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Abstract

The present master thesis entitled New Luminescent Metal-Organic Frame-
works focuses on the synthesis and characterization of several new metal—
organic frameworks (MOFs), which are a kind of organic-inorganic hybrid
compounds with one-, two-, or three-dimensional structural topologies con-
sisting of inorganic metal ions/clusters and organic ligands. The relevance of
the new MOFs synthesized dwells in the luminescence properties that they

exhibit.

The construction of new MOFs has been rapidly developed in recent
years, not only due to their interesting molecular topologies and crystal
packing motifs but also due to their potential applications as functional ma-
terials. MOFs can be readily synthesized from the self-assembly of metal
ion nodes with organic ligands. Multi-carboxylic acids have been widely
used to synthesize high dimensional frameworks. In particular, 1,2.4,5-
benzenetetracarboxylate is a versatile ligand that leads to numerous different

coordination polymers with lanthanide ions.
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Figure 1: MOFs: from synthesis to applications.

Among the wide variety of properties of interest that a given material can
exhibit, luminescence is attracting an increasing attention due to its poten-

tial application in optical devices for lighting equipment and optical storage,



optical switching, and sensing. At this respect, luminescent metal-organic
frameworks (LMOFs) are a quickly growing class of crystalline materials with
great potential for use across a broad range of applications. The lanthanide
elements, which possess partially filled 4f orbitals, can form coordination
polymers that exhibit various coordination geometries even with the same

ligand.

An extensive work has been carried out using 1,2,4,5-benzenetetracar-
boxylic acid (Hy4bta) as ligand and 1,2-di(4-pyridyl)-ethylene (bpe), 1,2,4-
triazole (tz), imidazole (im) and 4,4’-azobis(pyridine) (azpy) in order to per-
form cation exchanges. Several lanthanide coordination polymers with good
luminescence properties have been synthesized by hydrothermal method, and
an investigation on the formation of lanthanide coordination compounds
based on the use of cation exchange has also been performed. The seven
LMOFs prepared are, specifically: [Ln(bta)|[(CHz)2NHsz| (Ln=Tb (1), Ln=Pr
(2)), [Ln(bta)]2(bpe) (Ln= Tb (3), Ln=Pr (4)), [Tb(bta)](im) (5), [Tb(bta)]s
(azpy) (6), and |Tb(bta)|(tz) (7).

Single-crystal X-ray diffraction reveals that complex 1 crystallizes in the
to orthorhombic space group P2;272;, while complexes 2 and 3 in the tri-
clinic space group P-1. The Pr-complexes obtained are isostructural as de-
duced by means of single crystal and powder X-ray diffraction analysis, unlike
Tb-complexes, which are found to possess different crystal structures. Lu-
minescence measurements reveal that the Th3" compounds exhibit several
strong characteristic emission bands for isolated Th3 ions in the visible re-
gion when excited between 320 and 375 nm; similarly, the Pr3* compounds

display the characteristic emission bands for isolated Pr>* ions.
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Chapter 1

Introduction

The present report is structured in four chapters. In this first chapter, the
work that has been carried out during this Master’s degree is presented and
justified. The aim of this project and the objectives to achieve are detailed,
along with the reason why the materials synthesized and studied belong to a
field of scientific interest. Also, the theoretical background surrounding the

main theme of the project is discussed.

1.1 Motivation and objectives

Due to their structural and functional tunability as well as their ever-
expanding application scope, metal-organic frameworks have become one of
the most fascinating classes of materials for both scientists and engineers
[1]. Additionally, the study of lanthanide complexes is an attractive area of
research because of the special configuration of 4f electrons and the variable
coordination numbers of lanthanide elements, which may form compounds
with applications in electronics, magnetism, optics, medicine, chemistry, and
biology [2]. Recently, lanthanide metal-organic frameworks have received
much attention: the combination of lanthanoid(III) ions with carboxylate—

containing bridging ligands has produced a great variety of extended metal—
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organic frameworks (MOFs) which are of special importance since they ex-
hibit interesting properties such as porosity, luminescence, magnetism, and

catalytic activity [3].

With this in mind, the main purpose of this project consists on the syn-
thesis of several lanthanide MOFs. The characterization of each one of them
to find out their crystal structure, composition and luminescence properties
is therefore another significant objective to achieve. The compounds syn-
thesized and studied are, specifically: |[Ln(bta)|[(CHz2)2NHsz| (Ln=Tb (1),
Ln=Pr (2)), [Ln(bta)|2(bpe) (Ln= Tb (3), Ln=Pr (4)), [Tb(bta)|(im) (5),
[Th(bta)|2 (azpy) (6), and [Th(bta)|(tz) (7).

Thereby, the goals to be attained can be summarized as follows:

1. Preparation of metal-organic frameworks via two different synthetic

routes: hydrothermal synthesis and cation exchange.

2. Description and characterization of the resulting complexes by various
techniques, such as XRD (X-ray diffraction), IR spectra measurements,

mass spectrometry and elemental analysis.

