− ligand. For selected bond lengths and angles
see Table B.2 (in Appendices Chapter). Symmetry transformations used to generate equivalent atoms:
(i) -1+x, y, z ; (ii) 1-x, -1/2+y, 3/2-z ; (iii) 1-x, 2-y, 1-z ; (iv) x, 3/2-y, -1/2+z.

attaches itself to the remaining polyhedra coordination sites (depicted as orange circles in

Figure 3.17b), leading to the densely packed crystal structure of compound 4 as shown

as an inset in Figure 3.16. Because for this moiety the nitrogen atom is not attached to

the metallic center, and due to the fact that it is located on a crystallographic center of

inversion, the moiety appears highly disordered in the crystal structure.

Framework relationships

For low temperatures of the reaction compound 4 could be isolated alongside with

the layered compound [Ce2(pydc)2(Hpydc)2(H2O)4·2H2O]n isotypical with that reported

by Zhang et al. [323]. Inspecting both crystal structures one can find striking structural

relationships that help explaining the reason for such occurrence.

Both structures are formed by a “core”, well-defined Ln-pydc layer in which the organic

ligand is strongly N,O-chelated to the metallic centers (Figure 3.18). In the case of the

Ce3+ framework isotypical with the Nd3+-based material there is, on the one hand, an

extra ligand per formula unit and, on the other, this same moiety is also N,O-chelated.

As a consequence, the “core” Ce-pydc layers are very distant from each other with the

external Hpydc− ligand imposing steric hindrance in the structure (hence the presence

of small channels with solvent molecules). In the case of compound 4 (and its isotypical

members of the series), Ce-pydc layers coalesce instead along the [100] direction of the unit

cell, leading to a densely packed material. This occurs mainly because of the release of the
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extra organic ligand (see empirical formulae of the compounds), permitting the remaining

ones to accommodate and establish new connections. Under MWAS this process seems to

be clearly driven by increasing the temperature of the reaction (Scheme 3.12).

Figure 3.18: Framework deconstruction and comparison between the 3D [Ce2(pydc)3(H2O)2] (4) material
herein reported and the 2D network [Nd2(pydc)2(Hpydc)2(H2O)4·2H2O]n described by Zhang et al. [323]:
the latter material has one extra organic ligand per metallic center (as described by the empirical formula)
which occupied the inter-layer spaces creating a considerable steric hindrance while removing coordinating
sites on the Nd3+ center, ultimately avoiding the connections along the [010] direction of the unit cell.
In 4 this extra Hpydc− ligand does not exist, permitting the formation of skew,skew -bridging connecting
leading to the formation of a 3D network.

3.3.4 Thermal Stability: Influence of Crystal Size

Microcrystals of [Ce2(pydc)3(H2O)2] (4), obtained under MWAS, have a considerably

higher external surface area, which can have a significant impact on the observed properties

of the materials such as the thermal stability. In this context, the thermal stability of the

bulk (phase-pure) 4 was investigated between ambient temperature and ca. 800 ◦C for the

materials prepared both under conventional hydrothermal conditions (see Materials and

108



Methods for details on the synthesis) and MWAS (Figure 3.19). Note that the thermal

behaviour described below only for the Ce3+-based compounds was also observed for the

mixed-lanthanide materials in independent experiment.

Figure 3.19: Thermograms of [Ce2(pydc)3(H2O)2] (4) prepared using different synthetic procedures. Leg-
end: black line – phase-pure 4 obtained using microwave assisted synthesis; red line – phase-pure 4
obtained using conventional hydrothermal heating. Inset : SEM images of the compound (a) isolated from
typical hydrothermal synthesis (170 ◦C during 72h), and (b) using optimal MWAS conditions (120 ◦C,
50-80 W, and 1-10 min).

4 prepared using static hydrothermal conditions is thermally stable up to ca. 140 ◦C.

After this temperature a gradual weight loss of ca. 4.8% is attributed to the release of two

coordinated water molecules per formula unit (calculated ca. 4.4%). Above ca. 340 ◦C

there is a second abrupt weight loss, globally corresponding to ca. 50.9%, attributed to the

decomposition of the organic component and the concomitant collapse of the framework.

Materials prepared under MWAS do not show such remarkable distinct regions of thermal

stability: as shown in Figure 3.19, decomposition starts immediately at low temperatures,

with no well-defined stages of framework stability as described above for the large crystals.

For example, the first and the second decomposition stages are almost overlapped. Clearly,

these profile differences are a direct consequence of the expected larger surface area of the

materials prepared using MWAS that facilitates both the release of water molecules and

the decomposition of the framework.

Another striking difference concerning the decomposition of the two materials prepared

using distinct synthetic approaches concerns the residue at ca. 500 ◦C: while for the
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material 4 obtained by standard hydrothermal synthesis the residue is of ca. 44.2% of

the initial mass, for the small crystallites obtained using MWAS the residue is only of ca.

41.0%. Considering the formation of a stoichiometric amount of Ce2O3 with respect to

the empirical formula of 4, a residue of ca. 40.4% would be expected. This value agrees

much better with that observed for the calcination of the smaller crystallites of compound

4. The decomposition of large crystals (obtained from hydrothermal synthesis) does not

seem to be so uniform, most likely leading to the isolation of mixed-valence Ce3+/Ce4+

oxides and/or to the presence of charcoal in the residue.

3.3.5 Catalytic Studies

Catalytic screening tests based on cis-cyclooctene epoxidation, acid-catalyzed isomeri-

sation of α-pinene oxide, ring-opening reaction of styrene oxide, and cyclodehydrogenation

reaction of xylose to furfural, in different experimental conditions, have been evaluated

and reported [215, 237]. Because the ring-opening reaction of styrene oxide (PhEtO)

with methanol (MeOH) gave the best results, for comparative purposes, this reaction was

chosen for the present set of catalytic tests involving the compound described herein,

[Ce2(pydc)3(H2O)2] (4). According to the literature, cerium-containing salts may be effec-

tive catalysts in the latter reaction: e.g. Ce(OTf)4 and (NH4)8[CeW10O36]·20H2O) [412,

413] . But high regioselectivity and conversions have been also reported for the lanthanide

precursor herein used: CeCl3·7H2O [414]. Nevertheless, the major limitation of these ho-

mogeneous catalysts concerns the difficult catalyst recyclability, which ultimately makes

its potential application unattractive. Cu- and Fe-based MOFs have been tested in the

same reaction. Despite their good catalytic performance, the 2-methoxy-2-phenylethanol

(MeOPhEtOH) yield was not quantitative because product selectivity was lower than

100% [247, 354]. We have reported lanthanide polyphosphonate MOFs as effective cat-

alysts for this reaction, which even though they may have lower catalytic activity when

compared to other compounds (only up to 80% yield), they are truly heterogeneous in

nature, highly selective and typically present multifunctional behavior [215].

The microporous [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O 3 material can be obtained

using the present reaction system under specific experimental conditions [214]. Its isolation

as a pure phase could never be achieved appearing as a mixture of phases with compound 4.

The reported optimized synthetic conditions for obtaining this material gave a maximum

yield of 80 wt.%, with 4 as the other phase. This mixture was tested for the catalytic

reaction of PhEtO with methanol under similar reaction conditions as those used for pure
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4. MeOPhEtOH was the only product formed in 18%/32% yield at 24 h/48 h reaction

( black squares in Figure 3.20). However, when the reaction of PhEtO was carried out

in the presence of phase-pure 4, higher yield of MeOPhEtOH was obtained; 73%/77% at

24 h/48 h reaction (Figure 3.20, red circles). Hence, 4 possesses considerably higher

catalytic activity than 3. Using half the initial amount of 4 did not affect significantly

the reaction rate (77% conversion at 24 h), whereas a five-fold decrease in the initial

amount of 4 led to slower reaction of PhEtO (50% conversion at 24 h), Figure 3.20. The

catalytic experiment using a five-fold decrease in the amount of 4 simulated the catalytic

contribution of this phase (similar mass of 4 was loaded) when the mixture of 4 and 3

was used, and gave superior catalytic results in the former case. Hence, 4 possesses higher

catalytic activity than 3. Possibly the concentration of accessible active sites is higher

for 4 than for 3, and/or the latter material being porous may lead to strong internal

diffusion limitations. On the other hand, one cannot rule out the possibility of defect sites

possessing intrinsic catalytic activity, and these being different for the two materials 4 and

3.

Figure 3.20: Kinetic curves of the ring opening reaction of styrene oxide (PhEtO) with methanol at 55 ◦C,
in the presence of a mixture of [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) and [Ce2(pydc)3(H2O)2] (4)
(�) (ratio of ca. 4: 1, respectively), and phase-pure 4 (�NH). Similar catalyst amounts have been used
in assays (�) and (�); the half and the fifth part of the initial catalyst quantity have been used in tests
(N) and (H), respectively. Please note: dashed lines, linking the experimental data, are guidelines and do
not represent the tendency of the catalytic reaction. On the right, SEM images of 4 (top) and 3 (needles)
with ca. 20% of 4 (bottom). The insets represent the structural drawings of 4 (top) and 3 (bottom).
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3.3.6 Engineering optically active materials

To design photoluminescent materials I have included stoichiometric amounts of op-

tically active lanthanide cations, such as Eu3+ and Tb3+, into a La3+-based isotypical

matrix. The following materials have been prepared (see Chapter 6, Materials and Meth-

ods, for additional details): [La2(pydc)3(H2O)2] (4-La), [(La0.95Eu0.05)2(pydc)3(H2O)2] (4-

LaEu), [(La0.95Tb0.05)2(pydc)3(H2O)2] (4-LaTb) and [(La0.90Eu0.05Tb0.05)2(pydc)3(H2O)2]

(4-LaEuTb). Powder X-ray diffraction (Figure 3.21) and electron microscopy studies

(Figures 3.22, 3.23, 3.24) of the prepared bulk mixed-lanthanide materials ensure on the

one hand that all materials share the same structural features and, on the other, that the

optically-active lanthanide cations are uniformly distributed in the La3+ optically-inert

matrix.

Figure 3.21: Comparison between the experimental PXRD patterns for the isotypical [Ce2(pydc)3(H2O)2]
(4), [(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu) and [(La0.95Tb0.05)2(pydc)3(H2O)2] (4-LaTb) materials.
Vertical bars indicate the angular positions of the allowed Bragg reflections for each material as refined
from a Le Bail [415] whole-powder-pattern-fitting of the powder patterns. Refined unit cell parameters
for 4-LaEu: a = 6.5656(4) Å, b = 18.0098(9) Å, c = 9.4416(5) Å, β = 95.419(3)◦, monoclinic P21/c.
Refined unit cell parameters for 4-LaTb: a = 6.5676(3) Å, b = 18.0273(8) Å, c = 9.4432(5) Å, β =
95.405(4)◦, monoclinic P21/c.

The excitation spectra of 4-LaEu, 4-LaTb and 4-LaEuTb were recorded while mon-

itoring within the strongest Eu3+ 5D0 →7F2 and Tb3+ 5D4 →7F5 emission transitions,

respectively (Figure 3.25). Spectra are dominated by two broad UV bands on the range

240-350 nm (peaking at ca. 276 and 310 nm for 4-LaEu at ambient temperature), at-
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Figure 3.22: Electron microscopy EDX mapping studies of a portion of the material
[(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu).

Figure 3.23: Electron microscopy EDX mapping studies of a portion of the material
[(La0.95Tb0.05)2(pydc)3(H2O)2] (4-LaTb).
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Figure 3.24: Electron microscopy EDX mapping studies of a portion of the material
[(La0.95Tb0.05Eu0.05)2(pydc)3(H2O)2] (4-LaEuTb).

tributable to the excited states of the ligand organic moieties. The presence of two UV

broad bands could arise from: (i) the two crystallographically independent coordination

modes of the organic ligand to the Ln3+ ions (see crystal structure description and Fig-

ure 3.26), (ii) from distinct excited singlet states of the ligand, or (iii) a combination of

both. This attribution was further confirmed from the excitation spectrum of 4-La at

12 K (Figure 3.25) while monitoring the phosphorescence emission at 450 nm which is

discussed below.

The spectra of 4-LaEu, 4-LaTb and 4-LaEuTb show a series of sharp lines assigned

to the typical intra-4f 6 and 4f 8 transitions of Eu3+ and Tb3+, respectively. The fact that,

the Tb3+ intra-4f 8 transitions are only recognized after proper magnification indicates a

more efficient sensitization via the ligand excited states of the Tb3+ emission with respect

to that of Eu3+. On 4-LaEuTb there is no strong evidence for the occurrence of additional

energy transfer from the Tb3+ to the Eu3+ cations since the intra-4f 8 Tb3+ excited lines are

absent in the excited spectrum of the Eu3+ emission monitored at 616 nm. The presence

of Eu3+ cations has, however, a strong influence on the decrease of the Tb3+ sensitization

by the ligand antenna effect. This is clearly demonstrated by the increase of the intra-4f 8

Tb3+ transitions in respect to the excited broad bands of the ligand.
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Figure 3.25: Excitation spectra of [(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu) (λEm. =
616 nm, red), [(La0.95Tb0.05)2(pydc)3(H2O)2] (4-LaTb) (λEm. = 543 nm, green),
[(La0.90Eu0.05Tb0.05)2(pydc)3(H2O)2] (4-LaEuTb) (λEm. = 616 nm, orange; λEm. = 543 nm,
cyan) and [La2(pydc)3(H2O)2] (4-La) (λEm. = 450 nm, black) monitoring the emission of the Eu3+

and Tb3+ ions, and of the ligand, respectively. The spectra have been recorded at ambient temperature
(solid lines) and at 12 K (dotted lines).

Figure 3.26: Coordination modes of the pydc2− organic linkers in compound [Ln2(pydc)3(H2O)2] (4).

The emission spectra of 4-LaEu, 4-LaTb and 4-LaEuTb recorded at ambient condi-

tions (293 K) and excited at 310 nm are provided in Figure 3.27. The sharp emission lines

of Eu3+ and Tb3+ are mostly assigned to the 5D0 →7F0−4 and 5D4 →7F6−0 transitions,

respectively, which originate a bright red, green and orange emitted light demonstrated

by the inset pictures associated to each emission spectra of Figure 3.27 - insets. Even if

with a negligible contribution for the total emission, for Eu3+ it is also possible to detect

the 5D1 →7F0−3 emission transitions, particularly at 12 K. The corresponding CIE (Com-

mission International d’Eclairage) chromaticity (x,y) color coordinates are represented in

Figure 3.28. For the Eu3+ and Tb3+ materials the emission spectra are independent of the
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excited wavelength selected, namely the ligand UV bands or intra 4f levels. For the mixed-

lanthanide 4-LaEuTb material the pure emission spectrum of Eu3+ can be obtained by

exciting at 393 nm (5L6 excited Eu3+ level).

Figure 3.27: Room temperature emission spectra of [(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu,
red), [(La0.95Tb0.05)2(pydc)3(H2O)2] (4-LaTb, green) and [(La0.90Eu0.05Tb0.05)2(pydc)3(H2O)2] (4-
LaEuTb, orange) with excitation at 310 nm. For the 4-LaEu sample it is also provided the emission
spectrum at 12 K (black line) and a zoom of the 5D0 →7F0 spectral region. The inset images shows
the corresponding bright emission of small pellet samples under a laboratory UV lamp (λ = 254 nm) and
their corresponding CIE colour coordinates.

The Eu3+ emission is highly sensitive to small modifications on the first coordination

sphere of the metal. In this way, this optical feature is widely used as a local probe for

detailed structural features [416]. For 4-LaEu the emission spectrum, both at ambient

temperature and 12 K, shows a single 5D0 →7F0 transition, a local-field splitting of the
7F1,2 levels into three and five Stark components, respectively, and the predominance of

the 5D0 →7F2 transition relatively to the 5D0 →7F1, which agrees well with the presence

of a single low-symmetry Eu3+ environment in the structure. The small red shift of the
5D0 →7F0 transition observed at 12 K relatively to the former at ambient temperature

is presumably due to a slight contraction of the unit cell. Additionally, the Eu3+ 5D0

and Tb3+ 5D4 decay curves recorded at ambient temperature can be well fitted by single

exponential functions, yielding lifetimes of 0.50 ± 0.01 and 1.06 ± 0.01 ms for 4-LaEu

and 4-LaTb, respectively (Figure 3.29). These data agree well with the presence of a
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Figure 3.28: CIE chromaticity diagram showing the location of the red, green and orange room temper-
ature emission from the [(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu), [(La0.95Tb0.05)2(pydc)3(H2O)2] (4-
LaTb) and [(La0.90Eu0.05Tb0.05)2(pydc)3(H2O)2] (4-LaEuTb) samples under 310 nm excitation.

single Ln3+ crystallographic site for the mixed-lanthanide materials, in agreement with the

performed crystallographic studies. For 4-LaEuTb similar decay curves, with exactly the

same lifetime values, were obtained by selecting the excitation and emission wavelengths

for Eu3+ (λEm. = 616 nm, λExc. = 393 nm) and Tb3+ (λEm. = 543 nm; λExc. = 376 nm).

Based on the emission spectra, 5D0 lifetimes and empirical radiative and non-radiative

transition rates, and assuming that only non-radiative and radiative processes are involved

in the depopulation of the 5D0 state, the 5D0 quantum efficiency, ϕ, was determined for

4-LaEu [417–421]. These data, including the absolute emission quantum yield, defined

as the ratio between the number of emitted photons by the number of absorbed photons

(measured experimentally), are collected in Table 3.6 for the three studied compounds.

Compound 4-LaEu has moderate quantum efficiency (23%) mostly due to the high

non-radiative transition rate. This is most likely promoted by the presence of O–H os-

cillators associated with the coordinated water molecules which lead to the concomitant

decrease of the radiative transition rate. The measured absolute emission quantum yield

under 4f direct excitation at 393 nm (4%) is far from the calculated quantum efficiency.

Note that, the calculated 5D0 quantum efficiency, determined under 4f 6 excitation at

393 nm, gives by definition a limit for the corresponding absolute emission quantum yield
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Figure 3.29: 5D0 and 5D4 decay curves of [(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu) (λExc. = 393 nm, red)
and [(La0.95Tb0.05)2(pydc)3(H2O)2] (4-LaTb) (λExc. = 376 nm, green), acquired at ambient temperature
(293 K), while monitoring the Eu3+ and Tb3+ emission at 616 and 542 nm, respectively. Data points
were fitted using single exponential decay functions.

Table 3.6: Experimental 5D0 lifetime, τ , radiative, kr, and non-radiative, knr, transition rates,
and absolute emission quantum yield, φ, for [(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu). The ab-
solute emission quantum yield, φ, is also given for [(La0.95Tb0.05)2(pydc)3(H2O)2] (4-LaTb) and
[(La0.90Eu0.05Tb0.05)2(pydc)3(H2O)2] (4-LaEuTb). Data have been collected at ambient temperature
(293 K).

Compound τ (ms) k r (s−1) knr (s−1) φ (%) (λExc.; nm)

4-LaEu 0.50 469 1531 32 (254); 43 (310); 4 (393)

4-LaTb 1.06 – – 63 (254); 75 (310); 3 (376)

4-LaEuTb – – – 37 (254); 49 (310); 3 (376); 4 (393)

considering only non-radiative and radiative processes involved in the depopulation of the
5D0 state [422]. In the present case, under excitation into the UV ligand bands, the max-

imum absolute emission quantum yield (43% at 310 nm excitation) almost doubles the

calculated 5D0 quantum efficiency, invalidating the assumption that only non-radiative

and radiative processes are involved in the depopulation of the 5D0 state. Additional

processes must then be present on population/depopulation of the 5D0 state under UV

excitation within the states of the ligands. Higher absolute emission quantum yields were

obtained for the Tb3+ containing samples, reaching a maximum of 75% for the 4-LaTb

sample excited at 310 nm. These high values, even with a water molecule coordinated to

the Eu3+ and Tb3+ acceptor ions in the studied compounds, demonstrates a favourable

118



balance between absorption and the energy transfer emission process through the rates in-

volved in the processes such as ligand-to-Ln3+ energy transfer (including the inter-system

crossing relaxation), multiphonon relaxation and back-transfer process [423].

To get additional insight into the measured high absolute emission quantum yields

under UV ligand excitation, the photoluminescence of 4-La was recorded, which does

not present detectable emission at ambient temperature. The stationary state emission

spectrum at 12 K is dominated by a structured broad band centred on the blue region

(Figure 3.30; range 390-550 nm), with maximum intensity peaking at ca. 450 nm. A

similar spectrum was obtained in the time-resolved mode when using an initial delay of

20 ms (Figure 3.30), allowing its unequivocal attribution to a phosphorescence emission

presumably from the ligand triplet states, with the corresponding zero-phonon energy level

estimated at ca. 390 nm (25640 cm−1), which is much larger than those reported for a

series of Eu3+ complexes [423, 424]. Furthermore, the emission decay curve monitored at

around 450 nm with excitation at 300 nm (inset in Figure 3.30), reveals a bi-exponential

behaviour, resulting in two distinct lifetimes values of 82 ± 1 and 562 ± 5 ms. The

non-exponential behaviour can be attributable to the presence of the two distinct ligand

modes which can induce more complex ligand-to-ligand and ligand-to-metal energy trans-

fer mechanisms [306]. The higher absolute emission quantum yield of Tb3+ relatively to

Eu3+ can be justified by a smaller energy difference between the ligand triplet zero-phonon

energy level and the corresponding, most probably, excited acceptor levels (5D4, 486 nm /

20576 cm−1 for Tb3+; 5D1, 526 nm/ 19011 cm−1 for Eu3+) as illustrated in Figure B.3. Be-

cause Ce3+ usually has the first possible emitting levels (5d1, below 360 nm / 27778 cm−1)

at energy higher than that of the zero-phonon triplet state, the ligand-to-metal energy

transfer does not occur for this lanthanide cation in the present material.

An inspection of the literature concerning photoluminescent coordination polymers

based on lanthanide centers support the behaviour of our compounds as unusual among

related materials. Nevertheless, comparisons have to be done particularly with recent

work by Daiguebonne and collaborators, on benzene-poly carboxylate ligands [425–428].

Their reports on lanthanide coordination polymers based on terephthalate ligand (bdc) or

4,4’-oxy-bis-benzoic acid (oba) have shown interesting luminescent quantum yields and life-

times which, however, do not exceed 72% and 0.85 ms for [Tb2(oba)3(H2O)6·3H2O] [427],or

20% and 0.41 ms for [Eu6O(OH)8(NO3)2(bdc)(Hbdc)2·2NO3·H2bdc] [428]. The latter lim-

its differ significantly from the larger values herein reported for 4-LaEu and 4-LaTb.

However, the main breakthrough from Daiguebonne group arise from hetero-nuclear lan-

thanide based coordination polymers, in particular those using [Y6xTb6−6x6O(OH)8(NO3)2
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Figure 3.30: Time-resolved (dotted line; initial delay 20 ms and integration time of 20 ms) and station-
ary state emission spectra (solid line) of [La2(pydc)3(H2O)2] (4-La) recorded at 12 K under 300 nm
excitation. Please note: the time-resolved emission spectrum was not corrected for detection and opti-
cal spectral response of the spectrofluorimeter. The inset shows the decay curve and the best fit to a
bi-exponential decay function of the phosphorescence emission detected at 450 nm.

(bdc)(Hbdc)2·2NO3·H2bdc] [428]. The dilution of Tb3+ ions by the presence of Y3+ re-

sulted in quantum yields close to 100% and lifetimes of about 1.41 ms (comparing to 59%

and 1.40 ms for the solely Tb-based isostructural compound). Mixtures of Tb6xEu6−6x

also showed relevant values (which however do not exceed 53% and 1.12 ms) [428] and for

that reason our compound 4-LaEuTb still lags behind such results, and future work and

new perspectives on our reactive systems must be envisaged.

3.3.7 Remarks

In summary, in this chapter I have described a rapid and efficient microwave-assisted

synthesis of an isotypical series of 3D Ln3+-based MOFs based on residues of 2,5-pyridinedi-

carboxylic acid: [Ce2(pydc)3(H2O)2] (4), [(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu), [(La0.95

Tb0.05)2(pydc)3(H2O)2] (4-LaTb) and [(La0.90Eu0.05Tb0.05)2(pydc)3(H2O)2] (4-LaEuTb).

The reaction time was reduced from the typical 3 days (hydrothermal synthesis) to just 1

minute under MWAS, and the reaction temperature from 170 ◦C to 120 ◦C (or 90 ◦C if re-

action time is increased to 10 minutes). So far, the method herein described represents the

optimal experimental settings for a quick and economic viable isolation of these functional
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materials. In addition, this approach allows the simple preparation of optically-active

materials with intense photoluminescence in the visible region.

It was shown that by systematically varying the experimental conditions under MWAS

(i.e., temperature, power of irradiation and reaction time) at least three distinct phases

could be isolated: 3D [Ln2(pydc)3(H2O)2], isotypical with the La3+- and Pr3+-based ma-

terials reported by the groups of Shao and Hong [324, 403]; the 3D microporous [Ce2(pydc)2

(Hpydc)(H2O)2]Cl·(9+y)H2O previously reported by us [214]; layered [Ce2(pydc)2(Hpydc)2

(H2O)2·2H2O]n isotypical with the Nd3+-based compound reported by Zhang et al [323].

Structural investigations into the fine structural details of these materials revealed that the

latter layered materials are strongly related with the compounds herein reported, sharing

almost identical structural building blocks: a transformation associated with the release of

extra organic ligands can lead to the densely packed 3D [Ln2(pydc)3(H2O)2] compounds,

with this being achieved by preparing the materials at a higher temperature. On the

other hand, the ability to either isolate dense, non-porous [Ln2(pydc)3(H2O)2] MOFs or

the cationic microporous [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O material was also stud-

ied from a topological perspective. As observed for the relationship between the 2D and

3D compounds, differences between the dense and microporous materials also arise at the

level of only one type of connecting pydc2− ligand: while in the latter material the two

crystallographically independent ligands have exactly identical coordination sequences up

to the 10th shell, in the former dense isotypical series small differences occur in the 4th

and 8th shells of the “gluing” ligands between Ce-pydc layers. These subtle coordinating

differences are the main reason why, on the one hand, such distinct materials can ulti-

mately be isolated from the same reaction batch and, on the other, why the microporous

structure could never to date be isolated as a phase pure material.

Compound 4 is an effective catalyst for the ring opening reaction of styrene oxide with

methanol, giving 2-methoxy-2-phenylethanol as the sole product at 80% conversion. This

result was superior to that for the microporous material [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+

y)H2O, obtained as a 80 wt.% mixture with 4, for which the maximum 2-methoxy-2-

phenylethanol yield was 32% at 48 h reaction.

Optically-active lanthanide cations have been stoichiometrically included and uni-

formly distributed among an isotypical La3+ matrix of 4 (as shown by electron microscopy

studies), promoting the isolation of effective UV-to-visible light converters: red 4-LaEu,

green 4-LaTb, and orange 4-LaEuTb. Detailed photoluminescent studies of 4-LaEu

and 4-LaTb showed the presence of a single crystallographic lanthanide centre with life-

times of about 0.50 and 1.06 ms, respectively. Materials have very high absolute emission
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quantum yields (43% for 4-LaEu and 75% for 4-LaTb) when excitation into the UV

ligand bands was used. Such values are much higher than the intrinsic calculated quan-

tum efficiency, showing that intersystem crossing and ligand-to-metal transfer processes

are both favourable for the presented compounds. These results, allied to the fact that

the materials can be prepared as pure phases, in high yields and in just under 1 minute of

microwave irradiation open up the possibility for future studies concerning their possible

application in the fabrication of photoluminescent devices. In particular, the possibility

of preparing thin photoluminescent films based on the deposition of nanocrystals directly

isolated from the microwave-assisted synthesis procedure.

3.4 Conclusions

Two Ln3+-based MOFs containing residues of the organic linker 2,5-pyridinedicarboxylic

acid, [Ln2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) and [Ln2(pydc)3(H2O)2] (4), have been

prepared by microwave-assisted synthesis and their crystal structures fully unveiled.

Compounds 3 and 4 could be readily prepared in short periods of time (ca. 30 min

and 1 min, respectively, when using MWAS and smooth temperature profiles), but one

also proved that typical hydrothermal conditions could be used in their preparation. In

this case, differences in the particle size (and surface area) were observed.

On the one hand, compound 3 revealed to be a microporous cationic framework housing

disordered charge-balancing chloride anions and water molecules of crystallization, which

further showed the ability to perform solvent exchanges.

On the other, compound 4 (or its analogues) showed remarkable photoluminescence

properties. 4-LaEu and 4-LaTb have very high absolute emission quantum yields (43%

for 4-LaEu and 75% for 4-LaTb) under indirect excitation in the UV ligand bands,

with lifetimes of 0.50 and 1.06 ms, respectively. Noteworthy, this framework revealed a

multifunctional behaviour considering its effective response as a heterogeneous catalyst in

the ring opening of styrene oxide with methanol under mild reaction conditions.
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Chapter 4

Self-Assembly of Lanthanum Units

and Nitrilotris(methylenephosphonic

acid)

4.1 Summary

The present chapter reports the findings concerning the preparation and structural

characterisation of two novel 2D lanthanide-organic frameworks, [La(H3nmp)] (5) and

[La(L)] (6) (where L3− stands for [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−). Compound

5 was prepared from the reaction of nitrilotris(methylenephosphonic acid) (H6nmp) with

LaCl3·7H2O, and it undergoes a microcrystal-to-microcrystal phase transformation above

300 ◦C, being transformed into compound 6. It is shown that upon heating the coordi-

nated H3nmp3− anionic organic ligand undergoes a polymerization (condensation) reac-

tion to form in situ a novel and unprecedented one-dimensional polymeric organic ligand.