3. Study of the luminescence properties that these materials exhibit.

1.2 State of the art

1.2.1 Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are a class of functional materials con-
structed by the combination of organic linkers and metal ions to produce ex-
tended networks that possess pores and cavities of adjustable size and shape
[4]. Following the IUPAC recommendation, MOFs are classified as coordina-

tion polymers (or alternatively coordination networks) with open framework
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structures containing potential voids [5]. These materials are formed by retic-
ular synthesis, which creates strong bonds between metal-containing units
(secondary building units, SBUs) and organic linkers, creating open crys-
talline frameworks with permanent porosity [6]. This crystallinity allows
X-ray diffraction techniques to provide exact structural information about
MOFs [7]. Moreover, they maintain their underlying structure and crys-
talline order upon expansion of the organic units and inorganic SBUs, which

greatly widens the scope of this chemistry [4].

The appropriate selection of the organic linker together with a rational
synthetic route can be used to modulate structural diversity. Among the
different organic ligands, those containing carboxylate groups are often se-
lected due to their abundant coordination modes, which allow the occurrence
of different structural topologies, along with the ability of the carboxylate
group to act as a hydrogen-bond acceptor and/or donor, which can help to
stabilize the crystal structure [8]. The organic ligands often contain aromatic
or conjugated m moieties that are subject to excitation, giving rise to opti-
cal emission or photoluminescence (PL) upon irradiation. In addition, the
metal components can also contribute to photoluminescence, in which case

lanthanides or various inorganic clusters are often involved [9].

In particular, 1,2,4,5-benzenetetracarboxylic acid (H4bta) is a versatile
building block for the architectures of polymeric structures due to its variety
of bridging abilities, and its high symmetry is also helpful for the growth
of crystals [10]. Investigations about the coordination chemistry of this lig-
and after total or partial deprotonation show the high versatility towards

transition metals and lanthanide ions [11].
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Luminescent Metal-Organic Frameworks

A very interesting and well-investigated topic about MOFs is their opti-
cal emission properties and related applications [9], such as fluorescent sen-
sors, nonlinear optics, photocatalysis, electroluminescent devices, biomed-
ical imaging, and drug delivery monitoring and treatment among others
[12, 13]. Luminescent metal-organic frameworks (LMOFs) are an impor-
tant and rapidly growing sub-category of MOFs in which photon emission

arises following the absorption of radiative excitation energy [7].

Luminescence can broadly be defined as the emission of light occurring
from excited electronic states, which is preceded by the absorption of en-
ergy [7]. In particular, photoluminescence embraces two different kinds of
light emission: fluorescence and phosphorescence. Fluorescence is caused
by irradiation with light (normally visible or UV), normally occurs within
nanoseconds to milliseconds after irradiation, and involves the excitation of
electrons into states with a higher energy, from where radiative decay is
possible. Typically, the emitted wavelengths are longer than the excitation
ones; otherwise one speaks of upconversion fluorescence. In contrast, phos-
phorescence is a light emission which can occur over much longer times after
irradiation; it involves storage of energy in metastable states and its release
through relatively slow (often thermally activated) processes [14]. Photolu-
minescence initiated by photo-excitation is the type of luminescence that is

discussed in this report.

Luminescence in MOFs generally arises from the building components:
conjugated organic linkers and/or metal ions or clusters, although in some
cases adsorbed guest molecules may also contribute to the emission [9]. It
can occur from direct organic ligands excitation (particularly from the highly

conjugated ligands), metal-centered emission (widely observed in rare-earth
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MOFs), and charge-transfer such as ligand-to-metal charge transfer (LMCT)
and metal-to-ligand charge transfer (MLCT) [13]. (See Figure 1.1Db).
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Figure 1.1: Schematic representation of the various photophysical processes
(a) and the different possibilities contributing to the emission of MOFs (b),
as illustrated by Lustig et al. [7].

Lanthanide ions are characterized by a gradual filling of the 4f orbitals,
from 4f9 (for La®") to 4f'* (for Lu®"). These electronic [Xe]4f* configura-
tions (n=0 — 14) generate a variety of electronic energy levels (Figure 1.2).
They are well defined due to the shielding of the 4f orbitals by the filled
5s25p% subshells, and they are less sensitive to the chemical environments
around lanthanide ions. Consequently, each lanthanide ion exhibits narrow

and characteristic 4f-4f transitions [13].

Rare-earth ions in their trivalent form present prominent transition lines
in the visible and near infrared region and, due to the screening of outer
electrons, their energy level structure only varies slightly between different
host materials [15]. Some of these ions, such as Th3" and Eu", are attractive
lumophores ! because of their spectrally narrow emission, even in solution
[17]. The lanthanide ions used to synthesize the LMOFs of interest for this
project have been Th3* and Pr3", whose energy-level diagrams are shown

in Figure 1.3.

! Chemical groups that give the property of luminescence to organic compounds [16].
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Figure 1.2: A summary of electronic excited-state energy levels for the Ln(I11)

series [18] (Copyright 2009 American Chemical Society).
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1.2.2 Cation Exchange in MOFs

Although the structure and internal environment of the MOFs’ pores
can be in principle controlled through judicious selection of nodes and or-
ganic linkers, the direct synthesis of such materials with desired functional-
ities in the pores or channels is often difficult to achieve due to their ther-
mal/chemical sensitivity or high reactivity. In this regard, the exchange
of free guest molecules or counterions from the cavities, or removal of sol-
vent molecules weakly bound to metal centers constituting frameworks has
been frequently exercised [21]. Thus, postsynthetic modification of MOFs
—incorporating organic units and metal-organic complexes through reactions
with linkers— has emerged as a powerful tool for changing the reactivity of

the pores [22].



Chapter 2

Experimental procedure

In this second chapter, the methodology followed in order to synthesize
and characterize different luminescent MOFs is described. The synthesis,
single-crystal and powder X-ray diffraction and spectroscopic characteri-
zation of seven lanthanide coordination polymers constructed from ligand

Hybta are reported.

2.1 Synthesis of the complexes

Reagents and solvents used in all of the syntheses were purchased from
commercial sources and used without further purification. The samples were
prepared using two different techniques: hydrothermal synthesis (1 - 3) and

cation exchange (4 - 7).

2.1.1 Hydrothermal technique

Compound 1. [Tb(bta)][(CHz2)2NHz]. A distilled water (5 mL) solution
of Tb(NO3)3| -5H20 (435 mg, 1 mmol) was added dropwise to a dimethyl-
formamide (DMF) solution (5 mL) of 1,2,4,5-benzenetretracarboxylic acid
(254 mg, 1 mmol) and stirred 30 min at room temperature. The mixture

was sealed in a Teflon-lined stainless steel container, which was heated at

13



14 CHAPTER 2. EXPERIMENTAL PROCEDURE

150°C for 3 days. Crystalline powder and some colorless crystals suitable for
X-ray diffraction were produced (367 mg), which were filtered off and dried.

They exhibit visible green luminescence under UV radiation.

Compound 2. [Pr(bta)][(CH2)2NH2|. The preparation method of this
complex is similar to that of 1. An H2O (5 mL) solution of Pr(NO3)3-6H20
(434.91 mg, 1 mmol) was added dropwise to a solution of Hybta (254 mg, 1
mmol) in 5 mL DMF and stirred 30 min at room temperature. The mixture
was sealed in a Teflon-lined stainless steel container, which was heated at
150°C for 3 days. Crystalline powder and some colorless crystals suitable for
X-ray diffraction were obtained (406 mg), which were filtered off and dried.

They do not exhibit visible luminescence under UV radiation.

Compound 3. [Tb(bta)]2(bpe). A mixture of Hybta (127 mg, 0.5 mmol)
and bpe — 1,2-di(4-pyridyl)ethylene — (91 mg, 0.5 mmol) in 15 mL distilled
water was stirred and then a 1 M solution of NaOH (1 mL) was added. A
H50 (15 mL) solution of Th(NO3)3-5H20 (217.5 mg, 0.5 mmol) was added
dropwise to the previous solution and stirred 30 min at room temperature.
The mixture was sealed in a Teflon-lined stainless steel container, which was
heated at 150°C for 3 days. Crystalline powder and some colorless crystals
suitable for X-ray diffraction were produced (209 mg), which were filtered

off and dried. They exhibit visible green luminescence under UV radiation.

2.1.2 Cation exchange

The general procedure for the cation exchange consists of the suspension
of compounds 1 and 2 in a concentrated solution of the desired cation. In

this way, the smaller dimethylammonium cation can be exchanged.
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Compound 4. [Pr(bta)]2(bpe). An aqueous solution (3 mL HsO) of
bpe (91 mg, 0.5 mmol) was prepared and a solution of HCl was added.
This mixture was added dropwise to an aqueous solution (5 mL) where 2
was suspended and stirred 48 h at room temperature. The resulting cation-
exchanged sample was filtered off, washed several times with EtOH, and then
dried in air. Polycrystalline products were obtained (89 mg). They do not

exhibit visible luminescence under UV radiation.

Compound 5. [Tb(bta)](im). A solution of imidazole (34 mg, 0.5 mmol)
in 6 mL HoO and 1 mL of a solution of HCl were added dropwise to a 10
mL H»O solution of 1 and stirred 72 h at room temperature. The resulting
cation-exchanged sample was filtered off, washed several times with HsO,
and then dried in air. Polycrystalline products were obtained (102 mg).

They exhibit visible green luminescence under UV radiation.

Compound 6. [Tb(bta)]z2(azpy). A solution of azpy — 4,4-azobis(pyridine)
- (92 mg, 0.5 mmol) was suspended in 6 mL HyO and 2 mL HCI 0.5 M was
added dropwise to a 10 mL HsO suspension of 1 and stirred 72 h at room
temperature. The resulting cation-exchanged sample was filtered off, washed
several times with EtOH, and then dried in air. Polycrystalline products
were obtained (72 mg). They exhibit visible green luminescence under UV

radiation.