The lanthanum oxide layers act, thus, simultaneously as insulating and templating two-

dimensional scaffolds. Photoluminescent materials, isotypical with both the as-prepared

([(La0.95Eu0.05)(H3nmp)] (5-LaEu) and [(La0.95Tb0.05)(H3nmp)]) (5-LaTb) and the cal-

cined ([(La0.95Eu0.05)(L)]) (6-LaEu) compounds and containing stoichiometric amounts of

optically active lanthanide centers, have been prepared and their photoluminescent prop-

erties studied in detail. The lifetimes of Eu3+ vary between 2.04±0.01 and 2.31±0.01 ms

(considering both ambient and low-temperature studies). 5 is shown to be an effective

heterogeneous catalyst in the ring opening of styrene oxide with methanol or ethanol,

producing 2-methoxy-2-phenylethanol or 2-ethoxy-2-phenylethanol, respectively, in quan-
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titative yields in the temperature range 40–70 ◦C. The material exhibits excellent regiose-

lectivity to the β-alkoxy alcohol products even in the presence of water. Catalyst recycling

and leaching tests performed for 5 confirm the heterogeneous nature of the catalytic reac-

tion. Catalytic activity may be attributed to structural defect sites. This assumption is

somewhat supported by the much higher catalytic activity of 6 in comparison to 5.

4.2 Initial Considerations

We have been interested in the preparation of MOFs based on tripodal flexible or-

ganic molecules such as (carboxymethyl)iminodi(methylphosphonic acid) [237, 303] and

nitrilotris(methylenephosphonic acid) (H6nmp; Figure 4.1) [215, 298]. Organophosphonic

acids can be an attractive possibility to design MOFs considering their ability to form

robust ionic hydrogen bonds [298, 429]. However, considering the high flexibility of these

organic linkers, materials were invariably isolated as microcrystalline powders, ultimately

impelling us to unveil their structural features using powder X-ray diffraction studies,

many of which based on high-resolution synchrotron data. Indeed, to the best of our

knowledge and prior to our work, only three crystal structures based on these ligands and

derived from single crystal X-ray diffraction were known to date [328, 430].

[La(H3nmp)] (5) appears as a continuation of the work started earlier in 2007 where

it was describe the layered [La(H3nmp)]·1.5H2O material obtained using hydrothermal

synthesis [298].

[La(L)] (6) (where L3− stands for [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−) was iso-

lated by heating overnight its two-dimensional MOF precursor, compound 5, at 340 ◦C.

Having in mind that compound 6 was initially obtained as microcrystalline powders, it was

not possible to obtain an unequivocal structural solution (using powder X-ray diffraction

studies) and two different crystal models have been considered as equally feasible from a

chemical standpoint and coherent with the photophysical studies performed. Neverthel-

less, our continuous efforts in the study of this system, that included a drastic modification

of the synthetic route, resulted in the isolation of single-crystals of compound 5. Lately,

the single-crystal redetermination of 5 and 6 was possible, with the definitive details

proving that 6 was in fact a 2D network.

124



Figure 4.1: Nitrilotris(methylenephosphonic acid) (H6nmp).

4.3 Structural Design and Synthesis Strategy

The main objective focuses on the preparation of compounds topologically similar to

the layered [La(H3nmp)]·1.5H2O network [298] while using a faster, simpler, and also

environmentally more friendly synthetic procedure, thus envisaging future potential appli-

cations in the fabrication of functional materials. Microwave-assisted heating can address

some of these requirements [186]. Because the experimental conditions cannot be directly

transposed from conventional hydrothermal synthesis into microwave-assisted synthesis

(even though a relatively identical composition for the reactive system was indeed used –

see dedicated Materials and Methods), a systematic variation of the experimental variables

to obtain (i) phase-pure and (ii) highly crystalline materials while (iii) exhibiting uniform

crystal habit and size distribution had to be performed (results in the following section).

As for related systems, these materials are likely to be isolated as microcrystalline powders.

La3+ was therefore selected as the pivot metallic node because:

� it promotes diamagnetic networks which can be studied using solid-state NMR tech-

niques (to derive information on the composition of the asymmetric unit) and

� it is of great usefulness to prepare a nonemitting (in the visible region) hybrid matrix

which can be doped with stoichiometric amounts of emitting lanthanide centers such

as Tb3+ and Eu3+. In addition, small percentages of these optically active metal

centers can also boost the observed photoluminescent properties by reducing self-

quenching effects.
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4.3.1 Microwave-Assisted Hydrothermal Synthesis

The optimization process covered a wide range of experimental conditions (see Ma-

terials and Methods for details). Several compounds have been prepared (Figure 4.2)

and inspected using, mainly, a combination of powder X-ray diffraction and electron mi-

croscopy (SEM imaging and EDS analyses).

Phase-pure [La(H3nmp)] (5) can be isolated over a wide range of experimental condi-

tions. At 120 ◦C, mixtures of 5 with other phases, either known or unknown, are mainly

observed. Considering that mild and faster experimental conditions are usually preferred,

140 ◦C arises as the optimal minimum temperature to isolate 5, independently of either

the power of the irradiation or the time of reaction employed.

Figure 4.2: TmPntp Diagram for the Optimization of the Microwave-Assisted Hydrothermal Synthesis
of [La(H3nmp)] (5). Legend: solid blue circle, phase-pure 5; shaded circle, mixture of 5 with other
phases, which include [La(H3nmp)]·1.5H2O or other unknown materials.

4.3.2 Crystal Morphology

Crystal morphology and average particle size vary slightly according to the selected

reaction conditions. Crystals of 5 exhibit similar platelike morphology for a wide range

of conditions with individual crystallites being stacked into different types of aggregates,

such as flower- and bone-like ones (Figure 4.3a). Crystals are, thus, very regular thin (in

the nanometer range) plates which grow uniformly without the presence of precipitates (or

other defects) in the matrix. This was clearly observed using TEM studies (Figure 4.3b).

Because of the sensitivity of 5 toward the electron beam (most likely due to the pres-

ence of the organic component), more detailed high resolution TEM studies could not be

performed.
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Figure 4.3: (a) SEM image of [La(H3nmp)] (5–T140P50t1) showing the two main different types of crys-
tallite aggregates isolated directly from the reaction vessel. (b) TEM images (bright field) of 5–T140P50t1
depicting the nanosized thickness and homogeneity of the crystallites. Effect on the crystallite morphology
and size when varying (c) the reaction time and (d) the temperature.
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On average, the increase of the reaction time of the microwave-assisted synthesis is

concomitant with an average increase of the particle size, even though smaller crystals

can also be isolated for longer periods of irradiation (see, for example, the SEM picture

of the material 5–T140P50t10, Figure 4.3c below). This effect can also be promoted by

the fact that long microwave irradiation periods are also known to lead to the partial

destruction of the prepared compounds, as reported for other MOF-type materials [210].

Distinct irradiation powers do not seem to produce significant changes in either the size

or the shape of the crystallites. Conversely, an increase of the temperature of reaction has

a pronounced effect on particle dimension as noticeable in Figure 4.3d when comparing

samples 5–T140P50t1 and 5–T165P50t1.

4.3.3 Dynamic Hydrothermal Synthesis of [La(H3nmp)]

Under comparable synthetic conditions (i.e., temperature and chemical composition

of the reactive mixtures), [La(H3nmp)] (5) cannot be prepared using typical static hy-

drothermal synthesis: a mixture of [La(H3nmp)]·1.5H2O and a novel, poorly crystalline

and unidentified phase is always isolated. I envisaged that stirring during the synthesis

(as it occurs in the microwave-assisted method) could be a key experimental factor for

the successful preparation of 5. By employing experimental conditions relatively similar

to those optimized for the microwave-assisted synthesis, 5 was isolated in just 48 h of re-

action when the reaction vessel was kept under constant rotation at 165 ◦C. Noteworthy,

the optimal frequency of rotation was found to be 25 rpm.

4.3.4 Engineering Optical Centers into the Materials

Optically active compounds containing stoichiometric amounts of Eu3+ or Tb3+ were

isolated as microcrystalline [(La0.95Eu0.05)(H3nmp)] (5-LaEu) and [(La0.95Tb0.05)(H3nmp)]

(5-LaTb) bulk materials (Figures 4.4 and 4.5), with only small differences in crystallite

size and morphology being observed (see SEM pictures in Figure 4.6). As registered for the

parent [La(H3nmp)] (5) material, photoluminescent [(La0.95Eu0.05)(L)] (6-LaEu) (where

L3− = [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−) can also be readily prepared by calcina-

tion of the mixed-lanthanide [(La0.95Eu0.05)(H3nmp)] (5-LaEu) compound (Figure 4.6,

top). EDS mapping studies (Figures C.1–C.3) clearly show that: (i) Eu3+ and Tb3+ cen-

ters were incorporated into the prepared networks; (ii) the distribution of these elements is

completely random inside the crystallites; (iii) the inclusion of these optical centers occurs
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in an identical fashion using either microwave assisted synthesis or dynamic hydrothermal

synthesis.

Figure 4.4: EDS mapping studies of [(La0.95Eu0.05)(H3nmp)] (5-LaEu) obtained using microwave heating.

Figure 4.5: EDS mapping studies of a portion of the [(La0.95Tb0.05)(H3nmp)] 5-LaTb material.
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Figure 4.6: PXRD patterns and SEM images of the bulk materials with stoichiometric amounts of Eu3+

and Tb3+ lanthanide centers and prepared using either microwave-assisted synthesis or dynamic hy-
drothermal synthesis.
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4.4 Crystal Structure Elucidation of [La(H3nmp)]

Materials produced using either microwave-assisted hydrothermal synthesis or the dy-

namic hydrothermal approach are systematically isolated as microcrystalline powders,

which prevented a priori a straightforward structural elucidation from single-crystal X-ray

diffraction studies. As in our previous study on the [La(H3nmp)]·1.5H2O and [Ln(H2cmp)

(H2O)] [Ln3+ = Y3+, La3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, Ho3+, and

Er3+; H5cmp = N-(carboxymethyl)iminodi(methylphosphonic acid)] materials [237, 298],

solid-state NMR studies provided fundamental data on the composition of the asymmetric

unit: the 31P MAS spectrum of [La(H3nmp)] (5) shows the presence of three well-resolved

isotropic resonances in the -8 to 14 ppm spectral region (Figure 4.7); the 13C1H CP MAS

spectrum further revealed the existence of six resonances, grouped into three pairs of peaks

separated by ca. 126–133 Hz (within experimental error; Figure 4.7), which is consistent

with the existence of spin multiplets arising from 1JC,P coupling (usually in the 5–90 Hz

range) [431, 432]. In summary, this technique clearly supports the existence of a sin-

gle crystallographically unique H6−xnmp−x residue in the asymmetric unit. Additionally,

and based on the performed photoluminescence studies (see dedicated section below), the

material should also contain a single independent lanthanide center.

Figure 4.7: (Left) 31P MAS spectrum of [La(H3nmp)] (5). Spinning sidebands are denoted by an asterisk.
(Right) 13C{1H} CP MAS spectrum of 5 without 31P decoupling during the acquisition period.

The crystal structure of 5 was initially unveiled from ab initio X-ray powder stud-

ies (Figure 4.8). The material crystallizes in the noncentrosymmetric orthorhombic Pca21

space group (Table 4.1), with the composition of the asymmetric unit being in good agree-

ment with the assumptions highlighted above. The single La3+ center is nine-coordinated,

{LaO9}, to a total of seven phosphonate groups arising from four symmetry-related
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H3nmp3− anionic ligands, with the coordination polyhedron resembling a highly distorted

tricapped trigonal prism as depicted in Figure 4.9b.

Figure 4.8: Final Rietveld plot (powder X-ray diffraction data) of [La(H3nmp)] (5). Observed data points
are indicated as red circles, and the best-fit profile (upper trace) and the difference pattern (lower trace)
are drawn as solid black and blue lines, respectively. Green vertical bars indicate the angular positions of
the allowed Bragg reflections. Inset: Crystal packing of 5 viewed in perspective along the [100] direction
of the unit cell.

The La–O bond lengths were found in the 2.487(12)–2.932(11) Å range (Table C.1) [215].

Note that the latter, relatively long bond length is directly associated with the P1 phos-

phonate group which is deeply embedded inside the lanthanum oxide layer, establishing

physical connections between four adjacent La3+ cations (see Figures C.4a and C.4b, in

Appendix C, for detailed views). This type of behavior has already been reported for

[Pr(H3nmp)]·1.5H2O but with a slightly distinct coordination mode: while in 5 the P1

phosphonate group is O,O-chelated to two La3+ cations, in the Pr3+-containing material

this type of chelation only occurs to one neighboring metal center; this also seems to be

the structural reason for the existence of a nine coordination geometry in the present ma-

terial, contrasting with the eight-coordinated dodecahedral environment of our previous

structure [298]. While in [Pr(H3nmp)]·1.5H2O the layer arrangement was mainly based

on the presence of a 1D chain of Pr3+ polyhedra, in 5 the distribution of the metallic
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Table 4.1: X-ray data collection, powder and crystal data, for [La(H3nmp)] (5) and the two models for
[La(L)] (6) (where L3− = [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−).

5–powder data 5–crystal data 6 (model I) 6 (model II) 6–crystal data

Unit Cell

formula C3H9LaNO9P3 C3H9LaNO9P3 C3H7LaNO8P3 C3H7LaNO8P3 C3H7LaNO8P3

formula weight 434.93 434.93 416.92 416.92 416.92

crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic

space group Pca21 Pca21 Pca21 Pca21 Pca21

a / Å 9.1762(3) 9.144(3) 9.7660(6) 8.7247(5) 8.693(3)

b / Å 11.7369(4) 11.727(4) 11.3438(3) 11.3493(3) 11.380(4)

c / Å 9.8340(3) 9.823(3) 8.7307(5) 9.7728(6) 9.742(3)

volume / Å3 1059.12(6) 1053.3(6) 967.21(8) 967.69(8) 963.7(5)

Z 4 4 4 4 4

µ(MoKα) / mm−1 4.55 4.959

temperature 180 K 180 K

Crystal size / mm 0.05×0.05×0.01 0.05×0.03×0.01

Figure 4.9: (a) Schematic representation of a portion of the 2D network of [La(H3nmp)] (5) emphasizing
the connectivity of the H3nmp3− organic residues to the lanthanum oxide core. Intralayer hydrogen
bonding interactions are represented as blue-filled dashed lines (symmetry codes have been omitted for
clarity): N1–H1C· · ·O3 with dD···A = 2.823(13) Å and <(DHA) of ca. 128◦; O5–H5A· · ·O9 with dD···A
= 2.328(15) Å and <(DHA) of ca. 126◦; O6–H6A· · ·O5 with dD···A = 2.720(15) Å and <(DHA) of ca.
170◦. (b) Highly distorted {LaO9} tricapped trigonal prismatic coordination environment of La3+. For
selected bond lengths (in Å) and angles (in degrees), see Table C.1. Symmetry transformations used to
generate equivalent atoms: (i) 1/2 – x, y, 1/2 + z ; (ii) 1 – x, 1 – y, 1/2 + z ; (iii) –1/2 + x, –y, z.
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centers within the layer is significantly more uniform (as shown in Figure 4.9a) with the

intermetallic La· · ·La distances varying only between ca. 4.59 and 4.82 Å (for reference,

in [Pr(H3nmp)]·1.5H2O the intralayer Pr· · ·Pr distances varied instead between ca. 4.24

and 5.89 Å).

Another striking distinction between 5 and [Pr(H3nmp)]·1.5H2O concerns the connec-

tivity among adjacent lanthanide polyhedra: in the latter compound layers are based on

1D chains formed by edge-shared Pr3+ polyhedra, further interconnected via a phospho-

nate group to yield the layer; in 5, each La3+ polyhedron is connected instead to another

four via corner sharing, leading to a significantly more dense structure (Figure 4.9a). This

connectivity in 5 seems to be the main driving force for the existence of an almost planar

and infinite lanthanum oxide layer (inset in Figure 4.8), while in [Pr(H3nmp)]·1.5H2O the

phosphonate bridge induces flexibility, ultimately promoting a kink in the layer and an

empty space within the crystal structure filled with uncoordinated water molecules.

The {LaO9} coordination polyhedron of 5 is water-free (as observed in [Pr(H3nmp)]·1.5

H2O), and the material itself does not contain water. Consequently, the interlayer bridges

based on O–H· · ·O hydrogen bonds reported for [Pr(H3nmp)]·1.5H2O) are completely

absent in 5. The protonated phosphonate groups are instead engaged in strong hydrogen

bonding interactions which cover the outer shell of the two-dimensional layers as depicted

in Figure 4.9a. Individual layers pack in a parallel fashion along the [010] direction of the

unit cell, leading to the crystal structure depicted as an inset in Figure 4.8.

4.4.1 Single-crystal X-Ray diffraction studies

Changes in the synthetic route allowed the isolation of single crystals of 5 which were

used for a detailed single-crystal X-ray diffraction study. Differences from the original

synthetic procedure are solely based on two essential features:

� the metal precursor, which I have changed from LaCl3·7H2O to La2O3;

� the heating method, I now employ typical static conditions for the hydrothermal

synthesis, instead of the two previously used techniques, a dynamic (with constant

rotation) hydrothermal synthesis and microwave heating.

The crystal structure unveiled from single-crystal X-ray diffraction resembles that previ-

ously described and based on powder X-ray diffraction data [215]:

� both structures were solved in the Pca21 orthorhombic space group;

134



� despite the differences in temperature from the two data sets, the unit cell parameters

are very similar;

� the coordinates of the non-hydrogen atoms in the two models are highly super-

imposable with the differences on spatial positions being smaller than ca. 0.23 Å

(Figure 4.10). For example, the La-O distances range from 2.466(6) to 2.916(6) Å

in the single-crystal structural determination (Table C.1) and from 2.487(12) to

2.932(11) Å in the powder model.

Figure 4.10: Overlay of the asymmetric unit of the title compound: in pink there are the coordinates of
the single-crystal determination and in blue those as derived from the powder X-ray diffraction studies.

The main difference between the two models resides on the position of the hydrogen

atoms. While two H atoms were modeled as attached to the same phosphonate group

in the powder determination, in the current model the same hydrogen atoms are instead

distributed among two of such groups. In the powder determination the location of the

hydrogen atoms was inferred from NMR data of similar compounds [298]. In opposition,

in the present single-crystal determination the observed P–O distances were used for the

location of the same hydrogen atoms. The hydrogen bonding network present in the crystal

is, thus, slightly distinct from that suggested by the previous powder X-ray studies. N1–H1

interacts with two neighboring phosphonate groups coordinated to the metal center (O1

and O8), in a typical bifurcated motif. The O5, O6 and O9 oxygen atoms belonging to
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the protonated phosphonate groups (P2 and P3) are engaged in strong O–H· · ·O hydrogen

bonds (dD···A below ca. 2.50 Å) forming a discrete chain represented by the graph set

motif D1
2(4) [433]. Individual two-dimensional layers close pack along the [010] direction

of the unit cell as depicted in Figure 4.8. It is noted the absence of strong supramolecular

interactions between adjacent layers and only weak C–H· · ·O contacts are present.

4.5 Thermogravimetry and Thermodiffractometry

The thermal behavior of the bulk layered [La(H3nmp)] (5) material was investigated

between ambient temperature and ca. 800 ◦C (Figure 4.11). Thermogravimetric anal-

ysis in conjunction with thermodiffractometry clearly shows that the overall crystalline

structure of the material remains intact up to ca. 280 ◦C. A small continuous weight

drop registered between ca. 200 and 250 ◦C is mainly attributed to physisorbed and

chemisorbed water molecules arising from local structural defects because, as described

above, 5 does not contain any water molecules in its crystal structure composition. Be-

tween 250 and 400 ◦C the material undergoes a crystalline phase transition with the first

reflection (corresponding to the (010) plane) being shifted to higher 2theta values while

getting significantly broader. This shift points to a reduction of the unit cell dimensions,

in particular along the [010] direction, which further indicates a closer proximity between

lanthanum oxide layers. Indeed, in the 250–400 ◦C temperature window the compound

loses approximately 4.2% of total weight, which agrees well with the release of one water

molecule per formula unit (calculated of about 4.1%). This occurrence is coherent with

the observed structural transformation described in the following section. Above 400 ◦C

additional weight losses are attributed to the full decomposition of the organic component,

with thermodiffractometry indicating the existence of an almost amorphous compound. At

680 ◦C the residue was identified (PDF4-release 2010 database) as a crystalline mixture

composed of monazite (LaPO4, ICDD 00-032-0493) and lanthanum catenatriphosphate

(LaP3O9, ICDD 01-084-1635).

A representative portion of the [La(L)] (6) material was isolated by calcining the parent

compound 5 at 340 ◦C for ca. 3 h. As already suggested by the previous studies, the slow

heating of 6 promotes a continuous release of mass over the wide temperature range

25–800 ◦C as depicted in Figure 4.12. Despite the several (and discernible) consecutive

weight losses, it is not possible to unequivocally identify which molecular entities are

being released at one given temperature. It is, however, possible to observe that the
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Figure 4.11: Thermogram and variable-temperature powder X-ray diffraction studies of [La(H3nmp)] (5).

residue reminiscent at ca. 800 ◦C agrees well with the stoichiometric formation of the

inorganic residue LaP3O8 (by assuming a change of the oxidation state of one phosphorus

from +5 to +3). This result indicates the complete transformation of the material into an

inorganic phase, which is in agreement with the TGA results previously discussed for 5.

Figure 4.12: Thermogravimetric studies of the the [La(L)] (6) material (where L3− = [–
(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−).
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4.6 Crystal Structure Elucidation of [La(L)]

The crystalline material isolated in the ca. 300–400 ◦C temperature range was studied

using 31P solid state NMR (Figure 4.13). Three sharp resonances peaking at ca. –7.1,

–3.3, and 10.5 ppm remain indicative of the presence of three distinct crystallographic

sites for phosphorus, coherent with the previous results for [La(H3nmp)] (5), still support-

ing the existence of a single crystallographically independent H6−xnmp−x residue in the

asymmetric unit of the newly formed compound. The observed chemical shifts are slightly

distinct from those registered for 5 (ca. –3.6, 3.2, and 8.4 ppm; Figure 4.7), indicating

that the local environments of the phosphorus atoms were modified in the process. It is

further noted the presence of a very broad resonance centered at about –26.4 ppm, typical

of purely inorganic compounds [434], with its large full width-at-half-maximum (fwhm)

indicating an amorphous phase. Photoluminescence studies (see below) also indicate the

existence of such phase, which already seems to exist in the parent [La(H3nmp)] (5) com-

pound even though it passes undetected using most of the characterization techniques.

This secondary inorganic phase seems to contain a small amount of protons because the

resonance is significantly less visible in the 31P1H CP MAS spectrum (Figure 4.13).

Figure 4.13: 31P{1H} CP MAS of [La(L)] (6) (L3− = [–(PO3CH2)2(NH)(CH2PO2)O1/2–]3n−n ). Spinning
sidebands are denoted by an asterisk.
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4.7 Vibrational Spectroscopy

Vibrational FT-IR spectroscopy studies support, on the one hand, the highlighted

structural features of [La(H3nmp)] (5) and, on the other, that it is highly sensitive to

the structural transformation that leads to the formation of [La(L)] (6) [396]. Figure 4.14

focuses on the ca. 1500–700 cm−1 spectral region of the FT-IR spectra of 5 and 6, including

assignments for each main observed band. Note that the most relevant differences were

clearly observed in this region, which corresponds to that where the various vibrational

modes of P–O groups appear. A representation of the progressive modification of selected

spectral regions with increasing temperature (i.e., when going from compound 5 to 6 by

thermal treatment) is also provided in Figure 4.14).

Figure 4.14: (Left) Comparison between the FT-IR spectral features of [La(H3nmp)] (5) into [La(L)] (6)
in the 1500–650 cm−1 region. (Right) FT-IR spectra of the thermal transformation (between 260 and
400 ◦C) of layered 5 into framework-type 6.

Ligand condensation above 300 ◦C leads to the release of water molecules with this

process being clearly observed in the FT-IR spectra with a relative increase of the broad

band centered at about 3400 cm−1 (see Figure 4.14). Thermodiffractometry further shows

that at 400 ◦C the thermal decomposition of 6 is almost complete. Concomitantly, the FT-
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IR spectrum is typical of an amorphous compound as also evidenced by the corresponding

powder X-ray diffraction pattern (Figure 4.14, top).

The typical symmetric and asymmetric ν(C–H) and ν(N–H) stretching vibrational

modes appear in the 3100–2800 cm−1 region. The latter mode is found at ca. 3037 cm−1,

unequivocally attributed to its displacement to ca. 2251 cm−1 upon deuteration. Con-

versely, the large broad bands peaking at ca. 2950, 2925, 2873, and 2855 cm−1 (two sets)

are, thus, assigned to νsym+asym(C–H). In the 1500–1300 cm−1 region, a number of very

weak bands are observed and can be assigned to ν(C–H) modes typical of P–CH2 groups.

The PO–H stretching modes were observed at ca. 2746 and 2615 cm−1 as very faint and

broad bands that also completely disappear upon deuteration.

In the aforementioned 1500–700 cm−1 spectral region, the two central and very in-

tense bands (found at ca. 1113 and 1074 cm−1) are attributed to the ν(C–N) stretching

vibrational modes typical of tertiary amines. Upon calcination these bands shift slightly

to ca. 1103 and 1079 cm−1, respectively, thus pointing to a small structural modification

for this section of the molecule. The ν(P–C) stretching vibrational modes, found in the

ca. 790–680 cm−1 region, are also markedly present in both spectra. Remarkably, and as

clearly depicted in Figure 4.14, these bands which are directly associated with the central

portion of the ligand become significantly narrower upon phase transition. This feature

indicates the formation of a more rigid, constrained structure, coherent with the proposed

2D-to-3D or 2D-to-2D transition and with the results derived from the photoluminescence

studies.

A number of modifications are also notably visible in the regions attributed to the

ν(P=O) (from ca. 1250 to 1150 cm−1) and ν(P–O) (from ca. 1050 to 900 cm−1) stretch-

ing vibrational modes (Figure 4.14). It is worth noting the simultaneous appearance of

a new band centered at about 929 cm−1 and the increase of the number of bands in the

1250–1150 cm−1 region. These modifications are in line with the formation of pyrophos-

phonates [396].

4.8 Structural Transformation of 5 into 6

The transformation of layered [La(H3nmp)] (5) into network [La(L)] (6) (where L3−

= [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−) occurs in a microcrystal-to-microcrystal type

fashion. The lanthanum oxide layers remain approximately in the same location, and

the transformation occurs mainly in the interlayer space involving individual blocks of the
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organic ligand. The connectivity of the P1 phosphonate group does not change significantly

during this transformation: the group remains strongly chelated to four adjacent La3+

centers via six La–O bonds. Therefore, structural modification must be solely driven by

the inherent structural freedom associated with the individual P2 and P3 moieties which

decorate the surfaces of the lanthanum oxide layer.

From the crystal structure of 5, one can observe that the diprotonated –CH2PO3H2

moiety is the most weakly bonded to the layer: (i) on one hand, this tetrahedral group

is only bound to a single La3+ cation; (ii) on the other, this single La–O bond is the

longest (and, thus, the weakest) among all belonging to the phosphonate groups which

protrude into the interlayer space [La1–O4 of 2.634(8) Å]. It is, thus, feasible to assume

that the externally driven increase in temperature can easily promote the rupture of this

bond. Indeed, the formation of the polymeric L3− ligand starts always with modifications

in the connectivity of this diprotonated –CH2PO3H2 moiety, which becomes free and able

to react with neighboring moieties.

4.8.1 Powder X-Ray diffraction studies

As in the parent material [La(H3nmp)] (5), and despite the considerable decrease

in overall crystallinity, structural models for the structure of the calcined material were

initially derived from powder X-ray diffraction data (Figure 4.15). The material was

formulated as [La(L)] (6) (where L3− = [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−), which

depending on the model (I or II) could be either a 2D or a 3D network. Electron microscopy

imaging shows that the overall crystal morphology is not significantly affected by the

thermal treatment (see, for example, Figure 4.6 at the top and the inset in Figure 4.15).

We thus infer that the observed reduction of crystallinity must then occur within the

crystallites, as observed from the TEM studies at the nanolevel depicted in Figure 4.16:

the crystals contain holes and nanodomains with distinct contrast.

The most remarkable structural feature of 6, indicated by either of the derived models,

concerns the existence of a one-dimensional infinite organic ligand either decorating or pil-

laring the lanthanum oxide layers reminiscent from the parent compound (Figure 4.17). In

model I, this polymeric organic linker runs parallel to the [100] crystallographic direction,

in a wavelike fashion with a period of the length of the a-axis of the unit cell. Conversely,

in model II the same polymeric organic linker is parallel to the [001] direction (period of

the c-axis).

From PXRD studies, independently of the model for 6, upon thermal treatment the
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Figure 4.15: Final Rietveld plot (powder X-ray diffraction data) for the two models derived for the [La(L)]
(6) material. Observed data points are indicated as red circles, and the best-fit profile (upper trace) and
the difference pattern (lower trace) are drawn as solid black and blue lines, respectively. Green vertical
bars indicate the angular positions of the allowed Bragg reflections. Inset: SEM picture of the bulk
material and a pictorial representation of the average crystallite shape as calculated from the Rietveld
refinement (image created using GFourier from the FullProf.2k software suite) [435–437].
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Figure 4.16: TEM images of the calcined material [La(L)] (6) material (where L3− = [–
(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−), emphasizing the increase of crystallite defects: on the one hand,
crystallites are perforated by randomly distributed holes, probably due to the release of the water molecules
formed during the condensation reaction; on the other, crystallites show the alternation of light and dark
spots, probably attributed to the crystalline nanodomains observed from the PXRD studies.

Figure 4.17: Perspective views of selective portions of the two structural models of [La(L)] (6) emphasizing
the undulated 1D polymeric anionic ligand [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−). In model I, the
polymer runs parallel to the [100] direction of the unit cell, pillaring adjacent lanthanum oxide layers. In
model II the polymer is instead placed on top of the lanthanum oxide layers.

coordination environment of the crystallographically independent La3+ center changes

considerably as depicted in Figure 4.18.