Compound 7. [Tb(bta)](tz). A solution of 1,24-triazole (35 mg, 0.5
mmol) in 6 mL HyO and 1 mL HCI 0.5 M was added dropwise to a 10 mL
H20O suspension of 1 and stirred 72 h at room temperature. The resulting
cation-exchanged sample was filtered off, washed several times with HsO,
and dried in air. Polycrystalline products were obtained (68 mg). They

exhibit visible green luminescence under UV radiation.
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2.2 Characterization

The X-ray diffraction measurements together with the mass spectroscopy
and elemental analysis were performed at the Servicio General de Apoyo a la
Investigacion (SEGAI) facilities of the University of La Laguna, in particular
at Servicio Integrado de Difraccion de Rayos X (SIDIX) and Servicio de
Espectrometria de Masas y Andlisis Elemental, respectively. The IR and
photoluminescence measurements were carried out at the laboratories of X-
Ray and Molecular Materials and Laser Spectroscopy, both belonging to the

Physics Department of University of La Laguna.

2.2.1 X-Ray Diffraction

The information relative to the structural arrangement of the atoms in a
solid material is an essential requirement in order to understand some phys-
ical and chemical properties in detail. Crystals possess a periodic arrange-
ment of their atoms and the structural information about this long-range

order can be obtained experimentally by using X-ray diffraction techniques.
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Figure 2.1: Lattice planes (left) and Bragg’s Law (right), the condition for
diffraction to occur, where d is the inter-plane distance, n the order of the

diffraction peak and 0 the scattering angle.

X-ray diffraction is described as the interference of waves according to
the Huygens Fresnel principle and it allows the determination of the atomic

and molecular structure of a crystal [23]. When a wavefront of X-rays strikes
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an atom, the electrons in that atom interact with the incident radiation and
immediately re-emit it. In a crystal, due to the interaction between the X-
ray incident beam and the electron density, the beam is diffracted into many
specific directions. The diffracted radiation can be collected as well-defined
reflections if the sample consists in a single crystal, or as a succession of

concentric circles if the sample is polycrystalline.

Single-crystals of 1-3 were mounted on an Agilent SuperNova X-ray
diffractometer (Figure 2.2.1) with Cu-Ka radiaton (A=1.54184 A) in order

to determine the crystal structure of the compounds.

In the case of polycrystalline samples (compounds 4 - 7), powder X-ray
diffraction data were collected in the range 5°< 20 < 80° on a PANalytical
X'pert Pro X-ray diffractometer (Cu-Ko radiaton, A=1.54184 A) at room

temperature.

Figure 2.2: SuperNova diffractometer at SEGAI (left) and general view of
the X-ray set up (right) with X-ray tube (1), Kappa goniometer (2), X-ray
shutter (3), collimator (4), beamstop (5) and Beryllium window (6) [24].
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2.2.2 Elemental Analysis and Mass Spectrometry

Elemental analysis of the samples was performed on a CNHS FLASH EA
1112 analyzer for the simultaneous determination of the percentage of C, N
and H. This technique provides the total amount of carbon, nitrogen and
hydrogen present in the samples and contributes to the confirmation of the

cation exchange.

High resolution mass spectrometry was carried out on a Micromass Au-
toSpec mass spectrometer in order to obtain information about the composi-
tion and structure of the compounds. This technique deals with the analysis
of the mass and the fragmentation pattern of the chemical compounds under

study.

2.2.3 Spectroscopic Characterization
Infrared spectra

IR spectra (450-4000 cm™) of complexes 1 - 7 and reactants were recorded
on a Shimazdu IRAffinity-1 FTIR (Fourier Transform Infrared) Spectropho-

tometer.

Absorption spectra

Absorption spectra of 1 - 4 were obtained in the spectral range from
200 to 800 nm by measuring the diffuse reflectance of the polycrystalline
samples, at room temperature, using an integrating sphere connected to an

Agilent, Cary Series, UV-Vis—NIR Spectrophotometer.

Emission spectra (picosecond pulsed LED)

Based on the results obtained from the absorption measurements, the

emission of the compounds 1 - 4 was studied in the range from 400 to 800
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nm. The emission spectra of the samples were measured with a fluorescence
spectrometer LifeSpec II (Edinburgh Instruments) and the specific software
F'9000, using a picosecond pulsed light emitting diode EPLED-375 nm (dwell

time: 1 s; step: 1lnm).

Emission and excitation spectra (Xe lamp)

Excitation and emission spectra of the prepared MOFs (1 - 7) were also
obtained by using a xenon lamp as source of excitation. The calibration
curve of the excitation lamp was measured and taken into account in all the

emission measurements.