On one hand, the coordination number is reduced to eight in both models, {LaO8},
because the metal center is now only coordinated to a total of six phosphonate moieties due
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Figure 4.18: Highly distorted {LaO8} square antiprismatic (model I) and bicapped trigonal prismatic
(model II) coordination environments modeled for La3+ in compound [La(L)] (6). For selected bond
lengths (in Å) and angles (in degrees) see Tables C.2 and C.3. On the side there are also depicted
portions of the compact two-dimensional lanthanum oxide layers for the two models of 6, depicting the
edge-sharing connectivity between adjacent {LaO8} polyhedra. Symmetry transformations are used to
generate equivalent atoms. Model I: (i) –1/2 + x, –y, z ; (ii) 1/2 – x, y, –1/2 + z ; (iii) 1 – x, –y, –1/2 + z.
Model II: (i) 1/2 + x, –y, z ; (ii) 1.5 – x, y, 1/2 + z ; (iii) 1 – x, –y, –1/2 + z.

to the rupture of one La–O bond to form the polymeric ligand (details in section 6.7). The

resulting highly distorted square antiprismatic (model I) or bicapped trigonal prismatic

(model II) coordination environments have, in average, significantly longer La–O bond

lengths when compared to 5: found in the 2.647(9)–2.823(9) Å and 2.543(10)–2.657(9) Å

ranges (Tables C.2 and C.3). While the P1 phosphonate group remains strongly O,O-

chelated to two neighboring La3+ cations as in 5, the two remaining phosphonate moieties

modify considerably their environment in the two models. This transformation induces,

for the two models, small changes in the lanthanum oxide layer, with adjacent {LaO8}
polyhedra being edge-shared which ultimately leads to closer intermetallic distances as

depicted in Figure 4.18.

4.8.2 Redetermination of the layered compound 6

The isolation of single-crystals of [La(H3nmp)] (5) motivated us to carry out similar

studies with the calcined material [La(L)] (6), by carefully selecting good-quality crystals
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and calcining them at the correspondent temperature required for structural transforma-

tion. Depending on various synthetic conditions of the parent material and of the calci-

nation process, the calcined material 6 may exhibit slight variations concerning average

particle size. Nevertheless, it always exhibits similar plate-like morphology with individ-

ual crystallites being stacked into large aggregates. Crystals are very thin plates (with at

least one dimension in the nanometer range) that grow uniformly as shown in Figure 4.19.

TEM inspection of these thin plates revealed the presence of defects on the matrix which

one believes are a result of the release of water molecules and the concomitant formation

of the pyrophosphate connection [215]. These results are in line with those on the pre-

cursor, considering both the nano-sized thickness and homogeneity of the [La(H3nmp)]

crystallites.

Figure 4.19: (a) SEM and (b) TEM (bright field) images of [La(L)] (6) depicting the nano-sized thickness
of the plate-like crystallites of the 2D MOF material isolated directly from the thermal treatment of the
[La(H3nmp)] (5) precursor.

The asymmetric unit of the [La(L)] (6) compound (Figure 4.20) comprises a La3+

metallic center and an anionic [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3− monomer of the

one-dimensional polymeric ligand. The metal center is nonacoordinated to oxygen atoms

belonging to six phosphonate residues, among which two are O,O-chelating ligands. If the

chelating groups are considered as a single coordination site (i.e., taking the geometrical

center of the chelating group as the coordination site), the coordination geometry around

the metal center resembles a distorted pentagonal bipyramid. All the oxygen atoms from

the phosphonate centered on P1 behave as chelating groups, sharing by this way six bonds

with four symmetry-related La3+ cations. The two remaining phosphonate moieties are

fused forming a pyrophosphonate group, in which one phosphonate (centered on P2) acts

as a µ-O,O’ chelating ligand and the other has a non-bonding oxygen atom, which is

free for weak hydrogen bonds with neighbouring C-H moieties. The {LaO9} coordination
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polyhedra are interconnected in the ac plane of the unit cell into an inorganic layer perpen-

dicular to the [010] direction. The organic component comprises a decorating undulated

1D polymer parallel to the [001] direction of the unit cell (Figure 4.21).

Figure 4.20: Mixed ball-and-stick and polyhedral representation of the asymmetric unit and of the {LaO9}
coordination sphere in [La(L)] (6). Atoms are represented as spheres with arbitrary radius. The coor-
dination sphere of the crystallographically independent La1 center and of the bridging P3 phosphonate
group have been completed for clarity. The atomic labelling is provided for all non-hydrogen atoms. For
selected bond lengths see Table C.4. Symmetry transformations used to generate equivalent atoms: (i)
1/2 + x, 1 – y, z ; (ii) 1 – x, 1 – y, 1/2 + zz; (iii) 3/2 – x, y, 1/2 + z ; (iv) 1/2 – x, y, –1/2 + z.

The crystal structure unveiled from single-crystal X-ray diffraction resembles that pre-

viously described based on powder X-ray diffraction data [215]: (i) both structures were

solved in the Pca21 orthorhombic space group (Table C.4, in Appendix C); (ii) despite

the differences in temperature for the two data sets, the unit cell parameters are very

similar; (iii) the coordinates of the non-hydrogen atoms in the two models are highly

superimposable with the differences on spatial positions being smaller than ca. 0.48 Å

(Figure 4.23). The sole remarkable difference corresponds to the coordination number of

the metal center. While in the single-crystal structural determination the metallic center

is connected to nine oxygen atoms, the model based on powder X-ray diffraction data

shows a coordination number of eight. This difference appears because in the latter model

an oxygen atom located at ca. 3.01 Å from the metal center was ultimately not considered

to be part of the coordination polyhedron. Comparing the whole La–O distances, one can
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Figure 4.21: Schematic representation of a portion of the 1D [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3n−n

anionic polymer present in compound [La(L)] (6) and decorating the lanthanum oxide layers placed in
the ac plane of the unit cell. The {LaO9} coordination sphere is represented in green, and the PO4 and
NHC3 tetrahedra composing the organic polymer are represented in orange.

observe that they range in a tighter interval [2.443(17) to 2.768(16) Å, with an average

of ca. 2.56 Å] in the single-crystal model than in that based on powder X-ray diffraction

data [2.543(10) to 3.005(10) Å, with average of ca. 2.65 Å].

Figure 4.22: Overlay of the asymmetric unit of compound [La(L)] (6): in pink – coordinates of the
single-crystal determination; in blue – coordinates derived from the powder X-ray diffraction studies.
The geometric coordinates of the lanthanum and phosphorus atoms were adjusted by minimum squares
differences of their spatial coordinates.

The single-crystal determination permitted a full elucidation of the hydrogen bonding

sub-networks governing both the close packing of individual layers of the material and the

intramolecular interactions that increase structural robustness. A bifurcated N1–H1···(O3,

O4) strong hydrogen bond (dashed blue lines in Figure 4.23) to neighboring phosphonate
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groups was found within each layer (see Table 4.2 for details). The crystal packing on

individual 2
∞[La(L)] layers is partially driven by the existence of weak C–H· · ·O hydrogen

bonds connecting adjacent networks along the [010] direction of the unit cell (dashed light

green lines in Figure 4.23). The combination of the three different C–H· · ·O interactions

to a single oxygen atom corresponds to a D1
3(3) graph set notation [390].

Figure 4.23: Schematic representation of the crystal packing of compound [La(L)] (6) viewed towards
the bc plane of the unit cell. Two-dimensional 2

∞[La(L)] networks close pack parallel to the b-axis of
the unit cell mediated by weak C–H· · ·O contacts (dashed light green lines). Intralayer N-H· · ·O
hydrogen bonds are depicted as dashed blue lines, and the La3+ metallic centers as green polyhedra.
Table 4.2 summarizes the most relevant geometrical details concerning the represented hydrogen bonding
interactions.

This redetermination clearly unveils our previous model II for the calcined material as

the correct one. In addition, electron microscopy studies on this isolated material were

also clear in showing the presence of a large amount of structural defects in the crystallites

which seem to be the source of the poor diffracting quality of the isolated compound.
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Table 4.2: Hydrogen bonding geometry for compound [La(L)] (6) (distances in Å and angles in degrees).

D–H· · ·A d(D· · ·A) <(DHA)

N1–H1· · ·O4iv 2.91(2) 144

N1–H1· · ·O3 2.77(2) 126

C1–H1B· · ·O8v 3.20(3) 137

C2–H2B· · ·O8vi 3.07(2) 160

C3–H3B· · ·O8vii 3.35(2) 174

Symmetry transformations used to generate

equivalent atoms:

(iv) 1/2 – x, y, –1/2 + z ; (v) 3/2 – x, y, 1/2 + z ;

(vi) 1 – x, 2 – y, 1/2 + z ; (vii) –1/2 + x, 2 – y, z.

4.9 Photoluminescent Properties

As described in section 4.3.4, the doped [(La0.95Eu0.05)(H3nmp)] (5–LaEu) and [(La0.95

Tb0.05)(H3nmp)] (5–LaTb) compounds could be readily prepared, and the materials emit

the characteristic red (inset in Figure 4.27) and green (inset in Figure 4.26) colors when

irradiated under UV light. The photoluminescent properties detailed below will be focused

in the 5–LaEu material and the 2D network obtained by its calcination, [(La0.95Eu0.05)(L)]

(6–LaEu). The excitation and emission spectra of 5–LaTb are provided in Figures 4.25

and 4.26, respectively).

The excitation spectra of 5–LaEu and 6–LaEu, recorded at ambient temperature and

11 K (Figure 4.24), display a series of sharp lines typical of the Eu3+ intra-4f6 transitions,

namely: 7F0,1 →5D4−0, 5L6, 5G2−6, 5H3−7, and 5F1−5. On the high-energy region, the

spectra exhibit at 11 K an additional and well-defined broad band attributed to ligand-

to-Eu3+ charge transfer (CT), peaking at 246.0 and 243.9 nm for 5–LaEu and 6–LaEu,

respectively. The corresponding energies (5.04 and 5.08 eV) and fwhm (0.24 and 0.23 eV)

of the CT bands are in the range of the values reported for related compounds containing

Eu3+ [438]. As discussed in the following paragraphs, the extra broad peaks at 274 and

282 nm of 5–LaEu and the broad UV band from ca. 270 to 350 nm of 6–LaEu are mostly

due to the presence of a very small amount of an unidentified impurity phase which also

contains Eu3+.

Figure 4.27 shows the emission spectra of 5–LaEu and 6–LaEu excited at 393 and

394 nm, respectively. The sharp lines are assigned to transitions between the first excited
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Figure 4.24: Excitation spectra of (bottom) [(La0.95Eu0.05)(H3nmp)] (5–LaEu) and (top)
[(La0.95Eu0.05)(L)] (6–LaEu) recorded at ambient temperature (black line) and at 11 K (red line),
while monitoring the emission at 618 nm. The intensity is only comparable for the variation of the
temperature for each sample, not between different samples.

Figure 4.25: Excitation spectrum of [(La0.95Tb0.05)(H3nmp)] (5–LaTb) recorded at ambient temperature
while monitoring the emission at 544 nm. The sharp lines between 300 and 500 nm are assigned to
the 7F6 →5D4−0, 5L10 and 5G6−3 intra-configurational forbidden 4f 8 → 4f 8 transitions of Tb3+. The
bands between 260 and 290 nm are ascribed to the spin-forbidden (high-spin, HS) inter-configurational
4f 8 → 4f 75d1 transitions of Tb3+. The most intense band, peaking at ca. 249 nm is tentatively assigned
to the spin-allowed (LS) inter-configurational fd transition of Tb3+.
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Figure 4.26: Emission spectrum of [(La0.95Tb0.05)(H3nmp)] (5–LaTb), with excitation at 254 nm,
recorded at ambient temperature. The emission lines are assigned to the 5D4 →7FJ (J = 2–6) tran-
sitions of Tb3+. The inset depicts the characteristic green emission of Tb3+ when 5–LaTb is irradiated
with a laboratory UV lamp (wavelength of 254 nm).

Figure 4.27: Emission spectra of (bottom) [(La0.95Eu0.05)(H3nmp)] (5–LaEu) and (top) [(La0.95Eu0.05)(L)
(6–LaEu), with excitation at 393 and 394 nm, respectively, recorded at ambient temperature (black line)
and at 11 K (red line). The intensity is only comparable for the variation of the temperature for each
sample, not between different samples. The inset depicts the characteristic red emission of Eu3+ when
5–LaEu is irradiated with a laboratory UV lamp (wavelength of 254 nm).
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nondegenerate 5D0 state and the 7F0−4 levels of the fundamental Eu3+ septet. Except

for the 5D0 →7F1 lines, which have a predominant magnetic-dipole character independent

of the Eu3+ crystallographic site, the observed transitions are mainly of electric-dipole

nature. The local-field splitting of the 7F1,2 levels into three and a maximum of five Stark

components, respectively, and the predominance of the 5D0 →7F2 transition in relation to

the 5D0 →7F1 one indicate the presence of a single low-symmetry Eu3+ environment for

both 5–LaEu and 6–LaEu. This result is in good agreement with the crystallographic

evidence described above. As mentioned above, 5–LaEu and 6–LaEu exhibit a number

of structural similarities such as the local Eu3+ symmetry and multiplicity. However,

their emission properties allow us to infer some important distinctions between the two

compounds:

� 5–LaEu has sharper emission lines, particularly at 11 K, characteristic of a com-

pound with higher crystallinity;

� the integrated intensity ratios between ambient temperature and 11 K (IIRT/II11K),

1.79 and 1.34 for 5–LaEu and 6–LaEu, respectively, indicate a more flexible struc-

ture (a more temperature-dependent photoluminescence) for the former material;

� the integrated intensity ratio R = 5D0 →7F2/5D0 →7F1, also known as asymme-

try ratio and calculated as 2.50 and 3.25 for 5–LaEu and 6–LaEu, respectively,

indicates a higher asymmetry of the Eu3+ coordination polyhedron for the latter

material (please note: the lower the R-value, the higher the site symmetry of the

Eu3+ coordination polyhedron), in good agreement with the X-ray diffraction study.

Although the emission spectra of the two compounds can be attributed to the pres-

ence of a single Eu3+ site with low symmetry, a detailed analysis allows the detection of

additional Eu3+ signals, which, on the present situation, are attributed to a very small

amount of an impurity phase. For example, Figure 4.28 shows a magnification of the re-

gion of the nondegenerated 5D0 →7F0 transition, and Figure 4.29 compares, at 11 K, the

former emission spectra with those collected when exciting on the selected unattributed

UV bands. These inorganic impurities, also detected by solid-state NMR (Figure 4.13),

electron microscopy, and powder X-ray diffraction studies (Figure C.8, become slightly

more evident in the photoluminescence studies at either low temperature with selected

excitation or ambient temperature with the very sensitive 5D0 →7F0 transition. I must

stress that attempts to remove or, at least, diminish the amount of these impurities proved
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to be unsuccessful. In addition, due to their presence in a very small amount, their identifi-

cation was not possible (only two reflections were observed in the powder X-ray diffraction

pattern).

The 5D0 lifetimes of Eu3+ of 5–LaEu and 6–LaEu were determined by monitoring the

emission decay curves within the 5D0 →7F2 transition (618 nm) at ambient temperature

and 11 K, using an excitation at ca. 394 nm (Figure 4.30). The decay curves were well-

fitted by single exponential functions, yielding lifetimes for 5–LaEu of 2.09 ± 0.01 and

2.31 ± 0.01 ms, at ambient temperature and 11 K, and 2.04 ± 0.01 and 2.08 ± 0.01 ms,

at ambient temperature and 11 K, respectively, for 6–LaEu. Changing the monitoring

and/or excitation wavelength can result in the detection of more complex exponential

curves (not shown) due to the detection of the aforementioned secondary inorganic phases.

As discussed above, 6–LaEu shows a smaller dependence of the Eu3+ lifetime with the

temperature, which is a typical behavior of a rigid structure [439]. Furthermore, the

shorter lifetime values for this material can only be justified by its lower crystallinity and

possible presence of local defects. These two conclusions agree well with the assumptions

highlighted above in the description of the crystal structures.

Figure 4.28: Magnification of the 5D0 →7F0 transition region for (bottom) [(La0.95Eu0.05)(H3nmp)] (5–
LaEu) and (top) [(La0.95Eu0.05)(L)] (6–LaEu), with excitation at 393 and 394 nm, respectively, recorded
at ambient temperature (black line) and at 11 K (red line). The presence of a small shoulder on the
lower energy side, particularly for [(La0.95Eu0.05)(H3nmp)] (5–LaEu), is attributed to the presence of a
small amount of an impurity phase.
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Figure 4.29: (bottom) Emission spectra of [(La0.95Eu0.05)(H3nmp)] (5–LaEu) at 11 K, with excitation at
393 nm (black line) and at 282 nm (red line). (top) Emission spectra of [(La0.95Eu0.05)(L)] (6–LaEu)
at 11 K with excitation at 393 nm (black line) and at 335 nm (red line).

Figure 4.30: 5D0 decay curves of [(La0.95Eu0.05)(H3nmp)] (5–LaEu, left) and [(La0.95Eu0.05)(L)] (6–
LaEu, right) recorded at ambient temperature (black line) and 11 K (red line). The emission was
monitored at 618 nm, and the excitation was performed at 393 nm for 5–LaEu and 394 nm for 6–LaEu.
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4.10 Heterogeneous Catalysis

The [La(H3nmp)] (5) material revealed itself to be a promising catalyst in the ring-

opening reaction of styrene oxide (PhEtO) with methanol or ethanol (Scheme 4.31).

The reaction of PhEtO with methanol in the presence of 5 at 40 ◦C gives 2-methoxy-

2-phenylethanol (MeOPhEtOH) in quantitative yields within 72 h reaction (Table 4.3); in

the absence of a catalyst the reaction under similar conditions was very sluggish, and only

8% conversion was reached in the same period of time. These results indicate excellent

regioselectivity to the β-alkoxy alcohol, which may be formed by nucleophilic attack of the

alcohol at the phenylsubstituted carbon atom [238, 247]. The reaction of 2-phenylethanol

with methanol in the presence of 5 does not take place, suggesting that the mechanism

does not involve the condensation of a β-hydroxyl intermediate with the alcohol. Accord-

ing to the literature, the MOF catalyst may thus coordinate with PhEtO by way of an

acid–base interaction to produce an increase in the electrophilic nature (partial positive

charge) of the more substituted carbon of the substrate (polarization of the C–O bond),

which in turn is attacked by the alcohol to yield the β-alkoxy alcohol product [247]. De-

spite the catalytic activity of 5 being lower than that reported for the Fe- or Cu-MOFs

used as catalysts in the same reaction at 40 ◦C (more than 92% conversion at 1 h re-

action) [236], the selectivity to MeOPhEtOH is always 100%. Indeed, for the transition

metal MOFs, selectivity toward the same product at more than 92% conversion reached,

at best, ca. 95% [236]. Similar excellent regioselectivities to the β-alkoxy alcohol product

have also been reported for lanthanide-containing heterodimetallic coordination polymers

in the alcoholysis ring opening reaction of PhEtO [238].

Figure 4.31: Reaction of styrene oxide with an alcohol (methanol or ethanol) in the presence of the catalyst
[La(H3nmp)] (5) or [La(L)] (6) to give the respective 2-alkoxyalcohol products.

When a mixture of water/acetonitrile (1:3) is used instead of methanol (total volume

of the reaction mixture was the same as for the catalytic alcoholysis reactions), no ring

opening of PhEtO in the presence of 5 is observed (40 ◦C, 72 h). These results contrast
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Table 4.3: Ring opening of styrene oxide with methanola

temperature time conversionb selectivityc

catalyst (◦C) (h) (%) (%)

none 40 72 8 100

H6nmp 40 1 100 100

LaCl3·7H2O 40 24 71 93d

1 40 24/48/72 40/77/100 100/100/100

1 55 24/48 76/100b 100/100
a Reaction conditions: PhEtO (0.83 mmol), catalyst (34.7 mg, 0.08 mmol of

La3+), alcohol (2 mL). b Conversion of PhEtO. c Selectivity to MeOPhEtOH.

d A chlorophenylethyl alcohol product and 2-methoxyphenyl ethanol were

formed in ca. 6% and 1% selectivity.

with that reported in the literature for decatungstocerate(IV) used as catalyst (0.04 M)

in the same reaction, which also exhibited activity in the hydrolysis of the epoxide to the

corresponding diol [413]. Therefore, 5 possesses alcoholysis but no hydrolysis activity.

For comparative purposes, the reactants H6nmp and LaCl3·7H2O were also tested

as catalysts in the methanolysis of PhEtO, at 40 ◦C, using molar ratios of (H6nmp or

La3+)/PhEtO/methanol equivalent to those for 5 (Table 4.3). When LaCl3·7H2O was

employed as the (Lewis acid) catalyst, MeOPhEtOH is formed in 93% selectivity at

71% conversion, reached at 24 h reaction; a chlorophenylethyl alcohol product and 2-

methoxyphenyl ethanol were formed with ca. 6% and 1% selectivity, respectively. High

catalytic activity and regioselectivity to the β-alkoxy alcohol product has been reported

by Berkessel et al. [440] for rare-earth triflates used as homogeneous catalysts in the al-

coholysis of PhEtO under mild reaction conditions. A catalytic amount of H6nmp gives

MeOPhEtOH in quantitative yields after only 1 h of reaction. These results indicate that

the synthetic precursors are more active than 5 itself, possibly due to the low amount

of accessible active sites in the latter case. It is worth mentioning that the synthetic

precursor H6nmp dissolves completely in the reaction medium and is, thus, a homoge-

neous catalyst which requires significantly more demanding separation and purification

processes than for the heterogeneous catalyst 5. On the other hand, the synthetic pre-

cursor LaCl3·7H2O dissolves completely in the initial stage of the reaction, and eventually

a suspension is formed. The homo/heterogeneous nature of the catalytic reaction for the

case of LaCl3·7H2O was investigated by performing a separate experiment which consisted
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of filtering the solid (white in color) through a 0.20 µm nylon GVS membrane, after 4 h

reaction, at 40 ◦C, and leaving the reaction solution under agitation a further 20 h. The

increment in conversion in the interval of time 4–24 h was 38% which is similar to that

observed for the experiment without filtration (41%). Hence, although the reaction of

PhEtO is much faster for LaCl3·7H2O than for 5, in the former case the catalytic reaction

is less selective and homogeneous in nature.

The rate of conversion of PhEtO into MeOPhEtOH (in quantitative yields without

affecting product selectivity) in the presence of 5 could be increased by increasing the

reaction temperature from 40 to 55 ◦C (Table 4.3).

The catalytic performance of 5 was further investigated in the reaction of PhEtO

with ethanol. The sole product was 2-ethoxy-2-phenylethanol (EtOPhEtOH), which was

obtained in quantitative yields within 72 h of reaction (Table 4.4). It is noted that without

the catalyst the PhEtO conversion was negligible. A temperature increase from 55 to

70 ◦C enhances considerably the rate of ethanolysis of PhEtO. The reaction of PhEtO is

slower in ethanol than in methanol (Tables 4.3 and 4.4), which may be attributed to the

inherent steric hindrance of each alcohol. No secondary reactions of ethanol were detected,

indicating an excellent productive consumption of the alcohol in the ring opening reaction.

To check if the ring opening of PhEtO via hydrolysis can be a competitive reaction, a

separate catalytic test was performed using PhEtO/H2O/ethanol molar ratios of 1:2:19,

at 70 ◦C. The presence of excess water relative to the substrate did not influence the

product selectivity (EtOPhEtOH was always the only reaction product), but catalytic

activity decreased; conversion at 24 h was 42% compared to 77% without adding water

(Table 4.4). As discussed above, in section 4.6, water may bind to defect sites of 5 which

may be responsible for the catalytic reaction. Accordingly, excess water may inhibit the

catalytic activity of 5, explaining the decrease in reaction rate observed when water was

added to the reaction mixture.

Table 4.4: Ring opening of styrene oxide with ethanola

temperature time conversionb selectivityc

catalyst (◦C) (h) (%) (%)

none 55 72 4 100

1 55 24/48/72 23/60/100 100/100/100

1 70 24/48 77/100b 100/100
a Reaction conditions: PhEtO (0.83 mmol), catalyst (34.7 mg, 0.08 mmol of

La3+), alcohol (2 mL). b Conversion of PhEtO. c Selectivity to EtOPhEtOH.
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The recyclability of catalyst 5 was investigated in five consecutive batch runs of the

reaction of PhEtO with methanol at 40 ◦C. Prior to reuse, the solid catalyst was separated

by centrifugation, washed with n-hexane, and dried at ambient temperature overnight. In

all runs, MeOPhEtOH was always the sole product. An increase in the reaction rate was

clearly observed from the first to the second run; the catalytic activity remained roughly

constant in subsequent runs (Figure 4.33). The structural integrity of the regenerated

catalyst was inspected using in tandem powder X-ray diffraction, vibrational spectroscopy,

and electron microscopy studies (Figure 4.32). No significant modifications were detected

in the structure of the material even though a small reduction of the overall crystallinity

was observed. After the catalytic process, the bulk catalyst was isolated as very small

particles characterized by an undefined morphology, which most certainly results from the

cracking of the starting crystallites of 5. This crystal fragmentation explains, on the one

hand, the observed reduction in crystallinity and, on the other, the positive effect on the

catalytic performance in subsequent catalytic runs by way of an increase of the number of

accessible active sites which may be defects.

Figure 4.32: Characterization (FT-IR spectroscopy, SEM imaging and powder X-ray diffraction) of the
recovered [La(H3nmp)] (5) catalyst after the various tests performed. Results indicate maintenance of
the crystal structure of the material independently of the employed conditions.
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To get a better insight into the hetero/homogeneous nature of the catalytic reaction, a

leaching test was performed for 5 by filtering the used catalysts through a 0.20 µm nylon

GVS membrane (after 4 h reaction, at 40 ◦C) and leaving the reaction solution under

stirring for a further 20 h. The increment in conversion in the period of time 4–24 h was

negligible, indicating 5 is a truly heterogeneous catalyst (Figure 4.33).

The [La(L)] (6) material was tested as a catalyst in the reaction of PhEtO with

methanol at 55 ◦C, under conditions similar to those used for 5. The only reaction

product was MeOPhEtOH obtained in quantitative yield within 4 h, indicating that 6

is much more active than 5. The crystalline structure of 6 was preserved during the cat-

alytic reaction (ascertained by powder X-ray diffraction). It is noted that the catalytic

activity of 6 is somewhat comparable and product selectivity superior to that reported in

the literature for transition metal–organic frameworks [238, 247]. As discussed above, 6

is a less crystalline material than 5 and therefore may possess a greater amount of local

defect sites, which could explain the considerably faster reaction of PhEtO in the case of

6. Indeed, TEM images of 6 clearly depict a significant increase of widespread structural

defects of the individual crystallites (see Figure 4.16).

Figure 4.33: Recycling tests on the use of [La(H3nmp)] (5) as a heterogeneous catalyst in the ring-opening
reaction of styrene oxide with methanol at 40 ◦C. Experimental data points are connected by a dotted
line for indicative purposes only.

159



4.11 Concluding Remarks

The present study has shown that by using different synthetic conditions, based on

microwave heating or a dynamic hydrothermal synthesis (i.e., with the reaction vessels

spinning at a constant rate during the entire period of reaction), the lanthanide/ ni-

trilotris(methylenephosphonic acid) system can lead to the preparation of a whole new

layered material: [La(H3nmp)] (5). Independently of the employed synthetic method, it

was found that this compound could only be isolated when the lanthanide oxide layer

is based on La3+; other lanthanide centers promote the formation of mixtures of which

([La(H3nmp)]·1.5H2O) is, in most of the cases, one of the main constituents. Photolu-

minescent materials could be, however, successfully engineered by the selective inclusion

of stoichiometric amounts (5%) of optically active Eu3+ and Tb3+ centers in the reactive

mixtures.

In opposition to that reported for [La(H3nmp)]·1.5H2O, 5 does not have any solvent

molecules incorporated into the network, and, upon heating, the structure is transformed

into a layered 2D material formulated as [La(L)] (6) (where L3− = [–(PO3CH2)2(NH)

(CH2PO2)(µ-O)1/2–]3−). We have further shown (using X-ray powder data) that the ther-

mal transformation of 5 into 6 was accompanied by the creation of nanosized domains

within the crystallites.

The present work shows that small structural changes in the overall connectivity of

the organic ligand can promote important differences in the overall thermal behavior

and stability of the materials. In the previous material reported by us, heating induced

dehydration of the network (which was partially reversible when the temperature was

decreased) was immediately followed by thermal decomposition. The layered compound

herein reported suffers instead, between 300 and 400 ◦C, a structural transformation into

a novel structure, which remains unaltered when the system is cooled to ambient tem-

perature. This occurs because the H3nmp3− anionic ligand undergoes an in situ poly-

merization (condensation) into a novel polymeric anionic ligand which was formulated as

[–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−. It was shown that this polymerization can oc-

cur on top of the lanthanide oxide layers promoting a 2D material with the same crystal

symmetry. To the best of our knowledge, this type of structural change, mostly focused

in the organic ligand, is clearly unprecedented. Prior work from the research group of

Clearfield on organic crystals further shows that the lanthanum oxide layers of 5 act as

simultaneously insulating and templating scaffolds having, thus, a strong influence on the

formation of this unprecedented one-dimensional polymeric ligand. The transformation
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process was further accompanied using FT-IR and solid-state NMR studies, and we have

devised a schematic model representation based on the modeled structures to illustrate

the dynamics and transformation of the system when the temperature is increased.

We demonstrated that lanthanide cations can be included and uniformly distributed

among the La3+ matrix (as shown by electron microscopy studies), promoting the isolation

of red and green-emitting materials ([(La0.95Eu0.05)(H3nmp)] (5–LaEu) and [(La0.95Tb0.05)

(H3nmp)] (5–LaTb), respectively) when irradiated upon UV light. The photoluminescent

properties of layered [(La0.95Eu0.05)(H3nmp)] (5–LaEu) and [(La0.95Eu0.05)(L)] (6–LaEu)

materials have shown the presence of a single crystallographic lanthanide center with

lifetimes ranging from 2.04 ± 0.01 to 2.31 ± 0.01 ms for both materials (at ambient

and lower temperature). These studies were also particularly informative regarding the

robustness of the isolated compounds: while the layered material yielded sharp emission

lines and a higher IIRT/II11K ratio of integrated intensities, which indicates the presence

of a highly crystalline material with some structural flexibility, for the calcined structure

the integrated intensity ratio, R = 5D0 →7F2/5D0 →7F1, points to a highly distorted Eu3+

coordination environment.

[La(H3nmp)] is an effective heterogeneous catalyst in the ring-opening reaction of

styrene oxide with methanol and ethanol producing, respectively, 2-methoxy-2-phenylethanol

or 2-ethoxy-2-phenylethanol. Outstanding features of its catalytic performance may be

pointed out as:

� excellent regioselectivity toward the β-alkoxy product, formed in quantitative yields,

under quite mild reaction conditions (ca. atmospheric pressure, less than 70 ◦C,

without cosolvents);

� it possesses alcoholysis activity but no hydrolysis activity, and thus, competitive

epoxide ring-opening reactions in the presence of water do not take place;

� the reaction rate may be enhanced by increasing the reaction temperature, without

affecting product selectivity;

� it may be recycled without the need for regeneration treatments (only simple washing

and drying at ambient temperature) and no drops in catalytic activity and product

selectivity;

� the catalytic reaction is heterogeneous in nature.
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It is postulated that the active sites are structural defect sites based on the following

results: the reused catalyst is somewhat less crystalline and more active than the fresh

catalyst; water which may coordinate to defect sites has an inhibitory role, decreasing the

catalytic activity. On the other hand, the material 6 (formed by the thermal treatment of

5) is a less crystalline material than 5, while it exhibited similar excellent regioselectivity

toward the β-alkoxy product and much higher catalytic activity than the parent compound.
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Chapter 5

Self-Assembly of Gadolinium Units

and Nitrilotris(methylenephosphonic

acid)

5.1 Summary

The preparation of [Gd2(H3nmp)2]·H2O (7) and [Gd(H4nmp)(H2O)2]Cl·2H2O (8) from

optimized hydrothermal synthesis, microwave-assisted synthesis or one-pot reaction of ni-

trilotris(methylenephosphonic acid) (H6nmp) with GdCl3·7H2O or Gd2O3 is herein ex-

plored.

Similarly to what was shown in Chapter 4, the main goal was to prepare compounds

topologically similar to the layered [Ln(H3nmp)]·1.5H2O (Ln3+ = La3+, Pr3+, Nd3+, Sm3+,

and Eu3+) networks, envisaging future potential applications in the fabrication of multi-

functional materials [298]. The use of 7 as a heterogeneous catalyst in the ring opening of

styrene oxide has been explored. Photoluminescent materials, isostructural with the as-

prepared 7 ([Eu(H3nmp)2]·H2O, and [(Gd0.95Eu0.05)(H3nmp)2]·H2O) have been prepared

and their photoluminescent properties have been studied. Compound 8 is a cationic lay-

ered material in which charge-balancing anions occupy the interlayer space, establishing

hydrogen bonds that retain the tridimensional arrangement. 8 has been inspected in detail

but results pointing to applications have yet to be fruitful.
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5.2 Synthethic routes to prepare a new layered LnOF

5.2.1 Initial Considerations

Beyond our primary interest on the study of phosphonic acid groups in the construc-

tion of MOFs, we always try to present faster and simple synthetic procedures for the

preparation of functional materials. Because the experimental conditions cannot be di-

rectly transposed from one synthetic method to another, a systematic variation of the

experimental variables so to obtain (i) phase-pure and (ii) highly crystalline materials

while (iii) exhibiting uniform crystal habit and size distribution had to be performed. The

optimization of the synthetic procedure to obtain the compound [Gd2(H3nmp)2]·H2O (7)

encompassed the variation of several parameters which were dependent on the different

type of heating being used. In that sense, reactions were tested in various experimen-

tal conditions and using three different heating methods: (i) convection (in both static

and dynamic configurations) using commercial ovens, (ii) microwave radiation, and (iii) a

bench procedure, also known as one-pot method, using a traditional heating plate.

Considering all the reactive combinations it was possible to obtain a wide range of op-

timal conditions in which 7 was obtained as a phase-pure material. Nevertheless, mixtures

of 7 and the previously reported MOFs [Ln(H3nmp)] and [Ln(H3nmp)]·1.5H2O (Ln3+ =

La3+, Pr3+, Nd3+, Sm3+, or Eu3+) were also observed (in MWAS) [215, 298]. As for related

systems, these materials are likely to be isolated as microcrystalline powders, and for that

reason our first step was to overcome this drawback.

5.2.2 Synthesis optimization

Hydrothermal reactions have been largely used by us to prepare MOF compounds.

For that reason, and in a first stage, a traditional synthetic approach based on static

hydrothermal conditions using lanthanide chlorides as metal precursors has been chosen to

prepare [Gd2(H3nmp)2]·H2O (convection heating at 165 ◦C, during 48 hours; see chapter 6,

Materials and Methods, for additional details), having a platelike morphology of dozens

of micrometers.

Optimization of the synthetic conditions later revealed that identical materials could

readily be isolated using either distinct synthetic approaches (static hydrothermal synthe-

sis based on convection heating, MWAS and one-pot procedures at atmospheric pressure),

or a wide range of composition of the reactive mixtures. Several conclusions can be derived

from the undertaken studies:
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� Isotypical materials with compound [Gd2(H3nmp)2]·H2O (7) are preferentially iso-

lated for lanthanide cations with small atomic radius. The use of Yb3+ promotes,

however, the formation of an amorphous compound (Figures 5.1 and D.1).

� Using static hydrothermal synthesis (convection heating), poorly crystalline com-

pound 7 could be isolated after just a few hours of reaction (e.g., 2h at 140 ◦C or

1h at 190 ◦C); crystallinity could be slightly improved using longer reaction periods

but for very long periods crystals are destroyed (e.g., 4 days at 140 ◦C or 2 days at

190 ◦C).

� Under hydrothermal synthesis the molar ratio composition of the initial reactive

mixture does not influence neither the isolated product (always 7), nor its overall

crystallinity.

� Using MWAS, for temperatures lower than ca. 100 ◦C amorphous materials are

isolated; at ca. 140 ◦C physical mixtures of 7 with [Gd(H3nmp)] are isolated [215].

For this latter temperature, decreasing the irradiation power to, e.g. 50 W, 7 is

isolated as a pure phase (please note: a careful combination of irradiation power and

the time for the heating ramp needs to be adjusted).

� Contrasting with hydrothermal synthesis, in the MWAS the time of reaction plays

a decisive role in the isolation of 7. Mixtures with either [Gd(H3nmp)]·1.5H2O or

[Gd(H3nmp)] are easily obtained (Figure 5.2) [215, 298]: the optimal conditions to

isolate compound 7 within 10 minutes correspond to a temperature of ca. 100-120 ◦C

and an irradiation power of ca. 100 W. The existence of a second material (found

to be [Gd(H4nmp)(H2O)2]Cl·2H2O, compound 8) was detected for longer reaction

periods as a small impurity.

� Using one-pot methods (OP), poorly crystalline 7 can be isolated at lower temper-

atures (e.g., refluxing at 80 ◦C for 12h).

� Slightly larger crystals of 7, which could be partially studied using single-crystal X-

ray diffraction (see dedicated section below), were isolated using the OP method by

replacing the metal source (chloride for the oxide) and including HCl in the reactive

medium. The optimal conditions were found to be: 100 ◦C for 12h using a volume

ratio of HCl/H2O of about 1/9, or 120 ◦C for 48h and HCl/H2O of about 1/1.
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Figure 5.1: Relationship between the obtained phases and the atomic radius contraction trend along
the series of rare-earth elements. Experimental difractograms (in green) were collected under the same
conditions, with 15 minutes of acquisition (see Chapter 6, Materials and Methods, for details). The
simulated diffraction pattern of [Ln(H3nmp)]·1.5H2O [298] (in red) was obtained by reading the crystal
information file (CCDC number 638590) using the software Mercury and creating powder profiles for
λ1 = 1.54059 Å. Legend: (red) corresponds to [Ln(H3nmp)]·1.5H2O [298] (Ln = La3+, Ce3+, Pr3+, and
Nd3+); (green) corresponds to [Ln2(H3nmp)2]·H2O (Ln = Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, Ho3+, Y3+,
and Er3+; and (orange) indicates the presence of an amorphous material when using Yb.
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Figure 5.2: Simplified diagram for the optimization of the MWAS of [Gd2(H3nmp)2]·H2O (7), when using
120 ◦C and different periods of reaction. Legend: (gray) amorphous material; (red/green) corresponds to
mixtures of [Gd(H3nmp)]·1.5H2O [298] with the desired compound 7; (green) corresponds to phase-pure
7; (green/blue) corresponds to mixtures of 7 with [Gd(H4nmp)(H2O)2]Cl·2H2O (8).

5.2.3 Crystal Morphology and Particle Size

Crystals of [Gd2(H3nmp)2]·H2O (7) present a platelike morphology for a wide range of

conditions with individual crystallites being stacked into aggregates with different shapes

(Figures 5.3 and 5.4). Crystals are, thus, very regular thin (in the nanometer range)

plates which grow uniformly without the presence of precipitates (or other defects) in the

matrix. This was clearly observed using TEM studies, but because of the sensitivity of

7 towards the electron beam (most likely due to the presence of the organic component),

more detailed high-resolution TEM studies could not be performed.

Figure 5.3: SEM images of the bulk material [Gd2(H3nmp)2]·H2O obtained using typical hydrothermal
reaction conditions. Effect on the crystallite morphology and size when varying the reaction time and
the temperature. Each sample is identified as Tmtp (with T standing for Temperature, and t for time of
reaction) with the subscripts indicating each set of specifically employed experimental conditions.

Considering the average particle size, it was possible to observe variations according
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Figure 5.4: SEM images of the bulk material [Gd2(H3nmp)2]·H2O obtained using microwave-assisted hy-
drothermal synthesis. Effect on the crystallite morphology and size when varying the reaction time, power
irradiation, and the temperature. Each sample is identified as TmPntp (with T standing for Temperature,
P for pressure, and t for time of reaction) with the subscripts indicating each set of specifically employed
experimental conditions.

to the selected reaction conditions, specifically the heating method. A significant decrease

in the particle size happens when changing from the typical hydrothermal approach to

the microwave-assisted synthesis (Figure 5.4). This effect was expected considering that

microcrystalline powders or nano-sized crystals are most often isolated under microwave

heating due to the fast kinetics of crystal nucleation and growth [186]. The particle size

is thus a feature which can be somehow controlled by changing the synthesis approach

between microwave heating and typical hydrothermal conditions.

For the case of the typical hydrothermal approach, despite the reaction time did not

have a significant influence on the purity of the obtained product, the same was not true

for its particle size (Figure 5.3). Indeed, the increase in temperature yielded platelike

units with larger thickness and overall size. Furthermore, the differences that occasionally

could be observed in the dimension of the aggregates when increasing the time of reaction

are not significant and similar sizes have been found for a wide range of experimental

conditions. Noteworthy, the aggregation of crystallites usually gave rise to well defined

spherical agglomerates.

On the other hand, when using MWAS it is possible to note a similar increase on the
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average particle size when increasing the temperature though this behavior is not so clear

as before. For this case, and unlike the typical hydrothermal reaction, the agglomeration

of particles gave rise to clusters of irregular shapes (Figure 5.4).

The one-pot method was the one that showed more differences. Even when the purity

of the final product has not been compromised for different experimental conditions, this

method was able to yield particles with distinct sizes and shapes. In fact, when using

the same molar ratio of the reactants, the increase in the temperature value (from 100 ◦C

to 120 ◦C), in the reaction time (from 12 h to 48 h) and in the ratio of solvent mixture

(from HCl/H2O 1/9 to 1/1) result in a significant increase on the crystallite dimensions

(Figure 5.5). The reactions in which the quantity of water was much higher than that

of hydrochloric acid, derived in compound 7 having particle morphology alike to that

previously observed in the first two synthetic methods. Nevertheless, the agglomeration of

the crystallites is rather similar to that obtained from MWAS, though the crystallite size

can have in some cases a slightly smaller size. On the other hand, and for higher contents

of HCl it was observed the presence of rectangular and larger particles of compound 7

(with length having dozens of micrometers), in addition to the concomitant increase in

the crystallite thickness.

Figure 5.5: SEM images of the bulk material [Gd2(H3nmp)2]·H2O obtained using the one-pot method.
Effect on the crystallite morphology and size when varying the temperature, the reaction time and the
molar ratio of the HCl/H2O mixture. Each sample is identified as Tmtp (with T standing for Temperature,
and t for time of reaction) with the subscripts indicating each set of specifically employed experimental
conditions.

Having in mind the latter result, I have transposed the knowledge of using HCl to the

typical hydrothermal conditions in order to unveil if large crystals of 7 could be obtained by

this route. Despite this objective was readily achieved, and unlike before, the purity of the

final product is dependent on the cooling rate of the reactive mixture. For this case, when
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quenching the reaction vessel 7 was always obtained as a phase-pure compound, while

mixtures of 7 with the aforementioned compound 8 were observed when slow cooling was

used.

5.2.4 Crystal structure description

Tough large particles of [Gd2(H3nmp)2]·H2O (7) have been obtained, they revealed to

be poor diffraction crystals. The mediocre difference pattern between the observed data

points and the best-fit profile made difficult the crystal structure elucidation. In particular,

the determination of the number of uncoordinated water molecules in compound 7 was

intriguing. Several thermal analysis have been done, in different conditions (please, see

dedicated subsection), as well as studies using synchrotron radiation. In fact, using the

latter technique, it was confirmed the existence of a transformation over time, which

is related with the water content in the framework. Further studies using synchrotron

radiation could shed light on this subject, and this will be considered the first open question

for future work.

Figure 5.6: Schematic representation of the asymmetric unit of compound [Gd2(H3nmp)2]·H2O. Hydrogen
atoms and the non-coordinated water molecules have been omitted.

A schematic representation of the asymmetyric unit of compound 7 is presented in

Figure 5.6. It consists in two seven-coordinated G3+ centers, two bridging and chelating

H3nmp3− anionic organic linkers, and one uncoordinated water molecule. The coordination

polyhedra of the two crystallographic centers, GdO7, resemble distorted dodecahedra, as

depicted in Figure 5.6, and preliminary single-crystal X-ray data information is resumed

in Table 5.1.
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Table 5.1: Crystal data collection for compound [Gd2(H3nmp)2]·H2O (7).

7

Temperature / K 150

Crystal system Triclinic

Space group P -1 (2)

a / Å 9.69145

b / Å 10.18412

c / Å 13.23952

α / ◦ 95.12112

β / ◦ 75.80382

γ / ◦ 89.93113

Volume / Å3 1261.403

The phosphonate moieties act as bridging groups and the high connectivity of the

organic linker is responsible for the trapping of Gd3+ centers inside a phosphonic-type

matrix (see Figure 5.7). The final arrangement is composed by dimers of G3+ polyhedra

forming a layer parallel to the ab plane (Figure 5.8). These layers are disposed in an

ABAB fashion with a interlayer distance of 12.144 Å.

5.2.5 Solid-State NMR and Vibrational Spectroscopy

31P MAS solid-state NMR spectrum of the isostructural [Y2(H3nmp)2]·H2O material is

presented in Figure 5.9. The isotropic region of the spectrum is composed of two main sets

of resonances. One set is composed of three convoluted resonances peaking at ca. -1.10,

-0.50 and -0.17 ppm, and a more resolved peak at ca. 1.35 ppm. The more deshielded

resolved peak is, in fact, composed of two resonances peaking at ca. 9.07 and 9.44 ppm.

Peak deconvolution and integration including the spinning sidebands yields a ratio of

ca. 1:1:1:1:1:1 for the six resonances, which agrees well with the presence of 6 crystallo-

graphically independent 31P sites composing the asymmetric unit of [Y2(H3nmp)2]·H2O.

Figure 5.10 shows the 13C1H CP MAS. The isotropic region of the spectrum is composed

of one main resonance with two peaks at 53.0 and 55.5 ppm attributed to the –CH2–

groups. In addition, in the 1H MAS spectrum is also possible to discern a small signal at

ca. 1.28 ppm arising from the –CH2– groups. It is also present a peak with an intense

resonance at ca. 6.85 pm attributed to the water molecules present in the structure and
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Figure 5.7: Schematic representation of the inorganic layer of [Gd2(H3nmp)2]·H2O.

Figure 5.8: Crystal packing of compound [Gd2(H3nmp)2]·H2O viewed in perspective along the [010]
direction of the unit cell. Uncoordinated water molecules have been omitted for clarity

possible adsorbed at surface.

Vibrational spectroscopy studies also support the structural features unveiled by the
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Figure 5.9: 31P HPDEC MAS spectrum of [Y2(H3nmp)2]·H2O (right side) and 13C1H CP MAS spectrum
of [Y2(H3nmp)2]·H2O (left top side). Spinning sidebands are denoted using an asterisk. Peak decon-
volution and integration for the 31P HPDEC MAS spectrum throughout the entire spectral range (i.e.,
including the spinning sidebands) gives a ratio of ca. 1:1:1:1:1:1 for the isotropic resonances at ca. 9.44,
9.07, 1.35, -0.17, -0.50 and -1.10 ppm. A small impurity present in 7 is identified by a diamond symbol.
The green line represents the experimental data fit and the gray lines the fit for the single peaks.

Figure 5.10: 13C1H CP MAS and 1H MAS spectra of [Y2(H3nmp)2]·H2O. Spinning sidebands are denoted
using an asterisk.
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X-ray diffraction studies. Figure 5.11 presents the FT-IR spectra of [Gd2(H3nmp)2]·H2O

(7), in the 3800–400 cm−1 region, including assignments for each main observed band.

Compound 7 contains a broad band centered at about 3500 cm−1 region attributed to

the appearance of ν(O–H) stretching vibrational modes from water molecules. Also, the

typical ν(N–H) and ν(C–H) stretching vibrational modes of the N–C–H group appear in

the 3100-2600 cm−1 region. In the 1500-1300 cm−1 range, a number of very weak bands

can be attributed to ν(C–H) modes characteristic of P–CH2 groups. The typical P–OH

stretching modes were also observed between 2500 and 2200 cm−1, as very faint and broad

bands.

In the range of 1500-600 cm−1, it is possible to notice the typical ν(C–N) stretching

vibrational modes of tertiary amines assigned to the intense bands pointing at about 1099

and 1070 cm−1. Also in this region, the stretching modes of ν(P=O) were noticed from ca.

1250 to 1150 cm−1, and those of ν(P–O) from ca. 1080 to 900 cm−1. We observed as well

the ν(P–C) stretching vibrational modes, in particular between ca. 770-600 cm−1 [396].

Figure 5.11: FT-IR spectra of compound [Gd2(H3nmp)2]·H2O (7) as-synthesized.

5.2.6 Thermal Stability

The thermal stability of the bulk [Gd2(H3nmp)2]·H2O (7) material was investigated be-

tween ambient temperature and ca. 800 ◦C and provided additional information about the

hydration level of the material (Figure 5.12). Thermogravimetric analysis revealed three
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main weight losses, with the first between ambient temperature and 140 ◦C attributed to

the early release of the crystallization water molecule. Indeed, in this temperature range,

the compound looses approximately 4.7% of total weight, which agrees with the release of

1.3 water molecules per formula unit (calculated 3.6% for the release of 1 water residue).

This result is slightly higher than expected which may be attributed to adsorbed molecules

on the surface of the crystallites. This observation was later confirmed by TGA measure-

ments done on samples exposed to the air over a different number of days (see Figure 5.13).

Remarkably, the thermodiffractometry clearly shows that the overall crystalline structure

of the material only remains intact up to ca. 50 ◦C. With the increase in temperature and

the early release of the water moiety, the first reflection (corresponding to the (001) plane)

of the material is shifted to higher 2theta values while getting significantly broader. This

observation suggests a reduction of the unit cell dimensions, in particular along the [001]

direction, which further indicates a closer proximity between gadolinium oxide layers. The

thermodiffractometry study clearly shows a decrease in the overall crystallinity of the bulk

material.

Figure 5.12: Thermogram and variable-temperature powder X-ray diffraction studies of
[Gd2(H3nmp)2]·H2O (7).
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Between 140 ◦C and 350 ◦C, the dehydrated framework of 7 is rather robust, with

no losses being observed in this temperature range, neither changes of crystalline phase

or overall crystallinity. At higher temperatures (above ca. 350 ◦C) we may consider

three subsequent weight losses, globally corresponding to ca. 1.6% (in 350–425 ◦C range),

ca. 4.4% (in 425–620 ◦C range) and ca. 3.3% (in 620–800 ◦C range), respectively. The

latter three losses are attributed to the full decomposition of the organic component, with

the thermodiffractometry indicating the existence of an almost amorphous compound.

Even though the final residue could not be identified using powder X-ray diffraction, it is

reasonable to assume that it is composed of a mixture of phosphonate and oxides of the

corresponding lanthanide.

Minor differences in the TGA profiles of samples obtained from each of the tested

heating methods could be observed (see Figure 5.13). Nevertheless, it is believed such small

variations are related with the significant differences in the particle size and respective

easiness of water release from the network.

Figure 5.13: Thermogravimetric studies on portions of [Gd2(H3nmp)2]·H2O (7) obtained using three
different heating methods. Profiles are presented between ca. 30 and 650 ◦C; they were collected for
samples of 7 after their preparation and after a few months closed in a sample holder exposed to room
air.
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5.2.7 Photoluminescence Studies

The isotypical pure Eu3+ material, [Eu2(H3nmp)2]·H2O (7-Eu), could be readily pre-

pared (Figure 5.14), which emits the characteristic red colour when irradiated under UV

light. A mixed-lanthanide phase was also prepared in which a stoichiometric amount of

Eu3+ was dispersed in the Gd3+-based matrix of the network: [(Gd0.95Eu0.05)2(H3nmp)2]·H2O

(7-GdEu; see Figure 5.15).

The excitation spectrum of 7-Eu recorded at ambient temperature (298 K) and 12 K

(Figure 5.16) displays the characteristic sharp lines of the Eu3+ intra-4f 6 transitions,

namely 7F0,1 →5D4−1, 5L6, 5G2−6, 5H3−7 and 5F1−5. On the high energy region the spec-

tra at ambient temperature also exhibits a broad band attributable to a ligand-to-Eu3+

(O2− →Eu3+) charge transfer (CT), peaking at 249 nm (4.98 eV; FWHM of 0.34 eV),

which agrees well with reported values for related materials [438]. At low temperature

(12 K) an additional and more complex broad band appears with at least two peaks at ca.

275 and 282 nm. This temperature dependent broad band is partially superimposed with

some of the Eu3+ intra-4f 6 sharp lines. For 7-GdEu the excitation spectra are dominated

by the Gd3+ intra-4f 7 lines, such as, the 8S7/2 →6I7/2−11/2 and 6P3/2−7/2 (Figure 5.16),

showing the occurrence of an energy transfer from the Gd3+ to the Eu3+ ions, which is

more effective at ambient temperature.

Figure 5.17 shows the emission spectra of 7-Eu (bottom) and 7-GdEu (top) excited

at 393 nm as a function of pressure and temperature. The sharp lines are assigned to

transitions between the first excited non-degenerate 5D0 state and the 7F0−4 levels of the

fundamental Eu3+ septet. Except for the 5D0 →7F1 lines, which have a predominant

magnetic-dipole character independent of the Eu3+ crystal site, the observed transitions

are mainly of electric-dipole nature. The 7F1−2 levels have a local-field splitting in three

and at least six Stark sublevels, respectively. Considering the maximum splitting by the

crystal-field effect in 2J+1 Stark sublevel for a unique Ln3+ local site, the identification

of at least six components for the 5D0 →7F2 transition in both 7-Eu and 7-GdEu sam-

ples can indict the presence of more than one single Eu3+ environment into the samples.

Additionally, the third Stark component of the 5D0 →7F1 do not has a symmetrical shape

which can be due to the superposition of multiple levels. However, the time-resolved

emission spectra of 7-Eu sample (Figure 5.18) for very distinct resolution times give al-

most identical results. Also, the 5D0 lifetime of Eu3+ of the pure and diluted (5%) Eu3+

samples (Figure 5.19) independently of the excitation and emission wavelengths selected

are always well fitted by single exponential functions, yielding lifetimes of 2.31±0.01 and
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Figure 5.14: Electron microscopy EDS mapping studies of a portion of the [Eu2(H3nmp)2]·H2O (7-Eu)
material. Images show a uniform distribution of the heaviest elements present in compound 7-Eu, thus
confirming a homogeneous dispersion of both the Eu3+ cations and the organic ligand in the material.
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Figure 5.15: Electron microscopy EDS mapping studies of a portion of the [(Gd0.95Eu0.05)2(H3nmp)2]·H2O
(7-GdEu) material. Images show a uniform distribution of the heaviest elements present in compound
7-GdEu, thus confirming a homogeneous dispersion of both the Gd3+ and Eu3+ cations, and the organic
ligand in the material.
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Figure 5.16: Excitation spectra of [Eu2(H3nmp)2]·H2O (7-Eu; bottom) and
[(Gd0.95Eu0.05)2(H3nmp)2]·H2O (7-GdEu; top part) recorded at ambient temperature (black line)
and at 12 K (red line), while monitoring the emission at 611 nm. The intensity is comparable for the
variation of the temperature in each sample, but not between different samples.

2.61±0.01 ms, at ambient temperature and 12 K, and 2.61±0.01 and 2.63±0.01 ms, at am-

bient temperature and 12 K, respectively, for the 7-Eu and 7-GdEu samples. Assuming

the presence of two distinct Eu3+ environments, the time-resolved emission spectra and

the decay curves indicates that two Eu3+ local sites must be very similar, almost identical.

In the present case, the emission spectra of both 7-Eu and 7-GdEu samples are similar,

even with distinct excitation wavelengths (not shown).

Assuming that, the two Eu3+ sites have identical emission properties (they cannot be

distinguished), we can follow the small modifications on the first Eu3+ coordination sphere,

such as by the high vacuum exposure, analyzing the changes observed in the emission

spectra. The ratio between the integrated intensities of the 5D0 →7F2 and 5D0 →7F1

transitions, I (5D0→7F2)/I (5D0→7F1), known as the asymmetric ratio (R), gives values at

ambient pressure and high vacuum of 2.24 and 2.34, and 2.30 and 2.43 for 7-Eu and 7-

GdEu, respectively. These values, typical of moderately symmetrical local environments,

points to a slightly more distorted environment of the Eu3+ coordination polyhedron with

the vacuum exposure in both samples (a low value indicates a lower distortion of Eu3+ local

environment, approaching to the ideal case of an inversion centre for which the 5D0 →7F2
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Figure 5.17: Emission spectra of (bottom) [Eu2(H3nmp)2]·H2O (7-Eu) and (top)
[(Gd0.95Eu0.05)2(H3nmp)2]·H2O (7-GdEu), with excitation at 393 nm, recorded at ambient con-
ditions (black line; 298 K and pressure of ca. 1 bar), with a high vacuum (blue line; 298 K and pressure
of ca. 5×10−6 mbar), and at 12 K (red line; pressure of ca. 5×10−6 mbar). Please note: the intensity is
only comparable for the variation of the temperature and pressure in each sample, not between different
samples.

Figure 5.18: Time-resolved emission spectra of [Eu2(H3nmp)2]·H2O at 12 K with an initial delay of 0.05 ms
and a sample windows of 1 ms (black line) and with an initial delay of 1 ms and a sample windows of
10 ms (red line). The excitation was performed at 393 nm.
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Figure 5.19: 5D0 decay curves of [Eu2(H3nmp)2]·H2O (a) and [(Gd0.95Eu0.05)2(H3nmp)2]·H2O (b)
recorded at ambient conditions (black line; temperature of 298 K and pressure of ca. 1 bar), at 12 K
(red line; pressure of ca. 5×10−6 mbar), and with a high vacuum (blue line; temperature of 298 K and
pressure of ca. 5×10−6 mbar). The emission was monitored at 611 nm and the excitation was performed
at 393 nm. The solid lines are the resulting fits with single exponential functions.

transition is absent) probably due to some release of solvent water molecules. The small

distortion on the Eu3+ coordination polyhedron also justify the decrease of the associated

Eu3+ emission lifetime from 2.31±0.01 to 2.01±0.01 ms, when the 7-Eu sample is exposed

to the high vacuum at ambient temperature (Figure 5.19).

5.2.8 Catalytic Properties

Catalytic Performance of 7 in the ring-opening reaction of styrene oxide

Lanthanide-containing salts may be used as effective catalysts in the ring opening of

styrene oxide (PhEtO) with methanol, e.g., Ce(OTf)4 and (NH4)8[CeW10O36]·20H2O [412,

413]. High regioselectivity and conversions have indeed been reported for CeCl3·7H2O used

as catalyst in the ring opening of epoxides to the β-halohydrins and β-haloamines prod-

ucts [414]. More recently, T. Weil et al. reported high regioselectivity towards 2-methoxy-

2-phenylethanol (MeOPhEtOH) for the same reaction in the presence of a Brønsted acid

type organocatalytic system comprising mandelic acid coupled with N,N’-bis-[3,5-bis-

(trifluoromethyl)phenyl]-thiourea (85% MeOPhEtOH yield, at 25 ◦C/18 h) [441]. The pri-

mary building units of 7, i.e., the ligand (H6nmp) and the lanthanide source (GdCl3·6H2O),

were thus tested as catalysts in the methanolysis of PhEtO at 55 ◦C (using equivalent mo-
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lar quantities to those found in the MOF material 7; Figure 5.20). For the two precursors

the reaction mixture was homogeneous in nature. In the case of H6nmp, MeOPhEtOH was

formed in quantitative yield within 1 h of reaction, which indicates that this molecule is a

highly active and selective homogeneous Brønsted acid organocatalyst (Table 5.2). A hun-

dred fold decrease in the initial amount of H6nmp gives 100% conversion at 1 h reaction,

further strengthening the exceptionally high catalytic activity of the ligand precursor. In

the case of the lanthanide precursor, GdCl3·6H2O, the reaction of PhOEt with methanol

gives MeOPhEtOH in 86% yield at 48 h reaction (89% selectivity). In addition, two mi-

nor products were also detected and identified as the α-(chloromethyl)-benzyl alcohol and

(chlorophenyl)ethanol isomers, formed in ca. 3% and 8% selectivity, at 98% conversion.

A major limitation of these homogeneous catalysts is their difficult recyclability which

makes their potential application unattractive.

Figure 5.20: Simplified scheme of the reaction of styrene oxide with methanol (CH3OH) in the presence
of [Gd2(H3nmp)2]·H2O (7) to form 2-methoxy-2-phenylethanol (MeOPhEtOH).