Excitation spectra of the Th-complexes were measured in the range from
210 to 525 nm (step: 1 nm; time: 1000 ms) detecting in 545 nm (transition
°Dy — "F5 of the Th3" ion), with an attenuator of optical density (OD)
0.6 and an LP530 filter. In order to get the emission spectra, the samples
were excited at 320 nm and scans were carried out from 400 to 750 nm
(step: 1 nm; time: 1000 ms); measurements were performed using the same
attenuator of OD 0.6 and an LP395 filter. In the case of the Pr-complexes,
two filters were used (LP550 and LP530) and samples were excited at 445
nm to get the emission spectra, while the excitation spectra were achieved
at 620 nm (detection wavelength corresponding to the energetic transition

3Py — 3Hg of the Pr3t ion) and using an LP550 filter.

Luminescence decay

Photoluminescence lifetime measurements were performed in a fluores-
cence spectrometer LifeSpec II by Edinburgh Instruments using the specific
software F9000. Samples of the complexes 1 - 4 were excited by a picosecond
pulsed light emitting diode EPLED-375 nm and scans were carried out from
400 to 800 nm with dwell time of 1 s and step of 1 nm.



Chapter 3

Results and Discussion

The results obtained from the experimental procedure previously de-
scribed are presented and analyzed. This chapter focuses on the exposition
and description of the crystal structures solved, as well as on the study of
the outcomes concerning to the cation exchange and the spectroscopic char-

acterization.

3.1 Description of the structures

The structures of compounds 1 - 3 were solved and refined using the
SHELXS program [25] included in the OLEX2 software package [26] and
the final geometrical calculations and graphical manipulations were carried
out with Diamond 4 [27]. The powder diffraction patterns analysis of the

polycrystalline samples was performed with FullProf Suite [28].

Compound 1. [Tb(bta)][(CH2)2NH2|-H20. (H4bta is the 1,2,4,5-benze-
netetracarboxylic acid and (CHz)2NHs is the dimethylammonium ca-tion).
The crystal structure of 1 consists of an anionic three-dimensional network
with pores where the dimethylammonium cations and the water molecules

are located. The anionic 3D network is formed by oxo-bridged chains of

20
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Tb(III) ions which run along the crystallographic a axis linked to four adja-
cent ones through the bta ligands. This anionic framework creates somewhat
rectangular pores of approx. 11 x 9 A2 extended also in the a direction. The
Th(III) ion is eight-coordinate in a distorted square antiprism environment,
whereas the bta ligand is able to coordinate to six Th(III) ions of two differ-

ent oxo-bridged terbium chains.

Figure 3.1: Projection view along the a axis of compound 1.

Compound 2. [Pr(bta)][(CH2)2NH2|-3H20. (Hsbta is the 1,2,4,5-
benzenetetracarboxylic acid and (CHz)oNHjy is the dimethylammonium ca-~
tion). The crystal structure of 2 is quite similar to that of 1. A 3D anionic
network is formed where the oxo-bridged Pr(III) chains running along the a
axis are linked by the bta ligands. The pores have a diamond-like shape with
dimensions approx. 11 x 9 A2 extended in the a direction. The Pr(III) ion is

nine-coordinated in 2 to form a tricapped trigonal prism polyhedron. There
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are two crystallographically independent bta ligands in 2, both of them able
to coordinate six Pr(III) cations. The dimethylammonium cations located
in the pores establish hydrogen bonds N-H---O with the uncoordinated car-

boxylate oxygen atoms of the anionic framework.

Figure 3.2: Projection view along the a axis of compound 2.

Compound 3. [Tb(bta)]2(Hzbpe). (Hsbta is the 1,2,4,5-benzenetetracar-
boxylic acid and bpe is the 1,2-bis(4-pyridyl)ethylene). The crystal structure
of 3 is similar to that of 1 and 2. The three-dimensional anionic framework
is formed by oxo-bridged terbium(III) chains running along the a axis which
are linked by the bta ligands. The pores are now almost square-shaped with

approximate dimensions of 11 x 10 A2. The Hybpe cations are located in
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these pores leaving no room to accommodate further water molecules as
occur in 1 and 2, but they establish N-H---O hydrogen bonds in a similar
way as the dimethylammonium cations do in 2. The unique crystallographic
Tb(III) ion in 3 is eight-coordinate with a square antiprism environment.
There are two crystallographically independent bta ligands (as occurs in 2)

which coordinate to six Tb(III) ions.
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Figure 3.3: Projection view along the a axis of compound 3.

Powder X-ray diffraction analysis performed on the polycrystalline sam-
ples reveals that Pr-complexes (2 and 4) share the same crystal structure

(see powder XRD patterns in Figure 3.4). Despite the inclusion of the new
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guest in 4, the 3D net remains unchanged. However, as illustrated in Fig-
ure 3.5, each Th-complex has a different crystal structure, which is known
for compounds 1 and 3 thanks to single-crystal X-ray diffraction but can-
not be deduced for polycrystalline compounds 5 - 7, unless suitable X-ray

diffraction crystals were grown.
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Figure 3.4: Powder X-ray diffraction analysis of Pr-compounds. Theoretical
(obtained from the SCXRD data) and powder patterns of 2 and powder XRD

pattern of 4.

3.2 Cation exchange

The results collected from mass spectrometry and elemental analysis sup-
port the evidence of the cation exchange, as well as those provided by powder
X-ray diffraction. Variations on the powder XRD patterns of the compounds
demonstrate that the reaction has taken place, the structures have changed

and, thus, different MOFs have been obtained.
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Figure 3.5: Powder X-ray diffraction analysis of Tb-compounds. Theoretical
(obtained from the SCXRD data) powder XRD patterns of 1 and 3, and
experimental PXRD patterns of 5 - 7.

Mass spectrometry and elemental analysis show the presence of bpe in
complex 4 [Pr(bta)]2(bpe), which indicates that the dimethylammonium
molecules of complex 3 [Pr(bta)|[(CHz2)2NHs| have been successfully ex-
changed for the bpe. In particular, 3 is found to be tetra-hydrated, with
approximately 28.39% C, 2.45% N and 2.30% H, while 3 is hexa-hydrated,
with 31.48% C, 2.93% N and 2.48% H, which agrees with the values expected.
Mass spectrometry and elemental analysis of the rest of the complexes are

waiting to be performed.

3.3 Spectroscopic results

Lastly, the results of the spectroscopic measurements previously per-

formed are interpreted. The data analysis has been carried out using Orig-
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inPro 8 software [29].

Infrared spectra

IR spectra of the Pr- (2 and 4) and Tb-complexes (1, 3, 5, 6 and 7), as
well as of the reactants employed in the syntheses (Hybta, bpe, azpy, 1,2,4-

triazole and imidazole), were measured in the range from 350 to 4000 cm™,

The infrared spectra of Figure 3.6 show that compound 3 contains bpe

and is similar to 1, since it presents peaks in common with the other two

spectra.
100
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Figure 3.6: IR spectra of complexes 1 (orange) and 3 (blue) and bpe (pink).

Cation exchange is confirmed by IR characterization, as can be checked
in Figures 3.7 - 3.10: the cation exchanged complexes show IR peaks also

present in the initial compound and the corresponding cation.
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Figure 3.7: IR spectra of complezes 2 (purple) and 4 (pink) and bpe (green).
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Figure 3.8: IR spectra of complexes 1 (orange) and 5 (black) and imidazole
(blue).
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Figure 3.9: IR spectra of complexes 1 (orange) and 6 (red) and azpy (blue).
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Figure 3.10: IR spectra of complexes 1 (orange) and 7 (blue) and 1,2,4-

triazole (green).
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Absorption spectra

The absorption spectra from 200 to 800 nm obtained for the Th3*-
complexes 1 and 3, the two Pr®*-complexes (2, 4) and some of the reactants

employed to synthesize them (Hybta, bpe, dimethylammonium chloride and

T(bNO3)3-5H20) are shown in Figure 3.11.
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v s (1) [Tb(bta)][(CH,) NH, |-H,0
i - ﬂx

o Seeze bpe

e Tb(NO,),"5SH,0

i o\ | - H, D, (4) [Pr(bta)],(bpe)
‘ A ~__ () [Pr(bta)][(CH,),NH,]

Absorption (arb. units)
|
Y

-
o

dimethylammonium chloride

——s 5

LE FO S OO ST OO [V TSR (. L D I DA L G-I D . TR . T T |
200 240 280 320 360 400 440 480 520 560 600 640 680 720 760 800
Wavelength (nm)
Figure 3.11: Normalized absorption spectra of compounds 1 - 4 and reactants.

The transitions from the ground state ("Fg for Tb>" ion, 3H4 for Pr®* ion)

to the corresponding excited states are labeled.

A broad absorption band can be observed in the UV range of the electro-
magnetic spectra (from 200 to approximately 330 nm), which corresponds
to the absorption of the ligand (Hybta). Some well-defined absorption peaks
appear from around 420 nm to 640 nm. These peaks correspond to the
following energetic transitions: in the case of the Th3*-complexes, the tran-

sition from the ground state “Fg to the excited state "Dy at around 488 nm
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can be distinguished (more clearly seen in Th(NO3)3); while for the Pr3"-
complexes we can find transitions from the ground state Hy to the excited
states 3Py at 445 nm, 3P1+'Is at 475 nm, *Pg at 490 nm and 'Dy at 600
nm. The presence of bpe (1,2-di(4-pyridyl)ethylene) can also be recognized
in complexes 3 and 4, decreasing the intensity of the transitions with respect

to those not containing this compound.