[Gd2(H3nmp)2]·H2O (7) was investigated as a heterogeneous catalyst in the same re-

action of the ring opening of styrene oxide. MeOPhEtOH was the sole product formed

in 88%/100% yield at 4 h/24 h reaction, respectively (Figure 5.21). Under similar ex-

perimental conditions, but in the absence of the catalyst, the conversion of PhEtO was

only of ca. 2%/10% at 4 h/24 h of reaction, respectively (Table 5.2). Even though known

Cu- and Fe-based MOFs have been used as heterogeneous catalysts in the same reac-

tion with high PhEtO conversions reached at shorter reaction times and at lower reaction

temperatures, the reported MeOPhEtOH yield for these materials was nevertheless not

quantitative with product selectivity lower than 100% [247, 354]. On contrast, compound

7 exhibits excellent regioselectivity towards MeOPhEtOH.

The recyclability of catalyst 7 was investigated in three consecutive batch runs. Prior to

reuse, the solid catalyst was separated from the reaction mixture by centrifugation, washed

with n-hexane and dried overnight at ambient temperature overnight. MeOPhEtOH re-

mained as the sole reaction product. A comparison of the kinetic curves for consecutive

batch runs shows a significant decrease in the reaction rate from the 1st to the 2nd run;
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Table 5.2: Ring opening of styrene oxide with methanol, at 55 ◦C.a

Sample Reaction time (h) Conversionb (%) Selectivityc (%)

none 4 2 100

7 4/24d 88/100 100/100

GdCl3·6H2O 4/24 65/94 75/82

N(CH2PO3H2)3 1 100 100
a Reaction conditions: PhEtO (0.83 mmol), catalyst (36.5 mg of 7, or 0.08 mmol of

GdCl3·6H2O or N(CH2PO3H2)3), methanol (2 mL), 55 ◦C. b Conversion of PhEtO.

c Selectivity to MeOPhEtOH. d The same catalytic results were obtained using

100 times less initial amount of N(CH2PO3H2)3.

Figure 5.21: Catalytic reaction of the ring opening of styrene oxide with methanol, at 55 ◦C, in the
presence of the heteregoneous catalyst [Gd2(H3nmp)2]·H2O (7) and the starting chemicals H6nmp and
GdCl3·6H2O.

this is less pronounced from the 2nd to the 3rd run (Figure 5.21). Leaching tests performed

for the as-prepared material gave ∆LT(1-4h) of 5%, which is minor in comparison to 33%
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conversion for the same interval of reaction time in the presence of 7. Leaching tests per-

formed for the solid catalysts recovered from the 1st and 3rd runs gave negligible values of

∆LT(1-4h). These results suggest that the catalytic reaction is heterogeneous in nature.

The catalysts recovered from the 1st and 3rd runs were characterized in the solid state

by FTIR spectroscopy, PXRD and microscopy imaging (Figures 5.22, 5.23 and 5.24). The

FTIR spectra of re-used catalysts are rather similar to that of the as-prepared material,

with small differences observed mainly in the bands assigned to the P–O and P–OH

vibrational modes (Figure 5.23). The PXRD data show a small decrease in crystallinity,

with SEM images further revealing a gradual disaggregation of the crystallites. One infers,

thus, that the small decrease in catalytic activity in the first runs may be attributed to the

destruction of some local active sites. Nevertheless, TEM investigations also showed that

after catalysis 7 retains its uniform nature with no precipitates (or other defects) being

observed in the crystal faces.

Figure 5.22: TEM and SEM imaging of [Gd2(H3nmp)2]·H2O (7) and of the solid catalyst recovered from
the 1st and 3rd catalytic runs.
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Figure 5.23: FT-IR spectra of [Gd2(H3nmp)2]·H2O (7) as-synthesized and recovered after catalysis.

Figure 5.24: PXRD and SEM of [Gd2(H3nmp)2]·H2O (7) as-synthesized and recovered after catalysis.
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5.3 [Gd(H4nmp)(H2O)2]Cl·2H2O

5.3.1 Initial Considerations

The framework herein described, [Gd(H4nmp)(H2O)2]Cl·2H2O (8), has been obtained

as a product of the hydrothermal reaction of H6nmp with Gd2O3 in the presence of a

water/HCl mixture. For this chemical system, and in certain reactive circumstances, the

final product had been obtained as a mixture of the present material with the previous

compound [Gd2(H3nmp)2]·H2O (7). By scanning the synthetic conditions, I have isolated

large crystals of 8, which could be used for single-crystal X-ray diffraction studies.

Distinct synthetic procedures, to prepare compound 8, have been proposed and are

based on two types of heating methods: the typical hydrothermal reaction using convection

electric ovens (commercial apparatus in static configuration), and the bench procedure

known as one-pot method, using a traditional heating plate.

5.3.2 Preparation of [Gd(H4nmp)(H2O)2]Cl·2H2O

Hydrothermal reaction and One-Pot Synthesis

[Gd(H4nmp)(H2O)2]Cl·2H2O (8) has been initially prepared by hydrothermal reaction

(see Chapter 6, Materials and Methods, for detailed information), having a block morphol-

ogy of dozens of micrometers (Figure 5.25). I found that two of the reactive parameters

proved to have particular importance in the purity of the final product, and thus I was

forced to carefully control the quantity of HCl added to the initial mixture, and the cool-

ing method/rate. When using typical hydrothermal reaction conditions, slow cooling of

the reacted medium is imperative to obtain compound 8, considering that cooling by

quenching would rather result in the aforementioned compound 7.

On the other hand, the one-pot synthetic method has recently captivated our attention,

considering it could represent a viable alternative to our traditional hydrothermal and

MWAS approaches [108]. In particular, our attention has been driven by the larger particle

size that one can usually obtain when using one-pot reactions. Figure 5.25, concerning

images of the bulk material 8 obtained either by hydrothermal and one-pot conditions,

clearly shows this trend. Even though this significant advantage (when thinking about

performing single-crystal X-ray diffraction studies), the latter method lags behind the

traditional hydrothermal reaction considering reproducibility. In fact, small impurities

(specially coming from not-reacted linker and metal precursors) are more common to be
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observed in this case. In addition, the decrease of the solvent quantity (to the halve),

alongside with the increase of the time reaction, of the initial reactive mixture also results

in the achievement of the aforementioned by-product 7.

Figure 5.25: SEM images of the bulk material [Gd(H4nmp)(H2O)2]Cl·2H2O. Optimal hydrothermal con-
ditions: linker:metal ratio of about 1:1 (in 4 mL of water + 2 ml HCl 3M). Optimal one-pot conditions:
linker:metal ratio of about 1:1 (in 10 mL of water + 10 ml HCl 3M).

Changing the Rare-Earth metallic centers

Using one-pot conditions, I have changed the gadolinium metallic centre by yttrium

and each element from the lanthanide series (except promethium and luthecium), in order

to conclude about the phase purity of the final product (Figure 5.26). In a first inspection,

it was clear that compound [Gd(H4nmp)(H2O)2]Cl·2H2O (8) was the only crystalline phase

appearing when Pr, Nd, Sm and Eu were used. However, it was tricky to conclude about

the remaining elements:

� The presence of metal centers having atomic radius larger than Pr resulted in mix-

tures of 8 with other species;

� The decrease of the atomic radius revealed the presence of compound [Ln(H3nmp)2]·
H2O for metal centers following Gd (namely Dy, Ho and Er) [215]. For the case

of Dy and Ho, phase-pure [Ln(H3nmp)2]·H2O was obtained, whereas the Er based

materials proved to be mixtures of the latter compound with 8 and a unknown

material;

� For both Tm- and Yb-based compounds, a novel and phase-pure compound was

achieved (the same which can be also observed in the mixtures containing Er). Even

though a novel material could be isolated in the meantime, its detailed inspection

and characterization fall apart from the main goal of the present study. The purpose
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was to understand if either it was possible or not to simply change the rare-earth

center of 8, lately modifying its chemical and physical properties, or specifically

those coming from the presence of a certain metal.

5.3.3 Crystal structure description

The material produced using either hydrothermal synthesis or the one-pot method is

typically obtained as crystals with suitable size for single-crystal X-ray diffraction studies.

Hence, a straightforward structural elucidation using this technique was possible and the

product was immediately formulated as [Gd(H4nmp)(H2O)2]Cl·2H2O (8).

Compound 8 crystallizes in the noncentrosymmetric monoclinic Cc space group (Ta-

ble 5.3), with its asymmetric unit consisting in one eight-coordinated Gd3+ center, one

bridging and chelating H4nmp2− anionic organic linker, two coordinated and two uncoor-

dinated water molecules, and one uncoordinated chloride ion (Figure 5.27). The crystal-

lographic single Gd3+ center, {GdO8}, is coordinated to a total of six phosphonate groups

arising from four symmetry-related H4nmp2− anionic organic linkers, with the coordina-

tion polyhedron resembling a distorted dodecahedron (as depicted in Figure 5.27). The

Gd–O bond lengths were found in the 2.319(5)-2.569(6) Å range, comparable to those

reported for other Gd3+-based phosphonate compounds, and the internal O–Gd–O poly-

hedral angles are in the 65.5(2)-150.5(2)◦ range (Tables D.1 and D.2 in Appendix D).

H4nmp2− acts as a hexadentate linker connecting to four symmetry equivalent metal

centers. All the phosphonate groups act as µ2-O,O’ bridging groups, which two of them are

connect to the same pair of metal centers. As observed for the related [Pr(H3nmp)]·1.5H2O

compound, this high connectivity of the H4nmp2− organic ligand is responsible for the

trapping of Gd3+ centers inside a phosphonic-type inorganic matrix, though in 8 the

sterically environment is not so hindered as in the previous reported compound [298].

In 8 the layer arrangement is composed by one-dimensional inorganic chains running

along the [502] direction of the unit cell, formed by Gd3+ polyhedra intraconnected by three

phosphonate groups from two different H4nmp2− ligand residues [intermetallic Gd· · ·Gd

distance of 5.6055(6) Å]. The organic part of the ligand bridges the inorganic chains,

forming a layer parallel to the ac plane with an additional intermetallic Gd· · ·Gd distance

of 8.4785(7) Å (Figure 5.28).

Concerning the protonation of the organic moiety, while P1, P2 and P3 are mono-

protonated (–PO3H–), the central amine is protonated and the organic linker (H4nmp2−)

acts as a zwitterionic species. Noteworthy, this behavior was already observed for other
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Figure 5.26: Relationship between the obtained phases and the atomic radius contraction trend along
the series of rare-earth elements. Experimental difractograms were collected under the same conditions.
Legend: Dark green corresponds to [Ln(H4nmp)(H2O)2]Cl·2H2O (8) (Ln = Pr3+, Nd3+, Sm3+, Eu3+,
Gd3+); light green corresponds to [Ln2(H3nmp)2]·H2O (Ln = Dy3+, and Ho3+); and blue indicates the
presence of an unknown material when using Tm and Yb.
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Table 5.3: Crystal data collection and structure refinement details for [Gd(H4nmp)(H2O)2]Cl·2H2O (8).

8

Formula C3H18GdNO13P3Cl

Formula weight 561.79

Temperature / K 150(2)

Crystal type Colourless Block

Crystal size / mm 0.03×0.02×0.01

Crystal system Monoclinic

Space group Cc

a / Å 11.1336(7)

b / Å 17.4684(12)

c / Å 8.5331(5)

β / ◦ 115.209(3)

Volume / Å3 1501.51(17)

Z 4

Figure 5.27: Mixed ball-and-stick and polyhedral representation of the asymmetric unit and of the GdO8

coordination sphere in [Gd(H4nmp)(H2O)2]Cl·2H2O (8). All non-hydrogen atoms represented as displace-
ment ellipsoids drawn at the 50% probability level and H atoms as small spheres with arbitrary radius.
The coordination sphere of the crystallographically independent Gd1 center and has been completed for
clarity and the atomic labelling is provided for all non-hydrogen atoms. For selected bond lengths and
angles see Tables D.1 and D.2 in the Appendix Section. Symmetry transformations used to generate
equivalent atoms: (i) x+1/2, -y+1/2, z -1/2; (ii) x+1, -y, z ; (iii) x+1/2, -y+1/2, z+1/2; (iv) x -1/2, -y+1/2,
z -1/2; (v) x -1/2, y-1/2, z.
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Figure 5.28: Schematic representation of a portion of the 1D cationic polymer present in compound
[Gd(H4nmp)(H2O)2]Cl·2H2O (8) and decorating the gadolinium oxide layers placed in the ac plane of the
unit cell. The {GdO8} coordination sphere is represented in green.

compounds based on aminophosphonate residues [215, 298, 328]. The protonated P-OH

groups of the 2
∞[Gd(H4nmp)] layer donate their hydrogen atoms to the neighboring and

crystallographically independent water molecule of crystallization and to the chloride an-

ion (Table 5.4). It is believed that the hydrogen bonding is important to the crystal

packing. However, the hydrogen atoms bound to the water molecules were not detected,

possibly due to a positional disorder involving these atoms. Nevertheless, the layers are

disposed in an ABAB fashion along the [010] direction of the unit cell, with a interlayer

distance of 8.734 Å (which in fact represents half of the length of the b axis of the unit

cell, as depicted in Figure 5.29).

5.3.4 Thermal Stability

The thermal stability of the bulk compound [Gd(H4nmp)(H2O)2]Cl·2H2O (8) was in-

vestigated between ambient temperature and ca. 800 ◦C and provided additional informa-

tion about the hydration level of the material (Figure 5.30). Thermogravimetric analysis

showed that the weight losses of compound 8 are subsequent, which slightly increase the

difficulty of the assignment of the temperature ranges to the respective released residues.

Nevertheless, this study revealed six main weight losses, with the first two between room

temperature and 195 ◦C. These losses can be attributed to the release of three water
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Table 5.4: Hydrogen-Bonding Geometry (distances in Å and angles in deg) for
[Gd(H4nmp)(H2O)2]Cl·2H2O (8).a

D–H· · ·A d(D· · ·A) <(DHA)

N1–H1Z· · ·O5 2.793(9) 125

N1–H1Z· · ·O6iv 3.043(9) 141

O2–H2Z· · ·Cl1 2.974(7) 150

O4–H4Z· · ·O3Wv 2.626(9) 170

O9–H9Z· · ·Cl1v 2.984(7) 171
a Symmetry transformations used to generate

equivalent atoms: (iv) x -1/2, -y+1/2, z -1/2;

(v) x -1/2, y-1/2, z.

Figure 5.29: Schematic representation of the crystal packing of [Gd(H4nmp)(H2O)2]Cl·2H2O (8) viewed
in perspective along the [001] direction of the unit cell. Two-dimensional [Gd(H4nmp)] networks close
pack parallel to the b-axis of the unit cell mediated by weak N–H···O, O–H···O and O–H···Cl contacts (not
shown). The Gd3+ metallic centers are depicted as green polyhedra, and the PCO3 tetrahedra composing
the organic polymer are represented in violet. See Table 5.4 for geometrical details on the represented
hydrogen bonding interactions.

molecules (two of crystallization and one of coordination) between ambient temperature

and 140 ◦C corresponding to 9.2% of its total weight (calculated 9.6%), and the release

of the last coordinated water molecule, corresponding to a weight loss of 3.1% (calculated

3.2%) from 140 to 195 ◦C.

The two following weight losses, in the ranges of about 195-355 ◦C (4.7%) and 355-

510 ◦C (6.2%), should not be discussed separately. The latter loss can be attributed to
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Figure 5.30: Thermogram of compound [Gd(H4nmp)(H2O)2]Cl·2H2O (8), registered between ambient
temperature and 800 ◦C.

the release of a hydrochloric acid moiety (calculated 6.5%). However, this assignment is

related with the previous loss, corresponding to the liberation of one water molecule per

formula unit (calculated of about 3.2%). This assumption is in line with the fact that

the chloride anion is not coordinated to the framework itself but maintained between its

layers by hydrogen interactions with P1–OH groups. When increasing the temperature,

the material suffers a crystalline phase transition with concomitant peak broadening and

dislocations of the two first reflections (corresponding to the (020) and (111) planes).

This occurrence suggests a closer proximity between gadolinium oxide layers and resultant

formation of pyrophosphonate bridges. Noteworthy, this occurrence was already observed

for [La(H3nmp)], the layered compound previously reported on Chapter 4 [215].

Above 510 ◦C additional weight losses (4.2% and 1.5% in the ranges of about 510-

700 ◦C and 700-800 ◦C, respectively) are attributed to the full decomposition of the organic

component. The residue reminiscent at ca. 800 ◦C agrees well with the stoichiometric

formation of the inorganic residue GdO9P3 (PDF4+ database, release 2012, reference

code 04-015-0835). This result indicates the complete transformation of the material into

an inorganic phase.

194



5.3.5 Vibrational Spectroscopy

Vibrational FT-IR spectroscopy studies clearly support the structural features unveiled

by the X-ray diffraction studies, as well as it is sensitive to the structural transforma-

tion that occurs when increasing temperature. Figure 5.31 presents the FT-IR spectra

of compound [Gd(H4nmp)(H2O)2]Cl·2H2O (8), in the 4000-350 cm−1 region, including

assignments for each main observed band.

Figure 5.31: FTIR spectrum of compound [Gd(H4nmp)(H2O)2]Cl·2H2O (8), in the 4000–600 cm−1 region.

Compound 8 contains a series of bands centered at about 3400 cm−1, which is at-

tributed to the appearance of ν(O–H) stretching vibrational modes from coordination and

crystallization water molecules.

The typical symmetric and asymmetric ν(C–H) and ν(N–H) stretching vibrational

modes in 8 appear in the 3100-2750 cm−1 region. The latter mode is found at about

3057 cm−1, while the signals peaking at about 3027, 2982, 2954 and 2778 cm−1 are at-

tributed to the νsym+asym(C–H) modes. In the central spectral region between 1500 and

1300 cm−1, a number of very weak bands can be attributed to ν(C–H) modes character-

istic of P–CH2 groups. The typical P–OH stretching modes were also observed between

2200 and 2400 cm−1, as very faint and broad bands. In the range of 1500-600 cm−1, it is

possible to notice the typical ν(C–N) stretching vibrational modes of tertiary amines as-

signed to the intense bands pointing at about 1133, 1096 and 1075 cm−1. It was observed

as well the ν(P–C) stretching vibrational modes, in particular between ca. 790-690 cm−1.

Also in this region, the stretching vibrational modes of ν(P=O) were noticed from ca.

1340 to 1145 cm−1, and those of ν(P–O) from ca. 1040 to 860 cm−1. Noteworthy, the

thermal decomposition of 8 implies differences throughout the entire spectra, but the most

relevant were clearly observed in the 1700-700 cm−1 spectral region (which corresponds to
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that where the various vibrational modes of P–O groups appear). At 300 ◦C the thermal

decomposition of 8 results in a FT-IR spectrum typical of an amorphous compound (see

Figure 5.32), in clear accordance with the corresponding PXRD.

Figure 5.32: PXRD and FTIR-ATR spectra of bulk materials obtained from the calcination (50 ◦C to
800 ◦C) of compound [Gd(H4nmp)(H2O)2]Cl·2H2O (8).

5.4 Conclusions

Organophosphonic acids can be an attractive possibility to design MOFs considering

their ability to form robust ionic hydrogen bonds [298, 429]. Nevertheless, compounds

[Gd2(H3nmp)2]·H2O (7) and [Gd(H4nmp)(H2O)2]Cl·2H2O (8) remain as two of the few

reported with this triphosphonate organic ligand [215, 298, 328].

The preparation of compounds 7 and 8 from optimized hydrothermal synthesis, mi-

crowave assisted synthesis or one-pot reaction of H6nmp with GdCl3·7H2O or Gd2O3 was

explored.
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As happens with compounds from the same family (i.e., those based on the same

organic linker), 7 can act as a multifunctional material. Nevertheless, when compared to

frameworks previously prepared by us (namely, compounds presented in Chapter 4, 5 and

6) it legs behing in terms of catalytic performance in the ring opening reaction of styrene

oxide. Aminolysis of styrene oxide and alcoholysis of epoxyhexane have been tested in

the presence of compound 7 but results were still poor. For future work, we porpose

alternative reactions to those herein optimized/tested.

On the other hand, the properties of compound 8 have been inspected in detail. Unfor-

tunately, the results obtained so far do not allow us to ever conceive a potential application

based on its own characteristics. For the case of photoluminescence studies, phase-pure

derivatives of 8 based on lanthanum matrix or mixtures of La/Eu were not yet obtained.

In this sense, the present chapter represents a true open question for future work.
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Chapter 6

Materials and Methods

The present chapter gives information about the physical methods used in this thesis. A

brief description of the general structural characterization is given and detailed procedures

for each of the materials (presented in the previous chapters) are given in the respective

sections.

6.1 General Structural Characterization

Scanning Electron Microscopy (SEM) images data were collected using either a Hi-

tachi S-4100 field emission gun tungsten filament instrument working at 25 kV or a

high-resolution scanning electron microscope Hitachi SU-70 working at 4 kV. Samples

of the compound [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) were prepared by depo-

sition on aluminium sample holders followed by Au/Pd coating. The cathodic depo-

sition of the 60% Au : 40% Pd metallic alloy was performed using a Polaron Equip-

ment Limited SEM Coating E5000. Samples of materials [Er6(pydc)5(OH)8(H2O)2]·2H2O

(1), [Er3(pydc)Cl(OH)6] (2), [Ce2(pydc)3(H2O)2] (4), [La(H3nmp)] (5), [La(L)] (6) and

[Gd2(H3nmp)2]·H2O (7) were prepared by deposition on aluminum sample holders and

followed by carbon coating using an Emitech K950X carbon evaporator.

Energy Dispersive X-rays Spectroscopy (EDS) data and SEM mapping images, to

test the homogeneity of the mixed-lanthanide materials, were recorded using the same

microscope, Hitachi SU-70, working at 15 kV and using a Bruker Quantax 400 or a Sprit 1.9

EDS microanalysis system.

Scanning Transmission Electron Microscopy (STEM) images were also collected for

[La(H3nmp)] (5) using the Hitachi SU-70 equipment while working at 30 kV.
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Transmission Electron Microscopy (TEM) images were acquired in a HR-TEM Hitachi

H9000na. Suspensions in ethanol of the as-synthesized [La(H3nmp)] (5) and after catalytic

studies were sonicated for 180 s. One drop of each suspension was then placed on a carbon

coated copper grid and left in open air to dry. TEM analysis reveals that 5 is extremely

sensitive to the electron beam, and under normal conditions, crystallites are destroyed

after a few seconds of intense irradiation. To minimize damage, a minimum electron

voltage was employed for TEM measurements (200 kV), and the magnification was kept

as low as possible.

Thermogravimetric analyses (TGA) were carried out using a Shimadzu TGA 50, from

room temperature to ca. 600 ◦C or to ca. 800 ◦C, with a heating rate of 5 ◦C/min, under

a continuous stream of air with a flow rate of 20 mL/min.

Fourier Transform Infrared (FT-IR) spectra (in the range 4000–500 cm−1) were recorded

as KBr pellets (Aldrich 99%+, FT-IR grade; 2 mg of sample were mixed in a mortar with

200 mg of KBr) using a Mattson 7000 galaxy series spectrometer equipped with a DTGS

CsI detector or using a Bruker Tensor 27 spectrometer by averaging 256 scans at a maxi-

mum resolution of 2 cm−1.

FT-Raman spectra (collected in the range 4000–100 cm−1) were recorded on a Bruker

RFS 100 spectrometer with a Nd:YAG coherent laser (λ = 1064 nm). Typical conditions:

200 scans at a maximum resolution of 2 cm−1.

Elemental analyses for carbon, nitrogen, hydrogen, and sulphur were performed at

different places and using three different equipments. Some samples were studied on

an Exeter Analytical CE-440 Elemental Analyser at the Department of Chemistry of the

University of Cambridge. Samples were combusted under an oxygen atmosphere at 975 ◦C

for 1 minute, with helium used as purge gas. Other samples were analyzed with a LECO

CHNS–932 equipment, in the Microanalysis Laboratory of the University of Aveiro. These

samples were combusted at 1000 ◦C for 3 minutes with helium used as the purge gas. At

the same laboratory, other samples were analyzed using a Truspec Micro CHNS 630-

200-200 equipment. Analysis Parameters: Sample Size Micro (between 1 and 2 mg),

Combustion Furnace Temperature 1075 ◦C, Afterburner Temperature 850 ◦C. Detection

method: Infrared Absorption for Carbon, Hydrogen and Sulphur; Thermal Conductivity

for Nitrogen. Analysis Time: 4 minutes. Gasses Required: Carrier – Helium, Combustion

– Oxygen, Pneumatic – Compressed air.

The control of the initial pH for the reactive mixtures was done visually, using full

range universal-indicator paper (1.0–14.0, Filter-Lab). However, for some of the tested

experimental conditions, a strict control of the pH was necessary and I have used a pH-
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/Redox-/Temperature Meter Aqualytic SensoDirect pH 24.

6.2 Reagents

All chemicals were readily available from commercial sources and were used as received

without further purification.

� Rare Earth(III) chloride hydrates (RECl3·xH2O, RE3+ = Y3+, La3+, Ce3+, Pr3+,

Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, Ho3+, Er3+ and Yb3+; at least 99% of purity,

Sigma-Aldrich);

� Rare Earth (III) oxides (RE2O3, RE3+ = Y3+, La3+ and Ce3+, at least 99.99% of

purity, Inframat Advanced materials; RE3+ = Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+,

Dy3+, Ho3+, Er3+, Tm3+, Yb3+ and Lu3+; at least 99.99% of purity, Jinan Henghua

Sci. & Tec. Co. Ltd);

� 2,5-Pyridinedicarboxylic acid (2,5-H2pydc, C7H5NO4, purum ≥ 98%, Fluka);

� Nitrilotris(methylenephosphonic acid) (H6nmp, N(CH2PO3H2)3; 97%, Fluka);

� 1,2-Dichloroethane (DCE, C2H4Cl2, 99%, Sigma-Aldrich);

� 1,2-Epoxyhexane (97%, Sigma-Aldrich);

� α-pinene (97%, Sigma-Aldrich);

� Acetonitrile (CH3CN, 99%, Sigma-Aldrich);

� Aniline (>99.5%, Sigma-Aldrich);

� Benzyl alcohol (99.8%, Sigma-Aldrich);

� Cyclohexanol (≥99%, Merck);

� cis-cyclooctene (95%, Sigma-Aldrich);

� Ethanol (Absolute, Panreac);

� Hydrochloric acid (HCl, 37% Analytical Reagent Grade, Fisher Chemical);

� Hydrogen peroxide (H2O2, aqueous 30% w/v in water, Panreac);
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� Methanol (99%, Sigma-Aldrich);

� Sodium hydroxide (NaOH pellets, Panreac);

� n-Hexane (puriss p.a., Sigma-Aldrich);

� Styrene oxide (Fluka, ≥97%);

� tert-butyl hydroperoxide (TBHP, (CH3)3COOH, 70 wt% in water, Sigma-Aldrich).

6.3 Routine Powder X-ray Diffraction

Routine powder X-ray diffraction (PXRD) data for all synthesized materials were col-

lected at ambient temperature on a X’Pert MPD Philips diffractometer (Cu Kα1,2 X-

radiation, λ1 = 1.540598 Å and λ2 = 1.544426 Å), equipped with a X’Celerator detector

and a flat-plate sample holder in a Bragg-Brentano para-focusing optics configuration

(45 kV, 40 mA). Intensity data were collected by the step-counting method (step 0.04◦),

in continuous mode, in the ca. 3◦ ≤ 2θ ≤ 60◦ range for compound [Ce2(pydc)3(H2O)2] (4)

and in the ca. 3.5◦ ≤ 2θ ≤ 50◦ range for all other compounds.

Patterns for phase identification using Le Bail whole-powder-profile-fittings were col-

lected in the same instrument using a counting method with a step of 0.01◦, in continuous

mode, in the ca. 5◦ ≤ 2θ ≤ 90◦ range for compound [Ce2(pydc)3(H2O)2] (4) (and the

respective mixed materials, [(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu) and [(La0.95Tb0.05)2

(pydc)3(H2O)2] (4-LaTb)) and in the ca. 4◦ ≤ 2θ ≤ 110◦ range for [La(H3NMP)] (5) and

[La(L)] (6).

6.4 Variable-Temperature Powder X-ray Diffraction

Variable-temperature powder X-ray diffraction data for compound [Ce2(pydc)2(Hpydc)

(H2O)2]Cl·(9+y)H2O (3) were collected in the aforementioned X’Pert MPD Philips diffrac-

tometer, between 40 ◦C and 200 ◦C in intervals of temperature ranging from 10 to 20 ◦C, by

using a high-temperature Antoon Parr HKL 16 chamber controlled by a Antoon Parr 100

TCU unit. For these studies intensity data were collected in the step mode (0.05◦, 7 s per

step), in the range ca. 3.5◦ ≤ 2θ ≤ 30◦. For compound [La(H3nmp)] (5) identical intensity

data were collected in the step mode (0.04◦, 15 s per step) in the range ca. 5 ≤ 2θ ≤35◦,
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between 30 and 800 ◦C. For compound [Gd2(H3nmp)2]·H2O (7) in the step mode (0.01◦,

1 s per step) in the range ca. 5◦ ≤ 2θ ≤ 35◦, between 30 ◦C and 740 ◦C.

6.5 Single-Crystal X-ray Diffraction Studies

Suitable single crystals of [Er6(pydc)5(OH)8(H2O)2]·2H2O (1), [Er3(pydc)Cl(OH)6] (2),

[Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) (and its solvent-exchanged compounds), [La

(H3nmp)] (5), [La(L)] (6), [Gd2(H3nmp)2]·H2O (7), and [Gd(H4nmp)(H2O)2]Cl·2H2O (8)

were manually harvested from the crystallization vials and mounted on Hampton Research

CryoLoops using FOMBLIN Y perfluoropolyether vacuum oil (LVAC 25/6) purchased from

Sigma-Aldrich with the help of a Stemi 2000 stereomicroscope equipped with Carl Zeiss

lenses.

Data from suitable crystals were collected on a Bruker X8 Kappa APEX II CCD area-

detector diffractometer (Mo Kα graphite-monochromated radiation, λ = 0.71073 Å) con-

trolled by the APEX2 software package [442] and equipped with an Oxford Cryosystems

Series 700 cryostream monitored remotely using the software interface Cryopad [443]. Im-

ages were processed using the software package SAINT+ [444], and data were corrected for

absorption by the multi-scan semi-empirical method implemented in SADABS [445]. The

structure was solved using the Patterson synthesis algorithm implemented in SHELXS-

97 [446, 447], which allowed the immediate location of the metal centres and most of the

heaviest atoms. All remaining non-hydrogen atoms were located from difference Fourier

maps calculated from successive full-matrix least-squares refinement cycles on F2 using

SHELXL-97 [447, 448].

Crystallographic data collection and structure refinement details are summarized in

references [214], [328], and [329].

6.6 Solid State NMR

13C CP MAS, 1H and 31P nuclear magnetic resonance spectra were recorded at 9.4 T on

a Bruker Avance 400 wide-bore spectrometer (DSX model) on a 4 mm BL crosspolarization

magic-angle spinning (CPMAS) VTN probe at 100.6, 400.1 and 161.9 MHz, respectively.

For the 13C CP MAS spectra, the Hartmann–Hahn (HH) “sideband” matching condition

ν13C
1 = ν1H

1 + nνR (n = ± 1) was carefully matched by calibrating the 1H and the 13C rf

field strengths; recycle delay: 5 s; contact time: 2 ms; νR = 12 kHz.
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Conditions used for compounds [La(H3nmp)] (5), [La(L)] (6): For the 31P

spectra, a 90◦ single pulse excitation of 2.5 µs was employed: recycle delay, 60 s; νR =

10 kHz. For the 31P CP MAS spectra, a 90◦ single pulse excitation of 2.5 µs was employed:

recycle delay, 5 s; contact time, 2 ms; νR = 10 kHz.

Conditions used for the remaining compounds: For the 1H MAS spectra a 90◦

single pulse excitation of 2.87 µs was employed; recycle delay: 5s; νR = 12 kHz. For the
31P HPDEC spectra a 90◦ single pulse excitation of 3.5 µs was employed; recycle delay:

60s; νR = 12 kHz. For the 31P CP MAS spectra a 90◦ single pulse excitation of 3.75 µs

was employed; recycle delay: 5s; contact time: 2 ms; νR = 12 kHz.

Chemical shifts are quoted in parts per million with respect to TMS for the 1H and
13C nuclei, and to an 85% H3PO4 solution for the 31P nucleus.

6.7 Photoluminescent Studies

Emission and excitation spectra were recorded at 12 and 300 K using a Fluorolog-3

Horiba Scientific (Model FL3-2T) spectroscope, with a modular double grating excitation

spectrometer (fitted with a 1200 grooves/mm grating blazed at 330 nm) and a TRIAX 320

single emission monochromator (fitted with a 1200 grooves/mm grating blazed at 500 nm,

reciprocal linear density of 2.6 nm·mm−1), coupled to a R928 Hamamatsu photomulti-

plier, using the front face acquisition mode. The excitation source was a 450 W Xe arc

lamp. Emission spectra were corrected for detection and optical spectral response of the

spectrofluorimeter and the excitation spectra were corrected for the spectral distribution

of the lamp intensity using a photodiode reference detector. Time-resolved measurements

have been carried out using a 1934D3 phosphorimeter coupled to the Fluorolog-3, and a

Xe-Hg flash lamp (6 µs/pulse half width and 20-30 µs tail) was used as the excitation

source. Variable temperature measurements were performed using a helium-closed cycle

cryostat with vacuum system measuring ∼5×10−6 mbar and a Lakeshore 330 auto-tuning

temperature controller with a resistance heater. The temperature can be adjusted from

ca. 12 to 450 K.

Absolute emission quantum yields were measured at ambient temperature using a

quantum yield measurement system C99-02 from Hamamatsu with a 150 W Xenon lamp

coupled to a monochromator for wavelength discrimination, an integrating sphere as sam-

ple chamber and a multi-channel analyzer for signal detection. Three measurements were

made for each sample so that the average value is reported. The method is accurate to
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within 10%.

6.8 Self-Assembly of Erbium Tetramers

and 2,5-Pyridinedicarboxylic Acid

6.8.1 [Er6(OH)8(pydc)5(H2O)3]·2.5H2O and [Er3(OH)6(pydc)Cl]:

Typical Hydrothermal Synthesis

General procedure

A suspension containing 2,5-pyridinedicarboxylic acid (2,5-H2pydc), erbium(III) chlo-

ride hexahydrate (ErCl3·6H2O) and sodium hydroxide (NaOH) in distilled water was mag-

netically stirred thoroughly for 1 hour at ambient temperature. The resulting homoge-

neous suspension was transferred to a Teflon-lined Parr Instruments autoclave and placed

inside a preheated oven. After reaction, the vessel was allowed to cool slowly to ambient

temperature before opening. Materials were recovered by vacuum filtration, washed with

copious amounts of distilled water and air-dried.

Optimal conditions to isolate [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1)

Molar ratio of the reactive mixture: 1: 1: 2.5: 800 (2,5-H2pydc, 0.17 g; ErCl3·6H2O,

0.40 g; NaOH, 0.10 g; H2O, 14.50 g). Temperature: 170 ◦C. Reaction time: 72 hours. pH:

6-7.

Optimal conditions to isolate [Er3(OH)6(pydc)Cl] (2)

Molar ratio of the reactive mixture: 1: 2: 2.5: 800 (2,5-H2pydc, 0.17 g; ErCl3·6H2O,

0.80 g; NaOH, 0.10 g; H2O, 14.50 g). Temperature: 170 ◦C. Reaction time: 72 hours. pH:

5-6.

Elemental composition

Calculated (in %) for [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1) (MW = 2037.21): C 20.63,

H 1.53, N 3.44, (C/N ratio of 6.00); found C 20.26, H 1.60, N 3.26, (C/N ratio of 6.23).

Calculated (in %) for [Er3(OH)6(pydc)Cl] (2) (MW = 804.38): C 10.45, H 1.13, N 1.74,

(C/N ratio of 6.01); found: C 12.40, H 1.16, N 1.97, (C/N ratio of 6.28).

Selected FT-IR data (FT-Raman data in italics, within brackets) (in cm−1)

[Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1): ν(O–H, stretching vibrations) = 3387s,br, νasym(–

CO−2 ) = 1619s (1652w, 1589s), ν(aromatic ring stretching) = 1480m (1480w), νsym(–CO−2 )

= 1417m, 1393s, 1360s (1436s), ν(C–H in-plane deformation vibrations, substituted aro-

matics) = 1281w, 1181w, 1038m (1160m, 1145m, 1114w), ν(C–H out-of-plane deformation
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vibrations, substituted aromatics) = 879w, 833m, 763m, 696w (869s, 824m, 652m).

[Er3(OH)6(pydc)Cl] (2): ν(O–H, stretching vibrations) = 3456s,br, νasym(–CO−2 ) =1596s

(1593s, 1551w), ν(aromatic ring stretching) = 1479m (1479w), νsym(–CO−2 ) = 1407m,

1385s, 1364s (1430s), ν(C–H in-plane deformation vibrations, substituted aromatics) =

1278w, 1171w, 1115w, 1027m (1278w, 1259w, 1171w, 1151m, 1117m, 1030w), ν(C–H

out-of-plane deformation vibrations, substituted aromatics) = 825m, 759m, 695m, 668m,

657m (862s, 827m, 643m, 725w, 566w).

Thermogravimetric analysis (TGA) data (weight losses in %) and derivative

thermogravimetric peaks (DTG; in italics, within brackets)

[Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1): 21-390 ◦C -6.1% (48 ◦C and 336 ◦C ); 425-700 ◦C

-33.5% (522 ◦C ).

[Er3(OH)6(pydc)Cl] (2): 295-407 ◦C -3.7% (376 ◦C ); 415-700 ◦C -27.8% (462 ◦C ).

6.8.2 Magnetism Studies

Magnetic dc susceptibility χ was recorded at temperatures ranging from 4.2 up to

300 K, after an initial cooling from RT down to 4.2 K in the absence of the field (ZFC

procedure), and cooling from 300 K down to 4.2 K at the measuring field (100 Oe).

All measurements were performed on a Superconducting Quantum Interference Device

magnetometer (Quantum Design, model MPMS-5s).

206



6.9 Self-Assembly of Cerium Units

and 2,5-Pyridinedicarboxylic Acid

6.9.1 Fast Microwave Synthesis of a Microporous Lanthanide-

Organic Framework [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O

Microwave-Assisted Hydrothermal Synthesis

A mixture containing 2,5-H2pydc, CeCl3·7H2O and NaOH was manually grinded in

a mortar for one minute and then transferred to a 10 mL IntelliVent microwave reactor.

Approximately 6 mL of distilled water were added to the mixture without stirring. The

overall mixture, with approximate molar ratio of about 1: 1: 2.5: 800, was reacted inside a

CEM Focused Microwave� Synthesis System Discover S-Class equipment. Reaction took

place without magnetic stirring and by monitoring the temperature and pressure inside

the vessel. A constant flow of air (ca. 10 psi of pressure) ensured a close control of the

temperature. The final product was recovered by vacuum filtration, followed by washing

with copious amounts of distilled water, and then air-dried overnight. Experimental mi-

crowave conditions: temperature – 120 ◦C; power – 50 W; reaction time – 20 minutes of

microwave irradiation.

Large-scale microwave-assisted synthesis using a 35 mL IntelliVent microwave reactor:

reactive suspension with the same molar ratios as mentioned above for a total volume of

ca. 21 mL of distilled water. Experimental microwave conditions: temperature – 120 ◦C;

power – 100 W; reaction time – 15 minutes of microwave irradiation.

Dynamic Hydrothermal Synthesis

Dynamic hydrothermal syntheses, i.e., with continuous rotation of the vessels during

the period of the reaction, have been performed using Teflon-lined autoclaves purchased

from Parr Instruments (internal volume of ca. 24 mL) and a custom-modified oven with

the internal temperature controlled by an Eurotherm thermostat system.

A similar procedure to that described in the previous subsection was used, with the

difference that the initial reaction mixtures have been transferred into the aforementioned

teflon reaction vessels, which were then placed inside the preheated oven. The following

experimental conditions were systematically varied to optimize the synthetic conditions:

� temperature, 120, 140 and 170 ◦C;
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� speed of rotation, 0 and 25 rpm;

� reaction time, 6, 12, 24 and 72 hours;

� chemical composition of the reactive mixtures (ligand/metal/HO−/water molar ra-

tios), 1: 1: 2.5: 800, 1: 1: 2.5: 1600, 1: 3: 2.5: 400, 1: 4: 2.5: 400, 1: 5: 2.5: 400,

1: 5: 2.5: 800, 5: 1: 2.5: 400, 5: 1: 2.5: 800, and 5: 1: 2.5: 1600 (total volume of

distilled water of ca. 10 mL);

� reaction vessel internal volume, 24 mL.

After reacting, the vessels were allowed to cool slowly to ambient temperature. Prod-

ucts were recovered by vacuum filtration, washed with copious amounts of distilled water,

and air-dried, and their crystalline structure was investigated using powder X-ray diffrac-

tion. The overall optimal conditions to isolate [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O

(3) as a phase pure compound were found to be 120 ◦C and 72 h of reaction with a speed

of rotation of about 25 rpm, using a molar ratio of 1: 4: 2.5: 400 or 1: 5: 2.5: 400.

Solvent-exchanged crystals of 3:

Crystals of [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3) were manually selected and

placed, at ambient temperature and static conditions, inside vials containing benzyl alcohol

(3 Bz Alc) or chloroform (3 CHCl3). One portion was placed inside an MMM oven

at 50 ◦C with internal air convection (3 50C). After 72 hours, crystals were preserved in

FOMBLIN oil for immediate single-crystal X-ray diffraction studies.

N2 Adsorption Studies

The nitrogen adsorption isotherm was measured at -196 ◦C, using a gravimetric ad-

sorption apparatus equipped with a CI electronic MK2-M5 microbalance and an Edwards

Barocel pressure sensor. The sample was pre-treated under vacuum, at 35 ◦C, overnight

prior to the analysis. The acquisition time for each point was 4–6 hours.
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6.9.2 MWAS of [Ce2(pydc)3(H2O)2]: an Insight into the Self-

Assembly Process and the Fabrication of Photolumines-

cent Crystalline Materials

Hydrothermal Synthesis using standard convection heating

A procedure based on that described by Shao and co-workers has been employed [324,

403]. A suspension containing 2,5-H2pydc, LnCl3·xH2O and NaOH in distilled water (mo-

lar ratios of about 1: 1: 2.5: 800) was stirred thoroughly in open air (ambient temperature)

for 1 hour. The resulting homogeneous suspension was transferred to a Teflon-lined Parr

Instrument reaction vessel and placed inside a pre-heated MMM Venticell oven. Reaction

took place at 165 ◦C over a period of 72 h, after which time the oven was turned off and the

samples were cooled slowly to ambient temperature (while inside the oven). After that,

the obtained compound was vacuum filtered, washed with copious amounts of distilled

water, and dried at room temperature.

Elemental composition. Calc. (%) for [Ce2(pydc)3(H2O)2] (MW = 817.62): C 30.85,

H 2.34, N 5.14 (C/N = 6.00). Found: C 29.76, H 1.83, N 4.85 (C/N = 6.14).

Microwave-Assisted Hydrothermal Synthesis

Optimization with Ce3+

A suspension similar to that described in the previous subsection has been used (molar

ratios of about 1: 1: 2.5: 800). Typically, the reactive mixture was stirred thoroughly in

open air (ambient temperature) for five minutes and the resulting homogeneous suspension

was transferred to a 10 mL IntelliVent reactor which was placed inside a CEM Focused

Microwave� Synthesis System Discover S-Class equipment. Reactions took place with

constant magnetic stirring (controlled by the microwave equipment) and by monitoring

the temperature and pressure inside the vessels. A constant flow of air (ca. 10 bar of

pressure) ensured a close control of the temperature inside the vessel. After reacting, a

pale yellow suspension was obtained. The final product was recovered by vacuum filtration,

followed by washing with copious amounts of distilled water, and then air-dried overnight.

The following experimental conditions were systematically varied: i) temperature (T),

from 90 to 170 ◦C; ii) power (P), from 50 and 150 W; iii) reaction time (t), between 1 and

10 minutes of microwave irradiation. For simplicity, each sample is identified as TmPntp

where the subscripts indicate the specific experimental conditions employed.

Elemental composition. for [Ce2(pydc)3(H2O)2] (MW = 817.62): C 30.85, H 2.34,
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N 5.14 (C/N = 6.00). Found: C 28.28, H 1.67, N 4.68 (C/N = 6.05).

Optically-active materials with other lanthanides

Mixed-lanthanide compounds were prepared using a similar experimental procedure to

that described above. For simplicity, mixed-lanthanide samples will be mentioned on the

basis of the lanthanides and the different percentage which were used in [Ln2(pydc)3(H2O)2]:

Ln3+=La3+, (La0.95Eu0.05)3+ (4-LaEu), (La0.95Tb0.05)3+ (4-LaTb) and (La0.90Eu0.05Tb0.05)3+

(4-LaEuTb). Mixed-lanthanide materials were obtained using microwave settings chosen

among the wide range of optimal conditions that ensure the preparation of phase-pure

compounds (see Figure 3.12 for additional details).

The spatial distribution of the Eu3+ and Tb3+ ions in the La3+ matrices was further

confirmed by electron microscopy EDX mapping studies on portions of 4-LaEu, 4-LaTb

and 4-LaEuTb. EDX profiles (Figures 3.22-3.23) indicated a homogeneous dispersion

of the chemical elements present in [Ln2(pydc)3(H2O)2] surface, without compositional

zoning being observed in all tested compounds.

Metal ion ratios estimated from EDX data. For compound 4-LaEu, La3+/Eu3+ ca.

9.7. For 4-LaTb, La3+/Tb3+ ca. 12.5. For 4-LaEuTb, La3+/Eu3+ ca. 8.5, and

La3+/Tb3+ ca. 10.2.

Catalytic Studies

The batchwise reaction of the ring opening of styrene oxide in methanol was carried out

at 55 ◦C, under air (autogeneous pressure) and stirred magnetically in a closed borosil-

icate 10 mL reaction vessel immersed in a thermostated oil bath. The micro reactor

was loaded with 35.9 mg and 32.5 mg of [Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O and

[Ce2(pydc)2(H2O)2] (4), respectively, 0.82 mmol of styrene oxide and 2.0 mL of methanol

(MeOH). The progress of the reactions was monitored using a Varian 3800 GC equipped

with a BR-5 (Bruker) capillary column (30 m×0.25 mm; 0.25 µm) and a flame ionization

detector, using H2 as the carrier gas. The reaction products were identified by GC-MS

Trace GC 2000 Series (Thermo Quest CE Instruments) – DSQ II (Thermo Scientific),

equipped with fused silica capillary DB-5 type column (30 m×0.25 mm; 0.25 µm film

thickness) using He as carrier gas.
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6.10 Self-Assembly of Lanthanum Units

and Nitrilotris(methylenephosphonic acid)

6.10.1 Microwave-Assisted Hydrothermal Synthesis

Typical Preparation of [La(H3nmp)] (5)

A suspension containing H6nmp (0.153 g, 0.512 mmol) and LaCl3·7H2O (0.190 g,

0.512 mmol) in ca. 6.0 mL of distilled water (molar ratios of about 1 : 1 : 650) was

stirred thoroughly in open air (room temperature) for five minutes. The resulting sus-

pension, with a pH varying between ca. 3 and 5, was transferred to a 10 mL IntelliVent

reactor which was placed inside a CEM Focused Microwave Synthesis System Discover S-

Class equipment. Reactions took place with constant magnetic stirring (controlled by the

microwave equipment) and by monitoring the temperature and pressure inside the vessels.

A constant flow of air (ca. 10 bar of pressure) assured a close control of the temperature

inside the vessel. After reacting, a white suspension was obtained, and the final product

was recovered by vacuum filtration, followed by washing with copious amounts of distilled

water, and then air-dried overnight.

Elemental composition

Calcd (in %): C 8.28; H 2.09; N 3.22 (C/N = 2.57). Found (in %): C 7.90; H 2.12;

N 3.09 (C/N = 2.56).

Thermogravimetric analysis (TGA) data (weight losses in %) and derivative

thermogravimetric peaks (DTG; in italics, within brackets)

280–400 ◦C –4.1% (366 ◦C ), 400–650 ◦C –4.8% (508 ◦C ), 650–800 ◦C –4.1% (768 ◦C ).

Optimization

The microwave-assisted synthesis conditions to prepare [La(H3nmp)] (5) were investi-

gated by systematically varying the following experimental parameters:

� temperature (T) from 120 to 165 ◦C;

� power (P) from 50 to 100 W;

� reaction time (t) between 1 and 10 min of microwave irradiation.

For simplicity, each sample is identified as TmPntp, as described in the optimization

diagram, with the subscripts indicating each set of specifically employed experimental

conditions. The set of the prepared materials is depicted in Scheme 4.2 (Chapter 4).
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Preparation of Mixed-Lanthanide Materials

Mixed-lanthanide compounds having 5% of Eu3+ or Tb3+ (randomly dispersed in the

La3+ matrix) were obtained using an experimental procedure similar to that described

above while adjusting the stoichiometric amounts of the lanthanide chloride salts to the

desired amounts.

6.10.2 Dynamic Hydrothermal Synthesis

Dynamic hydrothermal syntheses, i.e., with continuous rotation of the vessels during

the period of the reaction, have been performed using Teflon-lined autoclaves purchased

from Parr Instruments (internal volume of ca. 24 mL) and a custom-modified oven with

the internal temperature controlled by an Eurotherm thermostat system.

Reaction mixtures with chemical compositions identical to those described for the

microwave-assisted synthesis were stirred thoroughly in open air for a few minutes and

then transferred into adapted Teflon lined Parr Instruments reaction vessels, which were

then placed inside a preheated oven. The pH of the initial reactive mixtures varied between

ca. 3 and 5. The following experimental conditions were systematically varied to optimize

the synthetic conditions:

� temperature, 120 and 165 ◦C;

� speed of rotation, 25 and 50 rpm;

� reaction time, 48 and 72 hours;

� chemical composition of the reactive mixtures (ligand/metal/ water molar ratios),

1 : 1 : 325 and 1 : 1 : 650 (total volume of distilled water of ca. 10 mL);

� reaction vessel internal volume, 24 and 42 mL.

After reacting, the vessels were allowed to cool slowly to ambient temperature. Prod-

ucts were recovered by vacuum filtration, washed with copious amounts of distilled water,

and air-dried, and their crystalline structure was investigated using powder X-ray diffrac-

tion. For several combinations of the conditions highlighted above, I found that the iso-

lated products were systematically obtained as physical mixtures of the desired material

alongside with other known and unknown products. The overall optimal conditions to

isolate [La(H3nmp)] (5) as a phase pure compound were found to be 165 ◦C and 48 h of

reaction with a speed of rotation of about 25 rpm.
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6.10.3 Heterogeneous Catalysis

A 5 mL borosilicate batch reactor equipped with a magnetic stirrer and a valve for

sampling was charged with catalyst [La(H3nmp)] (5) (34.7 mg, ca. 0.08 mmol of La3+),

alcohol (2 mL), and epoxide (0.83 mmol). The reaction was carried out under atmospheric

air and immersed in an external thermostatted oil bath. The evolution of the catalytic

reactions was monitored using a Varian 3900 GC equipped with a capillary column (SPB-5,

20 m × 0.25 mm) and a flame ionization detector (using 1-octene as an external standard).

Reaction products were identified by GC-MS Trace GC 2000 Series (Thermo Quest CE

Instruments) – DSQ II (Thermo Scientific), using He as the carrier gas.

6.11 Self-Assembly of Gadolinium Units

and Nitrilotris(methylenephosphonic acid)

6.11.1 [Gd2(H3nmp)2]·H2O: synthethic routes for the prepara-

tion of a new layered LnOF

Preparation of compound [Gd2(H3nmp)]·H2O

Hydrothermal synthesis: convection heating

A suspension containing H6nmp (0.153 g, 0.512 mmol) and GdCl3·6H2O (0.190 g,

0.512 mmol) in ca. 15.0 mL of distilled water (molar ratios of about 1: 1: 650) was stirred

thoroughly in open air (room temperature) for five minutes. The resulting homogeneous

suspension was transferred to an adapted Teflon-lined Parr Instruments reaction vessel

(autoclave with internal volume of ca. 24 mL) which was then placed inside a custom

preheated oven. Typically, the reactions took place in a static configuration. After react-

ing, the vessel was allowed to cool: (i) slowly to ambient temperature or (ii) drastically

under cold water (i.e., autoclave quenching). Please note: regardless of the procedure,

the isolated product was later shown to be the same. The contents of the autoclaves were

formed by a white suspension, with the final product being recovered by vacuum filtra-

tion, washed with copious amounts of distilled water, air-dried and its crystal structure

investigated using standard powder X-ray diffraction.

The synthesis conditions to prepare [Gd2(H3nmp)]·H2O (7) were further investigated

by varying the temperature (between 80 and 190 ◦C), the reaction time (between 1 h and

7 days), the composition of the reactive mixtures (molar ratios metal: ligand: water of
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about 1: 1: 350, 1: 1: 450, 1: 1: 550 and 1: 1: 650), the metal centers and metal precursor,

the reactive mixture (using water as the only solvent or a mixture with volume ratio

of HCl 6M/H2O of about 1/9 or 1/1) and apparatus configuration (static or dynamic

hydrothermal conditions of the vessel).

For simplicity, each sample is identified as Tmtp (with T standing for Temperature,

and t for time of reaction) with the subscripts indicating each set of specifically employed

experimental conditions.

Static hydrothermal optimal conditions to obtain phase-pure 7 using GdCl3·6H2O: 140–

190 ◦C, 18–48 h, using any of the aforementioned molar ratios for the reactive mixtures.

Similar experimental conditions have been used while replacing GdCl3·6H2O by other

LnCl3·xH2O, Ln3+ = Y3+, La3+, Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, Tb3+, Dy3+, Ho3+, Er3+

and Yb3+. When lanthanide (III) chloride hydrates based on La3+, Ce3+, Pr3+ and Nd3+

were used, the known [Ln(H3nmp)]·1.5H2O compound could be obtained [298]. When

Gd2O3 was used, compound 7 was readily obtained after 24h and 48h reaction for static

and dynamic hydrothermal synthetic, respectively. Still when using Gd2O3 but in the

presence of a solvent mixture of HCl/H2O, the optimal results were achieved for static

hydrothermal synthesis, 120 ◦C during 12h, using a solvent ratio of 1/2.

Preparation of Mixed-Lanthanide Materials

Mixed-lanthanide compounds having 5% of Eu3+ (randomly dispersed in the Gd3+

matrix) were obtained using a similar experimental procedure to that described above

while adjusting the stoichiometric amounts of the lanthanide chloride salts to the desired

amounts.

Microwave-Assisted Hydrothermal Synthesis

A reactive mixture with identical chemical composition to that described for the typical

hydrothermal synthesis using convection heating was stirred thoroughly in open air for five

minutes. The resulting homogeneous suspension was transferred to a 10 mL IntelliVent

reactor which was placed inside a CEM Focused Microwave� Synthesis System Discover S-

Class equipment. Reactions took place with constant magnetic stirring (controlled by the

microwave equipment) and by monitoring the temperature and pressure inside the vessels.

A constant flow of air (ca. 10 bar of pressure) assured a close control of the temperature

inside the vessel. After reacting, a white suspension was obtained, and the final product

was recovered by vacuum filtration, followed by washing with copious amounts of distilled

water, and then air-dried overnight.
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The synthesis conditions to prepare [Gd2(H3nmp)]·H2O (7) were further investigated

by varying the temperature (between 80 and 165 ◦C), the reaction time (between 30 sec-

onds and 30 minutes) and the metal precursor.

For simplicity, each sample is identified as TmPntp (with T standing for Temperature,

P for pressure, and t for time of reaction) with the subscripts indicating each set of

specifically employed experimental conditions.

Optimal reaction conditions to obtain phase-pure 7 when using GdCl3·6H2O: molar

ratio metal: ligand: water of about 1: 1: 650, temperature range 100–120 ◦C, 100 W of

irradiation power and 10 min of reaction. The use of Gd2O3 as the metallic precursor

showed that this reactant could not be completely consumed for some reaction conditions:

in most of the tests amorphous phases or mixtures of 7 with the metallic precursor were

typically observed.

One-Pot Synthesis: isolation of small single crystals

Having in mind our difficulty in obtaining single-crystals of [Gd2(H3nmp)]·H2O (7),

which was overpassed adding HCl to the initial reactive mixture, the one-pot method

was used in order to achieve particles larger than those obtained using both previous

hydrothermal methods. In that sense, only a small set of conditions was tested in order

to prove the alternative route. The tested experimental parameters were chosen having

already the knowledge derived from the previous approaches considering the volume of

HCl to be used, the temperature and the time of reaction.

A gel containing H6nmp (0.1505g, 0.503 mmol) and Gd2O3 (0.1506g, 0.195 mmol) in

ca. 10.0 mL of HCl 6M/H2O was prepared in a round bottom flask and heated to reflux.

The synthetic conditions used to prepare 7 were investigated by systematically varying the

temperature (between 100 and 120 ◦C), the reaction time (between 12 and 48 hours) and

the HCl/H2O volume ratio (between 1/9 and 1/1). After reacting, the vessels were allowed

to cool slowly to ambient temperature and crystals of the final product were readily formed

after ca. 15 min. Crystalline material of 7 was manually harvested from the vessels and

used for single crystal X-ray diffraction studies.

As for typical hydrothermal reaction, each sample is identified as Tmtp (with T standing

for Temperature, and t for time of reaction) with the subscripts indicating each set of

specifically employed experimental conditions.

One-pot optimal reaction conditions to obtain phase-pure 7 using Gd2O3: 120 ◦C, for

48 h, using a HCl/H2O solvent ratio of 1/1.
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Elemental composition

For the as-synthesized compound [Gd2(H3nmp)2]·H2O (7). Calculated (in %) for MW =

924.57: C 7.79, H 2.18, N 3.03 (C/N = 2.6). Found, for typical hydrothermal conditions:

C 7.76, H 2.17, N 2.78 (C/N = 2.8). Found, for MWAS: C 7.20, H 2.01, N 2.76 (C/N =

2.6). Found, for One-Pot synthesis: C 7.28, H 2.30, N 2.74 (C/N = 2.7).

For the isotypical series of dehydrated compound [Ln2(H3nmp)2]·H2O (7-Ln).

For compound 7-Gd. Found, for typical hydrothermal conditions: C 7.14, H 2.40, N

2.95 (C/N = 2.4). Found, for MWAS: C 7.16, H 2.40, N 2.91 (C/N = 2.5). Found, for

One-Pot synthesis: C 7.16, H 2.38, N 2.79 (C/N = 2.6).

For typical hydrothermal conditions.

For 7-Sm: C 7.19, H 2.47, N 2.84 (C/N = 2.5). For 7-Eu: C 7.42, H 2.31, N 2.91

(C/N = 2.5). For 7-Tb: C 7.13, H 2.41, N 2.88 (C/N = 2.5). For 7-Dy: C 6.98, H 2.41,

N 2.78 (C/N = 2.5). For 7-Ho: C 7.12, H 2.36, N 2.76 (C/N = 2.6). For 7-Y: C 7.61, H

2.90, N 3.12 (C/N = 2.4). For 7-Er: C 6.98, H 2.37, N 2.68 (C/N = 2.6).

For the isotypical series of compound [Ln(H3nmp)]·1.5H2O.

For [La(H3nmp)]·1.5H2O: C 7.75, H 2.70, N 2.93 (C/N = 2.6). For [Ce(H3nmp)]·
·1.5H2O: C 7.24, H 2.63, N 2.82 (C/N = 2.6). For [Pr(H3nmp)]·1.5H2O: C 7.38, H

2.67, N 2.90 (C/N = 2.5). For [Nd(H3nmp)]·1.5H2O: C 7.30, H 2.64, N 2.86 (C/N =

2.6).