Emission spectra (picosecond pulsed LED)

Emission spectra of complexes 1 - 4 were obtained under excitation of
the samples with a 375 nm wavelength. The characteristic emission bands of
Th3" (see Figure 1.3) were observed at 490 nm (°Dy — "Fg), 546 nm (°Dy
— TF5), 586 nm (°Dy — "F4) and 623 nm (°Dy4 — "Fa.3) and are labeled in

Figure 3.12.
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Figure 3.12: Emission spectra of Tb%"-complezes 1 (orange) and 8 (blue)
under excitation at 375 nm. The energetic transitions corresponding to the

main enerqy levels of T ion are labeled.
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The strongest Th3* emission comes from the Dy — "Fg and °Dy — "Fg
transitions, giving rise to the strong green luminescence (495 - 570 nm) char-
acteristic of Th3T complexes. Moreover, the presence of bpe in the structure
influences the emission of the complex 3, since bpe also presents green lu-
minescence when excited with UV radiation. For the Pr3* complexes, the
characteristic emission band (see Figure 3.13) appears at about 621 nm (3P
— 3Hg), which explains the red emission observed in the samples when they

were excited with 375 nm radiation.

By comparing the emission spectra of the Pr3" complexes with the ab-
sorption ones in the range from 400 to 610 nm, the presence of the energetic
transitions 3Hy — 3Py, 3Hy — 3P1+'1¢, 3Hy — 3Pg and ®Hy — Dy can be
observed as reabsorption of the ligand luminescence due to energy transfer
from the ligand to the metal center. Absorption spectrum has been added to
the figure to show that the reabsorption corresponds to the overlap between

the ligand emission band and the Pr3+ ground state absorption.
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Figure 3.13: Emission and absorption spectra of Pr’"-complexes 2 (botom)
and 4 (top) plotted together for comparison issues.
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Emission and excitation spectra (Xe lamp)

Excitation spectra of the Th complexes are illustrated in Figure 3.14, de-
tecting at 545 nm and scanning from 210 to 525 nm. The excitation spectra
of these compounds present broad bands arising from ligand-to-metal en-

ergy transfer and narrow bands from RE (rare-earth) 4f-intraconfigurational

transitions.
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Figure 3.14: Ezcitation spectra of Tb-complexes. The spectrum of Tb(H,bta)
[azpy] (6) is amplified by a factor 400.

Emission spectra of the terbium-based MOFs were obtained under exci-
tation of the samples with a 320 nm wavelength (Figure 3.15). The charac-
teristic emission bands of the isolated Th3*t ion can be observed at 492 nm
(°Dy — "Fg), 547 nm (°Dy — “F5), 587 nm (°Dy — “F4) and 621 nm (°Dy
— 7F2’3). The most significant transition is 5Dy — "F5 at \=547 nm, which

is responsible for the strong green luminescence characteristic of this ion.
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Figure 3.15: Emission spectra of T
nm. The spectrum of [Tb(bta)[2(azpy) (6) is amplified by a factor 400. All

spectra have been corrected from the Xe lamp spectral response.

As previously concluded, there exists photon transfer from the ligand to
the metal in the Pr3* complexes in the range from 400 to 610 nm (Figure
3.16). The characteristic Pr ion emission band (see Figure 3.17) appears at
about 619 nm (3Py — 3Hg), and another band is detected at 568 nm. The
weak emission spectrum of Figure 3.17 corresponds to the tail of the ligand
emission band. Note that the emission decrease at about 600 nm is due to
energy transfer from the ligand to the Pr metal center, which shows an ab-
sorption band at 600 nm. This confirms that there exists energy interaction

between the ligand and the metal moieties in the MOFs.
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Figure 3.16: Ezxcitation spectra of Pro*-complezes.
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Figure 3.17: Emission spectra of Pr®"-complexes under excitation at 445 nm.

All spectra have been corrected from the Xe lamp spectral response.
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In order to compare the emission intensity of the green luminescent MOFs
(the Th-based ones), in the following bar graph (Figure 3.18) a compari-
son of the integrated intensities from the emission curves (Figure 3.15) of
each terbium sample is presented. From higher to lower emission, the com-
pounds are: |[Tb(bta)][(CHa)2NHza| (1), [Th(bta)|[tz] (7), [Tb(bta)|[im| (5),
[Th(bta)lelbpe] (3) and [Tb(bta)|slazpy] (6).

Compound Intensity (arb. units)
[Th(bta)]|[(CHa)sNHa] (1) 167.16
[Th(bta)|2[bpe] (3) 52.73
[Th(bta)|[im] (5) 67.89
[Th(bta)]a|azpy] (6) 0.0876
[Th(bta)][tz] (7) 90.32

Table 3.1: Integrated intensities of the Th-based MOFs.