Selected FT-IR data (in cm−1) for the isotypical series of [Ln2(H3nmp)2]·H2O

(7-Ln). Please note: the assigned bands relate to the material obtained by typical hy-

drothermal reaction, but the spectra was found to be invariable to the method.

Compound 7-Gd. ν(H2O)coord = 3500 w ; ν(N–H) = 3005 w, νsym+asym(C–H) = 2845,

2777, 2747, 2660 w ; ν(P–OH) = 2325 w ; δ(H2O) = 1630 w ; δ(P–CH2) = 1482, 1428,

1402, 1328 m; ν(P=O) = 1208, 1172 m-vs ; ν((CH2)3–N) = 1120 (shoulder), 1099, 1070,

1047 vs ; ν(P–O) = 1005, 988, 945, 913 m; ν(P–C) = 808, 753, 723 m.

Compound 7-Sm. ν(H2O)coord = 3498 w ; ν(N–H) = 3004 w, νsym+asym(C–H) = 2857,

2774, 2744, 2657 w ; ν(P–OH) = 2360, 2341 w ; δ(H2O) = 1653 w ; δ(P–CH2) = 1477, 1429,

1400, 1329 m; ν(P=O) = 1207, 1169 m-vs ; ν((CH2)3–N) = 1109, 1069, 1053, 1023 vs ;

ν(P–O) = 1003, 988, 956, 913 m; ν(P–C) = 807, 755, 721 m.

Compound 7-Eu. ν(H2O)coord = 3517 w ; ν(N–H) = 3005, 2963, 2949 w, νsym+asym(C–

H) = 2859, 2776, 2746, 2659 w ; ν(P–OH) = 2341 w ; δ(H2O) = 1635 w ; δ(P–CH2) = 1481,

1429, 1403, 1328 m; ν(P=O) = 1276, 1242, 1210, 1174 w-vs ; ν((CH2)3–N) = 1122, 1103,

1072, 1056, 1024 vs ; ν(P–O) = 1004, 987, 971, 949, 913 m; ν(P–C) = 807, 755, 721 m.

Compound 7-Tb. ν(H2O)coord = 3494 w ; ν(N–H) = 3007, 2964, 2949 w, νsym+asym(C–
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H) = 2855, 2780, 2778, 2749, 2691, 2662 w ; ν(P–OH) = 2359, 2340 w ; δ(H2O) = 1636 w ;

δ(P–CH2) = 1482, 1428, 1403, 1329 m; ν(P=O) = 1212, 1175 m-vs ; ν((CH2)3–N) = 1120,

1073, 1055 vs ; ν(P–O) = 1006, 992, 961, 914 m; ν(P–C) = 810, 756, 726 m.

Compound 7-Dy. ν(H2O)coord = 3488 w ; ν(N–H) = 3007, 2964, 2950 w, νsym+asym(C–

H) = 2854, 2777, 2753, 2691, 2663 w ; ν(P–OH) = 2359, 2346 w ; δ(H2O) = 1636 w ;

δ(P–CH2) = 1483, 1428, 1400, 1328 m; ν(P=O) = 1213, 1178 m-vs ; ν((CH2)3–N) = 1120,

1074, 1055 vs ; ν(P–O) = 1003, 993, 953, 913 m; ν(P–C) = 811, 756, 724 m.

Compound 7-Ho. ν(H2O)coord = 3485 w ; ν(N–H) = 3008 w, νsym+asym(C–H) = 2858,

2779, 2751, 2691, 2662 w ; ν(P–OH) = 2359, 2341 w ; δ(H2O) = 1636 w ; δ(P–CH2) =

1482, 1429, 1400, 1330 m; ν(P=O) = 1215, 1177 m-vs ; ν((CH2)3–N) = 1115, 1075, 1055,

1026 vs ; ν(P–O) = 1006, 993, 950, 913 m; ν(P–C) = 811, 756, 724 m.

Compound 7-Y. ν(H2O)coord 3503 w ; ν(N–H) = 3008, 2965, 2950 w, νsym+asym(C–H) =

2855, 2775, 2749, 2690, 2662 w ; ν(P–OH) = 2359, 2335 w ; δ(H2O) = 1634 w ; δ(P–CH2) =

1484, 1428, 1402, 1328 m; ν(P=O) = 1281, 1243, 1217, 1180 m-vs ; ν((CH2)3–N) = 1125,

1075, 1056, 1025 vs ; ν(P–O) = 994, 953, 914 m; ν(P–C) = 811, 757, 726 m.

Compound 7-Er. ν(H2O)coord = 3490 w ; ν(N–H) = 3009 w, νsym+asym(C–H) = 2857,

2775, 2752, 2662 w ; ν(P–OH) = 2343 w ; δ(H2O) = 1632 w ; δ(P–CH2) = 1486, 1428, 1427,

1401 m; ν(P=O) = 1214, 1179 m-vs ; ν((CH2)3–N) = 1115, 1104, 1077, 1055 vs ; ν(P–O) =

1006, 993, 958, 914 m; ν(P–C) = 813, 756, 724 m.

Selected FT-IR data (in cm−1) for the isotypical series of [Ln(H3nmp)]·1.5H2O.

For [La(H3nmp)]·1.5H2O: ν(H2O)coord = 3355, 3113 w ; ν(N–H) = 3028, 3007,

3002 w, νsym+asym(C–H) = 2982, 2959, 2939 w ; ν(P–OH) = 2407 w ; δ(H2O) = 1559 w ;

δ(P–CH2) = 1447, 1433, 1416, 1397, 1378, 1348, 1323 m; ν(P=O) = 1271, 1228 m-vs ;

ν((CH2)3–N) = 1189, 1165, 1105, 1073, 1035, 1026 vs ; ν(P–O) = 998, 955, 910 m; ν(P–

C) = 848, 831, 812, 801, 755, 719 m.

For [Ce(H3nmp)]·1.5H2O: ν(H2O)coord = 3355 w ; ν(N–H) = 3030, 3005 w, νsym+asym(

C–H) = 2983, 2960, 2939 w ; ν(P–OH) = 2407, 2363 w ; δ(H2O) = 1636 vw ; δ(P–CH2) =

1447, 1433, 1415, 1397, 1377, 1349, 1323 m; ν(P=O) = 1227, 1197, 1187, 1164 m-vs ;

ν((CH2)3–N) = 1106, 1071, 1035, 1025 vs ; ν(P–O) = 999, 988, 955, 913 m; ν(P–C) = 849,

831, 814, 803, 756, 720 vw-m.

For [Pr(H3nmp)]·1.5H2O: ν(H2O)coord = 3360 w ; ν(N–H) = 3112 w, νsym+asym(C–

H) = 3005, 2982, 2963, 2938 w ; ν(P–OH) = 2404 w ; δ(H2O) = 1635 w ; δ(P–CH2) =

1447, 1433, 1415, 1377, 1348, 1324 m; ν(P=O) = 1228, 1172 m-vs ; ν((CH2)3–N) = 1197

(shoulder), 1188, 1164, 1106 vs ; ν(P–O) = 1000, 954, 913 m; ν(P–C) = 805, 757, 720 m.

For [Nd(H3nmp)]·1.5H2O: ν(H2O)coord 3357 w ; ν(N–H) = 3033 w, νsym+asym(C–
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H) = 2982, 2963, 2937 w ; ν(P–OH) = 2406 w ; δ(H2O) = 1634 w ; δ(P–CH2) = 1447,

1433, 1415, 1398, 1376, 1348, 1324 m; ν(P=O) = 1273, 1229 m-vs ; ν((CH2)3–N) = 1199

(shoulder), 1189, 1165, 1107, 1070 vs ; ν(P–O) = 1035, 1024, 1001, 955, 914 m; ν(P–C) =

758, 721 m.

Thermogravimetric analysis (TGA) data (weight losses in %) and deriva-

tive thermogravimetric peaks (DTG; in italics, within brackets). TGA values

obtained for the as-synthesized product [Gd2(H3nmp)2]·H2O prepared using the three dif-

ferent heating methods tested herein.

For typical hydrothermal conditions: 15–140 ◦C -4.7% (59 ◦C ), 350–425 ◦C -1.6%

(408 ◦C ), 425–620 ◦C -4.4% (460 ◦C ), 620–800 ◦C -3.3%.

For MWAS: 30–140 ◦C -3.9% (61 ◦C ), 320–427 ◦C -2.2% (411 ◦C ), 430–620 ◦C -4.2%

(455 ◦C ), 620–800 ◦C -3.9%.

For one-pot conditions: 15–140 ◦C -4.8% (61 ◦C ), 350–430 ◦C -1.5% (409 ◦C ), 430–

620 ◦C -4.6% (461 ◦C ), 620–800 ◦C -3.3%.

Heterogeneous Catalysis

A 5 mL borosilicate batch reactor equipped with a magnetic stirrer and a valve for

sampling was charged with 36 mg of catalyst [Gd2(H3nmp)2]·H2O (7), 1 mL of methanol

and 0.83 mmol (0.095 mL) of styrene oxide. The reaction was carried out under atmo-

spheric air and immersed in an external thermostated oil bath. Replicates of the catalytic

experiments were made to ensure reproducibility. The evolution of the catalytic reac-

tions was monitored using a Varian 3900 GC equipped with a capillary column (SPB-5,

20 m × 0.25 mm) and a flame ionisation detector (using 1-octene as an external standard).

Reaction products were identified by GC-MS (Trace GC 2000 Series (Thermo Quest CE

Instruments) – DSQ II (Thermo Scientific)), using He as the carrier gas.

Leaching tests (LT) were performed by filtering the solid catalyst through a 0.20 µm

nylon GVS membrane after 1 h of reaction of PhEtO with methanol at 55 ◦C. The reaction

solution was left under constant magnetic stirring for additional 3 h without the solid

catalyst. A comparison of the increment in conversion in the time interval between 1 and

4 h for the reactions with and without filtration of the solid (denoted ∆LT(1–4 h)) was

performed so to check for a homogeneous phase catalytic contribution.

Alcoholysis of epoxyhexane: poor impact due to poor catalyst results Reac-

tion conditions: 36.5 mg 7, 0.83 mmol substrate, 2 mL methanol, at 35–55 ◦C.

Aminolysis: poor impact due to complete destruction of the catalyst Reac-

218



tion conditions: 28.5 mg of 7, 7.23 mmol of styrene oxide and 8.71 mmol of aniline at

40 ◦C.

6.11.2 [Gd(H4nmp)(H2O)2]Cl·2H2O: a two-dimensional charged

novel LnOF

Preparation of compound [Gd(H4nmp)(H2O)2]Cl·2H2O

Typical Hydrothermal Reaction Conditions

A mixture containing H6nmp (0.1494 g, 0.500 mmol) and Gd2O3 (0.1043 g, 0.288 mmol)

in ca. 4.0 mL of distilled water and 2.0 mL of HCl 6 M was stirred thoroughly in open air

(room temperature) for five minutes. The resulting homogeneous suspension was trans-

ferred to an adapted Teflon-lined Parr Instruments reaction vessel (autoclave with internal

volume of ca. 24 mL) which was then placed inside a custom preheated oven. Reaction

took place in a static configuration. After reacting at 120 ◦C during 12 h, the vessel was

allowed to cool slowly to 30 ◦C during 40 h (cooling rate ca. 0.0375 ◦C/min) temperature.

A white suspension was obtained, and the final product was recovered by vacuum filtra-

tion, washed with copious amounts of distilled water, air-dried overnight and its crystalline

structure investigated using single crystal X-ray diffraction.

The synthesis conditions to prepare [Gd(H4nmp)(H2O)2]Cl·2H2O (8) were investigated

by varying the temperature (between 80 and 120 ◦C), the reaction time (between 12 h and

3 days), the molar ratios (metal: ligand: water of about 1: 1: 350, 1: 1: 450, 1: 1: 550 and

1: 1: 650), the reactive mixture (using water as the only solvent or a mixture with volume

ratio of HCl 6M/H2O of about 1/9 or 1/1), and the cooling method (slowly to ambient

temperature or drastically under cold water).

One-Pot Synthesis

An alternative way to prepare compound [Gd(H4nmp)(H2O)2]Cl·2H2O (8): a mix-

ture containing H6nmp (0.1425 g, 0.477 mmol) and Gd2O3 (0.1587 g, 0.438 mmol) in ca.

10.0 mL of distilled water and 10.0 mL of HCl 6 M was stirred thoroughly in a round

bottom flask. The resulting solution was put to react by reflux at 120 ◦C for 18 h, after

which the vessel was allowed to cool slowly to ambient temperature. Crystals of the final

product were readily observed after ca. 15 min and, few days later, they were manually

removed from the vessels and their crystalline structure investigated using single crystal

X-ray diffraction.
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Elemental composition

Calculated (in %) for [Gd(H4nmp)(H2O)2]Cl·2H2O (8) (MW = 561.80): C 6.41, H 3.23,

N 2.49; found C 6.40, H 3.22, N 2.34.

Selected FT-IR data (in cm−1)

ν(O–H, stretching vibrations, H2Ocoord) = 3529 w ; ν(O–H, stretching vibrations, H2Ocryst)

= 3447 w and 3376 w ; ν(N–H) and νasym+asym(C–H) = 3052–2981 w ; ν(POH) = 2359–

2341 w ; δ(H2O) = 1615 w ; δ(P–CH2) = 1446–1401 m; ν(P=O) = 1345–1163 m-vs ;

ν((CH2)3–N) = 1130–1000 vs ; ν(P–C) = 767 m and 710 m.

Thermogravimetric analysis (TGA) data (weight losses in %) and derivative

thermogravimetric peaks (DTG; in italics, within brackets)

22–140 ◦C -9.2% (81 ◦C ), 140–195 ◦C -3.1% (164 ◦C ), 195–355 ◦C -4.7% (245 ◦C ),

355–510 ◦C -6.2% (418 ◦C ), 510–700 ◦C -4.2% (585 ◦C ) and 700–800 ◦C -1.5%.
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Chapter 7

Concluding Remarks

Following the initially proposed objectives, different metal-organic frameworks have

been prepared within the scope of the present thesis. In particular, for the preparation

of these compounds, different synthetic methods based in different heating sources have

been proposed. The first idea was to transpose the typical hydrothermal preparation of

MOF to a microwave approach (less widespread among MOFs synthetic chemists), when

two distinct organic linkers were being exploited in their reaction with lanthanide centers.

Microwave irradiation as a source of heat was figured as a good alternative to conven-

tional heating sources in the preparation of MOFs because it conveys important advantages

(when compared either with the classic static or the dynamic conditions) which were reg-

istered during the experiments: fast reaction rates accompanied by short reaction periods;

considerable high yields with remarkable phase purity and, in several cases, phase selectiv-

ity; the ability to control crystal size, going from microcrystals to nanosized particles; the

possibility to use compact synthetic devices while producing small amounts of chemical

waste.

For all materials prepared, it was necessary the optimization of the reaction conditions

to identify those most favourable concerning the purity of the compounds, their crys-

tallinity, morphology and the experimental conditions employed for the synthesis [heating

method, temperature, reaction time, power irradiation (if applicable) and speed of rotation

(if applicable)]. Noteworthy, this step is of major importance when potential technologic

applications are being devised for the prepared materials, considering the high costs in-

trinsic to the large scale implementation of a certain reactive system.

Alongside with the investigation of alternative methods for the preparation of a given

MOF, the present report was focused in two different organic building blocks. Atten-
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tion was paid to MOFs based in the carboxylate based linker 2,5-pyridinedicarboxylic

acid, and in the (understudied) phosphonate linker nitrilotris(methylenephosphonic acid).

From their reaction with almost all rare-earth elements, several crystalline compounds

could be isolated and their properties and applications investigated. In the first situa-

tion, when using 2,5-pyridinedicarboxylic acid, four peculiar MOFs have been prepared:

[Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1), [Er3(OH)6(pydc)Cl] (2), [Ce2(pydc)2(Hpydc)(H2O)2]

Cl·(9+y)H2O (3) and [Ce2(pydc)3(H2O)2] (4).

It was found that to obtain either framework 1 or 2 it is necessary to use specific

experimental conditions of pH, molar composition, temperature and time of reaction.

This fact is in line with the concomitant appearance of different phases for several tested

conditions. Furthermore, the study of the properties of 1 and 2 revealed a considerable

thermal robustness of their architectures. The magnetic studies for both materials were

in accordance with the expected χT temperature dependence characteristic of Ln ions in

the presence of a crystal field. However, the high temperature value for the χT product

was in good agreement with the Er3+ free ion limit just for compound 1, with a difference

of about 9% being observed for 2.

On the other hand, it was possible to prepare, in a very short period of time, the

microporous compound 3. The results indicate that this material undergoes single-crystal-

to single-crystal solvent exchange at ambient temperature. Moreover, the mild heating of

the crystals does not lead to the release of the water molecules confined in its channels.

Framework integrity was also not compromised with increasing temperature. In this sense,

3 unveiled promising perspectives for applications based on the adsorption, storage or

separation of molecules.

At the same time, material 4, having stoichiometric amounts of Tb and Eu, were

highly promising materials due to their intriguing photoluminescent properties, charac-

terized by an intense light emission. I was also succeeded in obtaining mixed-lanthanide

materials, one of which exhibited an intense orange emission. The thermal stability of

the MWAS material 4 is somewhat penalized when compared with that of the analogous

material obtained using a conventional conduction heating approach. Nevertheless, the

optimization of the MWAS for the isolation of 4 showed that 120 ◦C is the ideal value of

working temperature: it corresponds to a temperature where the purity of the material is

not affected over a wider range of conditions of power and time. However, a decrease in

overall crystallinity can be noticed for longer irradiation periods.

Considering the preparation of MOFs based in the (understudied) phosphonate linker,

another four crystalline stuctures have been prepared: [La(H3nmp)] (5), [La(L)] (6) (where
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L3− = [–(PO3CH2)2(NH)(CH2PO2)O1/2–]3n−n ), [Gd2(H3nmp)2]·H2O (7) and [Gd(H4nmp)

(H2O)2]Cl·2H2O (8). The as-prepared materials were in fact layered (2D) compounds,

with 6 being a 2D compound formed by the thermal treatment of 5.

It was demonstrated that lanthanide cations can be included and uniformly distributed

among the La3+ or Gd3+ matrices (as shown by electron microscopy studies), promoting

the isolation of red- and green-emitting materials when irradiated upon UV light.

At the same time, it was found that MOFs 5, 6 and 7 were effective heterogeneous

catalyst in the ring-opening reaction of styrene oxide with methanol and ethanol produc-

ing, respectively, 2-methoxy-2-phenylethanol or 2-ethoxy-2-phenylethanol. Outstanding

features of 5 catalytic performance may be pointed out as: (i) excellent regioselectivity

toward the β-alkoxy product, formed in quantitative yields, under quite mild reaction con-

ditions (ca. atmospheric pressure, less than 70 ◦C, without cosolvents); (ii) it possesses

alcoholysis activity but no hydrolysis activity, and thus, competitive epoxide ring-opening

reactions in the presence of water do not take place; (iii) the reaction rate may be en-

hanced by increasing the reaction temperature, without affecting product selectivity; (iv)

it may be recycled without the need for regeneration treatments (only simple washing and

drying at ambient temperature) and no drops in catalytic activity and product selectivity;

(v) the catalytic reaction is heterogeneous in nature. It is postulated that the active sites

are structural defect sites based on the following results: the reused catalyst is somewhat

less crystalline and more active than the fresh catalyst; water which may coordinate to

defect sites has an inhibitory role, decreasing the catalytic activity. On the other hand,

the material 6 (formed by the thermal treatment of 5) is a less crystalline material than 5,

while it exhibited similar excellent regioselectivity toward the β-alkoxy product and much

higher catalytic activity than the parent compound.

Even though several goals have been accomplished, much development is still required

in order to conceive applications and design truly functional devices using the presented

MOFs. In particular, new experiments could be done to test in more detail the potential

of compound 7 as a hetereogenous catalyst. For the case of compound 8, further studies

are also required given that the inspection of its peculiar properties was not fruitful.

All things considered, one could promptly point out some broad ideas for future work

on our laboratories. A good example could be the preparation of thin photoluminescent

films based on the deposition of nanocrystals directly isolated from the microwave-assisted

synthesis procedure. At the same time, the design and preparation of novel organic ligands

whose energy levels could simultaneously sensitize effectively a wide range of optically-

active lanthanide cations, would allows us to produce efficient materials with a wide range
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of colour pallets.
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Appendix A

A.1 Chapter 2: Crystallographic Data

Table A.1: Distances between the ErIII centers in the heptanuclear cluster that is the base of the crystal
structure of 3D LnOF [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1).

Er1–Er2 3.6792(7) Er1–Er2i 3.6938(7)

Er1–Er3 3.8038(7) Er1–Er5 3.4194(7)

Er1–Er4 3.4510(6) Er1–Er6 3.8338(7)

Er2–Er3 3.7535(7) Er2i–Er5 3.7146(7)

Er2–Er4 3.8832(7) Er2i–Er6 3.6899(7)

Er3–Er4 3.7829(7) Er5–Er6 3.7635(7)
a Symmetry transformation used to generate equivalent atoms: (i) x, -y+1/2, z+1/2.
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Table A.2: Selected bond lengths (in Å) for the six distintc ErIII coordination environments present in
compound [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1).

Er1–O5i 2.290(5) Er2–O5 2.267(5) Er3–O4 2.311(6)

Er1–O7 2.294(6) Er2–O1 2.283(6) Er3–O3 2.312(5)

Er1–O4 2.300(6) Er2–O2 2.300(6) Er3–O23 2.315(6)

Er1–O1 2.326(6) Er2–O6 2.306(6) Er3–O17 2.333(6)

Er1–O6i 2.327(6) Er2–O8iii 2.352(6) Er3–O13 2.335(6)

Er1–O2 2.389(6) Er2–O9 2.411(6) Er3–O2 2.356(6)

Er1–O25 2.475(6) Er2–O3 2.528(6) Er3–O11iv 2.443(6)

Er1–O15ii 2.519(6) Er2–O10 2.604(6) Er3–N3 2.528(7)

Er4–O27v 2.263(6) Er5–O19ii 2.251(6) Er6–O22viii 2.270(8)

Er4–O3 2.292(6) Er5–O5i 2.301(6) Er6–O8 2.300(6)

Er4–O14 2.315(6) Er5–O28vi 2.317(6) Er6–O7 2.342(5)

Er4–O1 2.324(6) Er5–O8 2.333(5) Er6–O20w 2.374(13)

Er4–O25 2.341(5) Er5–O12vii 2.335(6) Er6–O20ii 2.378(7)

Er4–O4 2.400(5) Er5–O7 2.361(6) Er6–O6i 2.394(6)

Er4–O1w 2.428(6) Er5–O15ii 2.388(6) Er6–O24i 2.403(7)

Er4–N5 2.523(7) Er5–N2ii 2.462(7) Er6–N4viii 2.493(9)

Er6–O10w 2.616(19)

Symmetry transformations used to generate equivalent atoms:

(i) x, -y+1/2, z+1/2; (ii) x, y+1, z ; (iii) x, -y+1/2, z -1/2; (iv) x, y-1, z ; (v) -x, -y, -z.

(vi) -x, y+1/2, -z+1/2; (vii) x, -y+3/2, z+1/2; (viii) -x+1, y+1/2, -z+1/2.

(ix) x, -y+3/2, z -1/2; (x) -x+1, y-1/2, -z+1/2; (xi) -x, y-1/2, -z+1/2.
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Table A.3: Selected angles (in degree) for the Er1, Er2 and Er3 coordination environments present in
compound [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1).

O5i–Er1–O7 79.54(19) O5–Er2–O1 93.6(2) O4–Er3–O3 70.09(19)

O5i–Er1–O4 110.1(2) O5–Er2–O2 147.8(2) O4–Er3–O23 147.4(2)

O5i–Er1–O1 134.9(2) O5–Er2–O6 71.6(2) O4–Er3–O17 83.2(2)

O5i–Er1–O6i 70.80(19) O5–Er2–O8iii 71.79(19) O4–Er3–O13 74.0(2)

O5i–Er1–O2 153.83(19) O5–Er2–O9 130.1(2) O4–Er3–O2 70.5(2)

O5i–Er1–O25 75.00(18) O5–Er2–O3 78.83(19) O4–Er3–O11iv 135.4(2)

O5i–Er1–O15ii 69.44(19) O5–Er2–O10 79.1(2) O4–Er3–N3 119.0(2)

O7–Er1–O4 153.7(2) O1–Er2–O2 73.7(2) O3–Er3–O23 101.4(2)

O7–Er1–O1 111.6(2) O1–Er2–O6 144.2(2) O3–Er3–O17 144.1(2)

O7–Er1–O6i 69.1(2) O1–Er2–O8iii 136.4(2) O3–Er3–O13 82.5(2)

O7–Er1–O2 90.39(19) O1–Er2–O9 81.7(2) O3–Er3–O2 71.91(19)

O7–Er1–O25 139.56(19) O1–Er2–O3 66.1(2) O3–Er3–O11iv 78.3(2)

O7–Er1–O15ii 67.30(19) O1–Er2–O10 71.3(2) O3–Er3–N3 151.1(2)

O4–Er1–O1 79.6(2) O2–Er2–O6 134.3(2) O23–Er3–O17 88.1(2)

O4–Er1–O6i 90.5(2) O2–Er2–O8iii 96.9(2) O23–Er3–O13 137.5(2)

O4–Er1–O2 70.1(2) O2–Er2–O9 78.2(2) O23–Er3–O2 76.9(2)

O4–Er1–O25 66.25(19) O2–Er2–O3 68.99(19) O23–Er3–O11iv 68.3(2)

O4–Er1–O15ii 138.8(2) O2–Er2–O10 121.9(2) O23–Er3–N3 84.1(2)

O1–Er1–O6i 154.3(2) O6–Er2–O8iii 70.9(2) O17–Er3–O13 113.4(2)

O1–Er1–O2 71.3(2) O6–Er2–O9 83.7(2) O17–Er3–O2 76.9(2)

O1–Er1–O25 69.14(19) O6–Er2–O3 137.08(19) O17–Er3–O11iv 136.5(2)

O1–Er1–O15ii 75.21(19) O6–Er2–O10 73.92(19) O17–Er3–N3 63.6(2)

O6i–Er1–O2 83.05(19) O8iii–Er2–O9 139.1(2) O13–Er3–O2 141.6(2)

O6i–Er1–O25 128.16(19) O8iii–Er2–O3 70.71(19) O13–Er3–O11iv 71.3(2)

O6i–Er1–O15ii 124.75(19) O8iii–Er2–O10 139.76(19) O13–Er3–N3 74.9(2)

O2–Er1–O25 124.86(18) O9–Er2–O3 138.96(19) O2–Er3–O11iv 127.9(2)

O2–Er1–O15ii 128.62(19) O9–Er2–O10 52.2(2) O2–Er3–N3 136.5(2)

O25–Er1–O15ii 74.51(19) O3–Er2–O10 130.14(19) O11iv–Er3–N3 77.5(2)

Symmetry transformations used to generate equivalent atoms:

(i) x, -y+1/2, z+1/2; (ii) x, y+1, z ; (iii) x, -y+1/2, z -1/2; (iv) x, y-1, z ; (v) -x, -y, -z.

(vi) -x, y+1/2, -z+1/2; (vii) x, -y+3/2, z+1/2; (viii) -x+1, y+1/2, -z+1/2; (ix) x, -y+3/2, z -1/2.

(x) -x+1, y-1/2, -z+1/2; (xi) -x, y-1/2, -z+1/2.
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Table A.4: Selected angles (in degree) for the Er4, Er5 and Er6 coordination environments present in
compound [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1).

O27v–Er4–O3 85.8(2) O19ii–Er5–O5i 148.3(2) O22viii–Er6–O8 143.9(2)

O27v–Er4–O14 75.9(2) O19ii–Er5–O28vi 136.2(2) O22viii–Er6–O7 84.8(3)

O27v–Er4–O1 110.9(2) O19ii–Er5–O8 83.7(2) O22viii–Er6–O20W 77.9(6)

O27v–Er4–O25 143.9(2) O19ii–Er5–O12vii 77.8(2) O22viii–Er6–O20ii 124.6(4)

O27v–Er4–O4 149.0(2) O19ii–Er5–O7 75.1(2) O22viii–Er6–O6i 75.8(3)

O27v–Er4–O1W 70.7(2) O19ii–Er5–O15ii 112.5(2) O22viii–Er6–O24i 134.8(3)

O27v–Er4–N5 90.0(2) O19ii–Er5–N2ii 74.5(2) O22viii–Er6–N4viii 67.8(3)

O3–Er4–O14 83.2(2) O5i–Er5–O28vi 75.1(2) O22viii–Er6–O21Wi 97.1(7)

O3–Er4–O1 69.6(2) O5i–Er5–O8 71.5(2) O22viii–Er6–O10W 58.9(7)

O3–Er4–O25 125.70(19) O5i–Er5–O12vii 117.0(2) O8–Er6–O7 70.99(19)

O3–Er4–O4 68.89(19) O5i–Er5–O7 77.96(19) O8–Er6–O20W 104.5(5)

O3–Er4–O1W 124.5(2) O5i–Er5–O15ii 71.67(19) O8–Er6–O20ii 80.6(2)

O3–Er4–N5 160.7(2) O5i–Er5–N2ii 129.7(2) O8–Er6–O6i 70.2(2)

O14–Er4–O1 150.9(2) O28vi–Er5–O8 121.3(2) O8–Er6–O24i 74.8(2)

O14–Er4–O25 120.3(2) O28vi–Er5–O12vii 71.6(2) O8–Er6–N4viii 148.2(3)

O14–Er4–O4 83.3(2) O28vi–Er5–O7 144.2(2) O8–Er6–O21Wi 78.2(7)

O14–Er4–O1W 133.5(2) O28vi–Er5–O15ii 80.8(2) O8–Er6–O10W 128.4(5)

O14–Er4–N5 77.4(2) O28vi–Er5–N2ii 74.9(2) O7–Er6–O20W 141.4(4)

O1–Er4–O25 71.5(2) O8–Er5–O12vii 82.5(2) O7–Er6–O20ii 84.9(2)

O1–Er4–O4 77.6(2) O8–Er5–O7 70.10(19) O7–Er6–O6i 67.2(2)

O1–Er4–O1W 73.3(2) O8–Er5–O15ii 128.9(2) O7–Er6–O24i 140.2(2)

O1–Er4–N5 129.2(2) O8–Er5–N2ii 158.1(2) O7–Er6–N4viii 129.3(3)

O25–Er4–O4 66.9(2) O12vii–Er5–O7 143.0(2) O7–Er6–O21Wi 127.1(6)

O25–Er4–O1W 76.2(2) O12vii–Er5–O15ii 146.6(2) O7–Er6–O10W 67.3(4)

O25–Er4–N5 65.6(2) O12vii–Er5–N2ii 90.1(2) O20W–Er6–O20ii 133.1(4)

O4–Er4–O1W 138.6(2) O7–Er5–O15ii 68.53(19) O20W–Er6–O6i 75.2(4)

O4–Er4–N5 107.8(2) O7–Er5–N2ii 106.0(2) O20W–Er6–O24i 67.1(4)

O1W–Er4–N5 71.2(2) O15ii–Er5–N2ii 64.4(2) O20W–Er6–N4vii 74.7(6)

O20W–Er6–O21Wi 26.6(6)

O20W–Er6–O10W 127.0(7)

O20ii–Er6–O6i 144.6(2)

O20ii–Er6–O24i 69.7(3)

continued on next page
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(continued from previous page)

O20ii–Er6–N4viii 77.9(3)

O20ii–Er6–O21Wi 131.2(6)

O20ii–Er6–O10W 66.9(6)

O6i–Er6–O24i 118.8(2)

O6i–Er6–N4viii 136.6(3)

O6i–Er6–O21Wi 62.3(6)

O6i–Er6–O10W 117.0(5)

O24i–Er6–N4viii 75.9(3)

O24i–Er6–O21Wi 62.4(5)

O24i–Er6–O10W 124.1(5)

N4viii–Er6–O21Wi 98.9(7)

N4viii–Er6–O10W 62.1(5)

O21Wi–Er6–O10W 152.9(9)

Symmetry transformations used to generate equivalent atoms:

(i) x, -y+1/2, z+1/2; (ii) x, y+1, z ; (iii) x, -y+1/2, z -1/2; (iv) x, y-1, z ; (v) -x, -y, -z.

(vi) -x, y+1/2, -z+1/2; (vii) x, -y+3/2, z+1/2; (viii) -x+1, y+1/2, -z+1/2; (ix) x, -y+3/2, z -1/2.

(x) -x+1, y-1/2, -z+1/2; (xi) -x, y-1/2, -z+1/2.

Table A.5: Selected bond lengths (in Å) for the three ErIII coordination environments found in compound
[Er3(OH)6(pydc)Cl] (2).

Er1–O9i 2.276(12) Er2–O6 2.207(11) Er3–O6vi 2.268(11)

Er1–O8ii 2.292(12) Er2–O4 2.306(12) Er3–O2 2.328(11)

Er1–O3 2.302(12) Er2–O1 2.316(11) Er3–O1 2.349(11)

Er1–O1 2.310(11) Er2–O10i 2.349(12) Er3–O4vii 2.354(12)

Er1–O7 2.369(12) Er2–O5 2.352(11) Er3–O2vii 2.370(12)

Er1–O4 2.426(12) Er2–O2 2.356(11) Er3–O3 2.399(12)

Er1–N1 2.626(18) Er2–O4iv 2.361(11) Er3–O3vii 2.442(11)

Er1–Cl1 2.718(5) Er3–O5vi 2.468(11)

Symmetry transformations used to generate equivalent atoms:

(i) -x+1, -y+1, -z+2; (ii) -x+3/2, y+1/2, z ; (iv) -x+1/2, y+1/2, z+1.

(vi) x+1/2, y, -z+3/2; (vii) -x+1, y, -z+3/2;.

259



Table A.6: Selected angles (in degree) for the three ErIII coordination environments found in compound
[Er3(OH)6(pydc)Cl] (2).

O9i–Er1–O8ii 86.0(5) O6–Er2–O4 130.5(4) O6vi–Er3–O2 147.3(4)

O9i–Er1–O3 145.3(4) O6–Er2–O1 134.9(4) O6vi–Er3–O1 96.8(4)

O9i–Er1–O1 82.3(4) O6–Er2–O10i 131.9(4) O6vi–Er3–O4vii 85.9(4)

O9i–Er1–O7 143.6(4) O6–Er2–O5 72.2(4) O6vi–Er3–O2vii 75.1(4)

O9i–Er1–O4 79.0(4) O6–Er2–O2 79.6(4) O6vi–Er3–O3 80.7(4)

O9i–Er1–N1 79.5(5) O6–Er2–O5iv 86.1(4) O6vi–Er3–O3vii 139.0(4)

O9i—-Er1–Cl1 94.2(3) O4–Er2–O1 72.8(4) O6vi–Er3–O5vi 69.1(4)

O8ii–Er1–O3 105.3(4) O4–Er2–O10i 80.1(4) O2–Er3–O1 73.6(4)

O8ii–Er1–O1 73.7(4) O4–Er2–O5 80.7(4) O2–Er3–O4vii 120.7(4)

O8ii–Er1–O7 78.8(5) O4–Er2–O2 70.9(4) O2–Er3–O2vii 129.4(3)

O8ii–Er1–O4 142.9(4) O4–Er2–O5iv 143.1(4) O2–Er3–O3 66.7(4)

O8ii–Er1–N1 69.1(5) O1–Er2–O10i 84.2(4) O2–Er3–O3vii 72.2(4)

O8ii–Er1–Cl1 144.8(3) O1–Er2–O5 151.0(4) O2–Er3–O5vi 98.2(4)

O3–Er1–O1 70.1(4) O1–Er2–O2 73.7(4) O1–Er3–O4vii 143.4(4)

O3–Er1–O7 71.0(4) O1–Er2–O5iv 77.0(4) O1–Er3–O2vii 75.6(4)

O3–Er1–O4 72.3(4) O10i–Er2–O5 79.8(4) O1–Er3–O3 67.9(4)

O3–Er1–N1 135.2(5) O10i–Er2–O2 147.5(4) O1–Er3–O3vii 83.9(4)

O3–Er1–Cl1 94.4(3) O10i–Er2–O5iv 76.2(4) O1–Er3–O5vi 140.5(4)

O1–Er1–O7 123.5(5) O5–Er2–O2 108.7(4) O4vii–Er3–O2vii 69.8(4)

O1–Er1–O4 70.7(4) O5–Er2–O5iv 121.5(3) O4vii–Er3–O3 147.7(4)

O1–Er1–N1 139.4(5) O2–Er2–O5iv 120.0(4) O4vii–Er3–O3vii 71.2(4)

O1–Er1–Cl1 141.2(3) O4vii–Er3–O5vi 74.4(4)

O7–Er1–O4 130.8(4) O2vii–Er3–O3 132.9(4)

O7–Er1–N1 64.2(5) O2vii–Er3–O3vii 65.4(4)

O7–Er1–Cl1 80.5(4) O2vii–Er3–O5vi 130.3(4)

O4–Er1–N1 138.9(5) O3–Er3–O3vii 135.0(2)

O4–Er1–Cl1 70.7(3) O3–Er3–O5vi 73.4(4)

N1–Er1–Cl1 76.4(4) O3vii–Er3–O5vi 131.3(4)

Symmetry transformations used to generate equivalent atoms:

(i) -x+1, -y+1, -z+2; (ii) -x+3/2, y+1/2, z ; (iii) -x+1, y-1/2, -z+3/2; (iv) -x+1/2, y+1/2, z+1.

(v) x -1/2, y, -z+3/2; (vi) x+1/2, y, -z+3/2; (vii) -x+1, y+1/2, -z+3/2;.
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A.2 Chapter 2: Powder X-ray diffraction patterns

Figure A.1: Powder X-ray diffraction patterns for the materials prepared at 170 ◦C, for 3 days, using
ligand: metal: NaOH: water molar ratio of about 1: 1: 2.5: 800. Pale yellow bar denotes the first reflection
of the desired material [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1), and faded pink bar the first reflection of
[Er2(pydc)3(H2O)2] [324].
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Figure A.2: Powder X-ray diffraction patterns for the materials prepared at 170 ◦C, using ligand: metal:
NaoH: water molar ratio of ca. 1: 1: 2.5: 800, between 6 hours and 6 days. SEM image showing
the degradation of the product prepared using 6 days of time reaction. Pale yellow bar denotes the
first reflection of the desired material [Er6(OH)8(pydc)5(H2O)3]·2.5H2O (1), and faded pink bar the
first reflection of [Er2(pydc)3(H2O)2] [324]. Tests using 3 hours of reaction time resulted in amorphous
materials and are not shown herein.
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Figure A.3: Powder X-ray diffraction patterns for the materials prepared to study the influence of the
composition of the reactive mixtures. Samples were obtained at 170 ◦C and pH 7, during 3 days of
reaction. Molar ratios are denoted in terms of ligand: metal: HO−: H2O.
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Appendix B

B.1 Chapter 3: Crystallographic Data

Table B.1: Selected angles (in degrees) for the LnNO8 coordination environment present in
[Ce2(pydc)2(Hpydc)(H2O)2]Cl·(9+y)H2O (3).

O1–Ce1–O1i 123.04(12) O5–Ce1–O1 71.05(16)

O1–Ce1–O2i 77.37(14) O5–Ce1–O1i 140.33(16)

O1i–Ce1–O2i 48.86(12) O5–Ce1–O2i 140.89(17)

O1–Ce1–O1W 98.68(16) O5–Ce1–O3iii 131.07(18)

O1–Ce1–N1 60.51(14) O5–Ce1–O1W 68.23(18)

O1i–Ce1–N1 105.34(14) O5–Ce1–N1 112.97(16)

O3iii–Ce1–O1 136.55(15) O6i–Ce1–O1 139.33(16)

O3iii–Ce1–O1i 67.48(16) O6i–Ce1–O1i 78.26(16)

O3iii–Ce1–O2i 87.89(15) O6i–Ce1–O2i 125.56(17)

O3iii–Ce1–O1W 67.99(17) O6i–Ce1–O3iii 81.90(17)

O3iii–Ce1–N1 76.05(14) O6i–Ce1–O4ii 82.70(18)

O4ii–Ce1–O1 72.86(14) O6i–Ce1–O5 72.02(18)

O4ii–Ce1–O1i 73.92(15) O6i–Ce1–O1W 82.82(19)

O4ii–Ce1–O2i 72.28(14) O6i–Ce1–N1 153.91(18)

O4ii–Ce1–O3iii 140.55(15) O1W–Ce1–O1i 133.45(15)

O4ii–Ce1–O5 76.74(17) O1W–Ce1–O2i 140.63(16)

O4ii–Ce1–O1W 144.73(16) O1W–Ce1–N1 76.14(16)

O4ii–Ce1–N1 123.31(14) N1–Ce1–O2i 67.84(14)

Symmetry transformations used to generate equivalent atoms:

(i) x, 1-y, -1/2+z ; (ii) 1.5-x, -1/2+y, 1.5-z ; (iii) 1.5-x, 1.5-y, 2-z.
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Table B.2: Selected bond distances (in Å) and angles (in degrees) for the crystallographically independent
Ce3+ coordination environment present in compound [Ce2(pydc)3(H2O)2] (4).

Ce1–O1 2.555(4) Ce1–O5 2.644(14)

Ce1–O1iv 2.682(7) Ce1–O6i 2.650(14)

Ce1–O2iv 2.723(12) Ce1–O7 2.618(15)

Ce1–O3iii 2.401(5) Ce1–N1 2.745(6)

Ce1–O4ii 2.432(10)

O1–Ce1–O1iv 142.4(4) O2iv–Ce1–O6i 143.2(4)

O1–Ce1–O2iv 94.5(3) O2iv–Ce1–O5 71.6(4)

O1iv–Ce1–O2iv 48.3(2) O2iv–Ce1–N1 137.3(4)

O1–Ce1–O3iii 135.2(3) O3iii–Ce1–O4ii 140.6(7)

O1iv–Ce1–O3iii 77.9(3) O3iii–Ce1–O5 88.6(7)

O1iv–Ce1–O4ii 93.4(3) O3iii–Ce1–O6i 84.3(6)

O1–Ce1–O5 84.0(5) O3iii–Ce1–O7 77.3(6)

O1iv–Ce1–O5 79.1(5) O3iii–Ce1–N1 76.9(2)

O1–Ce1–O4ii 71.2(3) O4ii–Ce1–O5 127.8(5)

O1–Ce1–O6i 72.7(4) O4ii–Ce1–O6i 77.4(5)

O1iv–Ce1–O6i 138.7(4) O4ii–Ce1–O7 64.8(5)

O1–Ce1–O7 130.8(4) O4ii–Ce1–N1 123.6(3)

O1iv–Ce1–O7 62.9(4) O5–Ce1–O6i 137.8(5)

O1–Ce1–N1 58.7(3) O5–Ce1–O7 141.3(5)

O1iv–Ce1–N1 142.4(4) O5–Ce1–N1 73.0(5)

O2iv–Ce1–O3iii 124.6(4) O6i–Ce1–O7 77.1(5)

O2iv–Ce1–O4ii 65.8(4) O6i–Ce1–N1 64.9(5)

O2iv–Ce1–O7 87.0(4) O7–Ce1–N1 135.6(5)

Symmetry transformations used to generate equivalent atoms:

(i) -1+x, y, z ; (ii) 1-x, -1/2+y, 3/2-z ; (iii) 1-x, 2-y, 1-z ; (iv) x, 3/2-y, -1/2+z.
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B.2 Chapter 3: Vibrational Spectroscopy

Figure B.1: FT-IR ATR spectrum of [Ce2(pydc)3(H2O)2] (4) in the 4000-500 cm−1 spectral region and
the most representative band attributions.

Figure B.2: FT-Raman spectra of (green) phase-pure micro-crystalline [Ce2(pydc)3(H2O)2] (4) obtained
for Ce-T90P50t10 and (black) the organic ligand H2pydc.
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B.3 Chapter 3: Energy diagram

Figure B.3: Schematic representation of the energy diagram of Tb3+, Eu3+ and pydc2− in the
[(La0.95Eu0.05)2(pydc)3(H2O)2] (4-LaEu) and [(La0.95Tb0.05)2(pydc)3(H2O)2] (4-LaTb) materials, show-
ing the radiative (solid arrows) and non-radiative (dotted arrows) deactivation pathways, the inter-
system crossing relaxation (ISC) and the ligand-to-metal charge transfer process (LMCT).
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Appendix C

C.1 Chapter 4: EDS mapping studies

Figure C.1: Electron microscopy EDS mapping studies of a portion of the [La(H3nmp)] (5) material.
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Figure C.2: Electron microscopy EDS mapping studies of a portion of the [(La0.95Eu0.05)(H3nmp)] ma-
terial obtained using dynamic hydrothermal synthesis.

Figure C.3: Electron microscopy EDS mapping studies of a portion of the [La(L)] (6) (where L3− =
[–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−) material.
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C.2 Chapter 4: Crystallographic Data

Table C.1: PXRD studies: bond lengths (in Å) and angles (in degrees) for the La3+ coordination envi-
ronment in [La(H3nmp)] (5).a

La1–O1i 2.487(12) La1–O3iii 2.932(11)

La1–O1ii 2.706(12) La1–O4iii 2.634(8)

La1–O2iii 2.501(15) La1–O7 2.503(11)

La1–O2ii 2.671(15) La1–O8i 2.601(11)

La1–O3 2.518(11)

O1ii–La1–O1i 128.6(5) O2iii–La1–O3 71.4(6)

O1i–La1–O2ii 76.1(6) O2iii–La1–O3iii 54.5(5)

O1i–La1–O2iii 113.0(6) O2ii–La1–O4iii 70.5(6)

O1ii–La1–O2ii 55.1(6) O2iii–La1–O4iii 77.4(5)

O1ii–La1–O2iii 116.7(6) O2ii–La1–O7 142.8(5)

O1i–La1–O3 151.4(5) O2iii–La1–O7 67.2(6)

O1i–La1–O3iii 59.1(5) O2ii–La1–O8i 78.9(5)

O1ii–La1–O3iii 158.9(5) O2iii–La1–O8i 132.60(4)

O1ii–La1–O3 62.1(5) O3–La1–O3iii 122.3(5)

O1i–La1–O4iii 96.1(5) O3–La1–O4iii 112.2(5)

O1ii–La1–O4iii 82.8(5) O3iii–La1–O4iii 76.5(5)

O1i–La1–O7 74.9(5) O3–La1–O7 81.7(5)

O1ii–La1–O7 136.9(5) O3iii–La1–O7 61.3(5)

O1i–La1–O8i 79.3(5) O3–La1–O8i 78.3(5)

O1ii–La1–O8i 76.9(4) O3iii–La1–O8i 123.8(5)

O2iii–La1–O2ii 147.5(5) O4iii–La1–O7 135.4(5)

O2ii–La1–O3 116.4(6) O4iii–La1–O8i 149.2(5)

O2ii–La1–O3iii 119.9(6) O7–La1–O8i 73.3(5)
a Symmetry transformations used to generate equivalent atoms:

(i) 1/2 – x, y, 1/2 + z ; (ii) 1 – x, 1 – y, 1/2 + z ; (iii) –1/2 + x, –y, z.
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Table C.2: PXRD studies: selected bond lengths (in Å) and angles (in degrees) for the La3+ coordination
environment in Model I of [La(L)] (6) (where L3− = [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−).a

La(1)–O(1) 2.712(9) La(1)–O(3)i 2.683(9)

La(1)–O(1)i 2.823(9) La(1)–O(3)iii 2.671(9)

La(1)–O(2)ii 2.708(9) La(1)–O(7) 2.647(9)

La(1)–O(2)iii 2.799(9) La(1)–O(7)ii 2.714(9)

O1–La1–O1i 140.5(4) O2ii–La1–O3i 105.4(3)

O1–La1–O2ii 143.4(4) O2ii–La1–O3iii 95.6(3)

O1–La1–O2iii 55.5(3) O2iii–La1–O3i 100.7(4)

O1i–La1–O2ii 55.3(3) O2iii–La1–O3iii 52.5(3)

O1i–La1–O2iii 136.8(4) O2ii–La1–O7 76.6(5)

O1–La1–O3i 92.5(3) O2ii–La1–O7ii 86.1(3)

O1–La1–O3iii 106.4(3) O2iii–La1–O7 137.0(4)

O1i–La1–O3i 51.7(3) O2iii–La1–O7ii 67.3(4)

O1i–La1–O3iii 103.5(4) O3i–La1–O3iii 113.3(4)

O1–La1–O7 84.8(4) O3i–La1–O7 61.6(3)

O1–La1–O7ii 79.9(3) O3i–La1–O7ii 168.0(4)

O1i–La1–O7 64.9(3) O3iii–La1–O7 168.3(4)

O1i–La1–O7ii 138.1(4) O3iii–La1–O7ii 60.9(3)

O2ii–La1–O2iii 145.3(3) O7ii–La1–O7 126.1(3)
a Symmetry transformations used to generate equivalent atoms:

(i) –1/2 + x, –y, z ; (ii) 1/2 – x, y, –1/2 + z ; (iii) 1 – x, –y, –1/2 + z.
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Table C.3: PXRD studies: selected bond lengths (in Å) and angles (in degrees) for the La3+ coordination
environment in Model II of [La(L)] (6) (where L3− = [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−).a

La1–O1 2.595(10) La1–O3ii 2.605(10)

La1–O1i 2.576(10) La1–O3iii 2.543(10)

La1–O2 2.621(10) La1–O6 2.657(9)

La1–O2ii 2.634(10) La1–O8iii 2.586(10)

O1–La1–O2 56.9(4) O2–La1–O3ii 118.9(5)

O1–La1–O6 71.3(5) O2–La1–O3iii 120.1(6)

O1–La1–O2ii 111.3(5) O2–La1–O8iii 131.4(6)

O1–La1–O3ii 158.6(6) O2ii–La1–O2 137.5(5)

O1–La1–O3iii 63.4(4) O2ii–La1–O6 66.0(5)

O1–La1–O8iii 118.6(6) O2ii–La1–O3ii 55.7(4)

O1i–La1–O1 128.5(6) O2ii–La1–O3iii 69.3(4)

O1i–La1–O2 76.9(5) O2ii–La1–O8iii 90.9(5)

O1i–La1–O6 117.2(6) O3ii–La1–O6 87.4(5)

O1i–La1–O2ii 118.3(6) O3ii–La1–O3iii 118.3(5)

O1i–La1–O3ii 62.8(4) O3ii–La1–O8iii 80.6(5)

O1i–La1–O3iii 148.0(6) O3iii–La1–O6 94.5(6)

O1i–La1–O8iii 74.5(5) O3iii–La1–O8iii 74.3(5)

O2–La1–O6 71.8(5) O6–La1–O8iii 156.8(6)
a Symmetry transformations used to generate equivalent atoms:

(i) 1/2 + x, –y, z ; (ii) 1.5 – x, y, 1/2 + z ; (iii) 1 – x, –y, 1/2 + z.

Table C.4: Single-crystal X-ray data collection: selected bond distances (in Å) for the crystallographically
independent La3+ coordination environment present in compound [La(L)] (6).

La1–O1 2.712(18) La1–O3iii 2.768(16)

La1–O2 2.607(16) La1–O4i 2.550(14)

La1–O1iii 2.500(18) La1–O6ii 2.540(15)

La1–O2i 2.443(17) La1–O7iii 2.511(12)

La1–O3ii 2.447(15)

Symmetry transformations used to generate equivalent

atoms: (i) 1/2 + x, 1 – y, z ; ; (ii) 1 – x, 1 – y, 1/2 + z ;

(iii) 3/2 – x, y, 1/2 + z ;
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Figure C.4: Schematic representation of the asymmetric units and the coordination modes of the phos-
phonate groups in compounds (a-b) [La(H3nmp)] (5) and (c-d) Model I of [La(L)] (6) (where L3− =
[–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−). Black-filled bonds connect atoms belonging to the asymmetric
unit and the atomic labelling scheme is also provided in the representations on the right. A step-by-step
idealization of how 5 can be transformed into the Model I of 6 is also depicted in four stages highlighted
at the top.
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Figure C.5: Pictorial representation of the transformation of [La(H3nmp)] (5) into Model I of [La(L)] (6)
by thermal treatment above 300 ◦C.
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Figure C.6: Schematic representation of the asymmetric units and the coordination modes of the phos-
phonate groups in compounds (a-b) [La(H3nmp)] (5) and (c-d) Model II of [La(L)] (6) (where L3− =
[–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−). Black-filled bonds connect atoms belonging to the asymmetric
unit and the atomic labelling scheme is also provided in the representations on the right. A step-by-step
idealization of how 1 can be transformed into the Model II of 6 is also depicted in four stages highlighted
at the top.
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Figure C.7: Pictorial representation of the transformation of [La(H3nmp)] (5) into Model II of [La(L)]
(6) by thermal treatment above 300 ◦C.
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Figure C.8: (top) Powder X-ray diffraction and (bottom) electron microscopy evidence for the presence
of a small impurity in the [La(L)] (6) material (where L3− = [–(PO3CH2)2(NH)(CH2PO2)(µ-O)1/2–]3−).
In the powder X-ray diffraction pattern there are two observed reflections (data points, red circles) which
are not indexed by the unit cell metrics and symmetry of the Model I for compound 6 (green vertical bars
indicate the allowed Bragg reflections for Pca21). Identical conclusions can be derived when using the
Model II for 6 described in the manuscript. In addition, inspecting the bulk sample it was possible to find
a very small number of crystallites with different shape from that observed for 6 (images at the bottom).
EDS quantification gives for these crystallites a P/La ratio of about 1.8 which is strikingly different from
that expected for 6 (about 3).
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C.3 Chapter 4: Heterogeneous Catalysis – Screening

tests

Screening tests showed that [La(H3nmp)] (5) exhibited poor catalytic activity in the

oxidative dehydrogenation of alcohols (may take place over basic sites), the epoxidation

of olefins (may take place over Lewis acid sites), and the isomerization of α-pinene (may

take place over Lewis acid sites), at 55 ◦C (see Table C.5).

Table C.5: Catalytic screening tests for [La(H3nmp)] (5) at 55 ◦C.a

Catalytic Test Reaction Conditions Substrate Conversion at
24 h (%) / main reaction
product

Isomerization of α-pinene 66 µmol α-pinene oxide;
0.5 mL DCE or CH3CN;
10 mg of 5

<10
/ campholenic aldehyde

Cyclooctene epoxidation
with TBHP

0.85 mmol cis-cyclooctene;
1.28 mmol TBHP;
0.5 mL DCE;
20 mg of 5

13
/ 1,2-epoxycyclooctane

Oxidative dehydrogenation
of cyclohexanol with TBHP
or H2O2

0.85 mmol cyclohexanol;
1.28 mmol oxidant;
0.5 mL DCE;
20 mg of 5

<1
/ cyclohexanone

Oxidative dehydrogenation
of benzyl alcohol with
TBHP

0.85 mmol benzyl alcohol;
1.28 mmol TBHP;
0.5 mL DCE;
20 mg of 5

4
/ benzaldehyde

Oxidation of styrene with
TBHP or H2O2

0.85 mmol styrene;
1.28 mmol oxidant;
0.5 mL metanol;
20 mg of 5

<5
/ benzaldehyde

Alcoholysis of styrene oxide
with ethanol or methanol

0.83 mmol styrene oxide;
2 mL alcohol;
34.7 mg of 5

23 (using ethanol)
/ 2-ethoxy-2-phenylethanol
76 (using methanol)
/ 2-methoxy-2-phenylethanol

a TBHP = aqueous tert-butyl hydroperoxide; H2O2 = aqueous hydrogen peroxide

DCE = 1,2-dichloroethane; CH3CN = acetonitrile
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Appendix D

D.1 Chapter 5: FT-IR spectra

Figure D.1: FT-IR spectra of [Ln2(H3nmp)2]·H2O (7) and of the compounds which are able to be obtained
in the experimental conditions described in Chapter 5. Red stands for [Ln(H3nmp)]·1.5H2O isostructural
compounds [298], green for [Ln2(H3nmp)2]·H2O, and orange for an amorphous material.
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D.2 Chapter 5: Catalytic Screening Tests

Alcoholysis of epoxyhexane in the presence of compound 7

After optimizing the reaction conditions with the methanol and styrene oxide as a

test substrate, we wanted to investigate the scope of this reaction and catalyst and its

applicability to other epoxides and amines. Epoxyhexane tested as substrate under the

same reaction conditions as those used for styrene oxide (36.5 mg 7, 0.83 mmol substrate,

2 mL methanol). The reaction was rather sluggish in the temperature range 35-45 ◦C:

11% conversion at 35 ◦C/72 h; 20% conversion at 45 ◦C/72 h. Increasing the reaction

temperature to 55 ◦C gave 28% conversion at 48 h. The lower reactivity of epoxyhexane

in comparison to that observed for styrene oxide can be partly rationalized by electronic

effects of the substrate [354].

Aminolysis in the presence of compound 7

Experimental: 28.5 mg of 7, 7.23 mmol of styrene oxide, 8.71 mmol of aniline, 40 ◦C.

The reaction was monitored for 48 hours, giving 100% conversion, and a relatively wide

range of products were detected. In order to identify the reaction products, the reaction

mixture was analysed by GC/MS; the data suggest the presence of compound related to

the organic ligand, which is consistent with the experimental observations of the complete

dissolution of 7 in the reaction medium. These preliminary tests indicate that 7 cannot

be used as a heterogeneous catalyst in the aminolysis of epoxides under these conditions.

D.3 Chapter 5: Crystallographic Data of 8

Table D.1: Selected bond lengths (in Å) and angles (in deg) for the Gd3+ coordination environment
present in [Gd(H4nmp)(H2O)2]Cl·2H2O (8).a

Gd1–O8i 2.319(5) Gd1–O3iii 2.383(6)

Gd1–O7ii 2.340(6) Gd1–O1 2.391(6)

Gd1–O6 2.354(6) Gd1–O1W 2.433(6)

Gd1–O5iii 2.378(6) Gd1–O2W 2.569(6)
a Symmetry transformations used to generate

equivalent atoms: (i) x+1/2, -y+1/2, z -1/2;

(ii) x+1, -y, z ; (iii) x+1/2, -y+1/2, z+1/2.
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Table D.2: Selected bond lengths (in Å) and angles (in deg) for the Gd3+ coordination environment
present in [Gd(H4nmp)(H2O)2]Cl·2H2O (8).a

O8i–Gd1–O7ii 92.8(2) O3iii–Gd1–O1 136.8(2)

O8i–Gd1–O6 95.0(2) O8i–Gd1–O1W 140.6(2)

O7ii–Gd1–O6 150.5(2) O7ii–Gd1–O1W 86.8(2)

O8i–Gd1–O5iii 149.6(2) O6–Gd1–O1W 104.5(2)

O7ii–Gd1–O5iii 79.4(2) O5iii–Gd1–O1W 68.8(2)

O6–Gd1–O5iii 79.6(2) O3iii–Gd1–O1W 143.6(2)

O8i–Gd1–O3iii 74.5(2) O1–Gd1–O1W 72.5(2)

O7ii–Gd1–O3iii 81.2(2) O8i–Gd1–O2W 73.7(2)

O6–Gd1–O3iii 73.56(19) O7ii–Gd1–O2W 65.5(2)

O5iii–Gd1–O3iii 75.29(19) O6–Gd1–O2W 143.85(19)

O8i–Gd1–O1 80.9(2) O5iii–Gd1–O2W 126.7(2)

O7ii–Gd1–O1 135.6(2) O3iii–Gd1–O2W 132.1(2)

O6–Gd1–O1 73.8(2) O1–Gd1–O2W 70.59(19)

O5iii–Gd1–O1 124.8(2) O1W–Gd1–O2W 70.4(2)
a Symmetry transformations used to generate equivalent atoms:

(i) x+1/2, -y+1/2, z -1/2; (ii) x+1, -y, z ; (iii) x+1/2, -y+1/2, z+1/2.

D.4 Chapter 5: EDS mapping studies of 8

Figure D.2: EDS mapping of [Gd(H4nmp)(H2O)2]Cl·2H2O (8). Images confirm a homogeneous dispersion
of both the Gd3+ cations, Cl− anions and the organic ligand in the materials.
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