167,16

90,32

67,89

52,73

Intensity (arb, units)

0,0876

[To(bta)][dim] [Toibta)]2[bpe] [Th{bta)][im] [To(bta)][z] [Tb(bta)]2[azpy]

Th-complexes

Figure 3.18: Bar diagram showing the total intensity emitted by each one
of the terbium-complexes. These intensities have been calculated from the

integration of the emission spectra.
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Luminescent decay

Samples of 1 - 4 were excited at 370 nm. The emission of [Th(bta)]
[(CH2)2NHs] (1) and [Tb(bta)]2[bpe| (3) was measured in 450 nm, while
it was detected in 430 nm for [Pr(bta)|[(CHz2)2NHs] (2) and [Pr(bta)]2[bpe]
(4). The resulting curves showing the emission intensity versus the time in
nanoseconds are presented in Figure 3.19. It shows quite short lifetimes of
the complexes, meaning that there exists ligand-to-metal photon transfer,

and besides the decay rate is faster for the Pr-based MOFs than for the Tb-

based ones.
1 e

A [Th(bta)](dim

I [Tb(bta)] (bpe)

TR —— [Pr(bta)](dim)
% " [Pr(bta)], (bpe)
E IRF (Instrumental Response Function)
£ 014
&
o
]
—
;LE;
E _.

| ; i I
0,01 o . y f i I\ ||
] g " T 1 1 .'In goh
| -I;_ _-'I':,I | III I |
I T T T
. ! 2 3 4 5 6 7 8

Time (ns)

Figure 3.19: Photoluminescence intensity in 450 nm (Tb-complexes) and 430
nm (Pr-complezes) versus time (ns). Intensity is presented normalized and

in logarithmic scale.
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The non-exponential character of the decay is characteristic of solid pow-
der samples. In order to quantify the average lifetime value of the fluores-
cence, the decay curves have been successfully fitted to a double exponential

decay of the type:

I(t) = Aje /™ + Age™"/™ (3.1)

For each sample, the resulting parameters are:

Compound | Coefficient | Value (ns) | Standard error
1 T1 1.552 0.129
1 T2 0.262 0.007
3 T1 0.506 0.021
3 T2 1.544 0.078
2 T1 0.196 0.005
2 T2 1.266 0.124
4 1 0.072 6.3-10*
4 T2 0.515 0.007

Table 3.2: Parameters of the double exponential fitting.

In Table 3.2 we can see that there is a longer and a shorter lifetime for
each sample. The average lifetime is calculated from this fitting by using the

expression:

. A17'12 + A27—22

<T>=
AlTl +A27’1
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The resulting average lifetime values of the fluorescence for each samples are

summarized in Table 3.3.

Compound Lifetime (ns)
[Th(bta)][(CHs)aNHa] (1) 0.856
[Th(bta)|2[bpe| (3) 1.376
[Pr(bta)][(CHs)2NH,| (2) 0.644
[Pr(bta)]2[bpe] (4) 0.367

Table 3.3: Average lifetime value of the fluorescence for compounds 1 - 4.
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Conclusions and future work

This final chapter includes an overview of the results achieved. To con-

clude, some future prospects are suggested.

4.1 Conclusions

Seven new lanthanide metal-organic frameworks have been synthesized
and characterized, and their luminescent properties have been described.
The efficient inclusion of selected molecules in the pores of these MOFs via

cation exchange has been demonstrated.

The crystal structures of complexes 1 - 3 are quite similar, consisting of a
3D anionic networks where the oxo-bridged Ln(III) chains running along the
a axis are linked by the bta ligands. Despite powder X-ray diffraction anal-
ysis of 4 reveals that it has the same structure as 2, the crystal structures
of the terbium-compounds resulting from the cation exchange are not simi-
lar with that of the starting complex (1). However, evidence of the photon
transfer from the ligand to the metal is provided by emission and excitation
spectra. These Ln-based MOFs exhibit their characteristic luminescence at

an excitation of 320 nm (Tb) and 445 nm (Pr).

39
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The Tb-based MOFs emit visible green luminescence under UV radia-
tion. The emission bands centered in 492 nm, 547 nm, 587 nm and 621 nm
obtained under 320 nm excitation were identified as the following transitions
of the Thb3* ion: °Dy — "Fg, °Dy — "F5, "Dy — "F4 and 5Dy — "Faz,
respectively. Despite the Pr-based MOFs mostly emit in the IR spectral
range, the transition Py — 3Hg at about 620 nm has been detected under
375 nm excitation. The average lifetimes of the fluorescence of MOFs 1 -
4 under 375 nm excitation are obtained by fitting the luminescence decay

curves measured for each sample.

4.2 Future of the project

Some future prospects can be summarized in the following issues:

1. Due to their luminescent properties, the dispersion of these new MOFs
in a polymer matrix could be an interesting experiment to perform in

order to utilize them in solar cells.

2. The optical properties of LMOFs are often affected by temperature.
For example, fluorescence intensity typically decreases as the temper-
ature increases [9]. In this regard, temperature-dependent analyses of

the complexes prepared would be of great significance.

3. It could be interesting to perform a study of the variable tempera-
ture PXRD patterns and thermogravimetric experiments in order to
reveal if compounds are (highly) thermal stable, which is an important
parameter for potential practical use of porous MOFs in gas/vapor

separation applications.

4. In metal-organic frameworks containing either 1,2,4-triazole or imi-

dazole in their pores, electroluminescence becomes a very interesting
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phenomenon to study. Due to their structure and their way to order
inside the pores of the MOFs, these organic compounds could conduct
electricity and the MOFs could emit light in response to the passage

of an electric current or to a strong electric field.
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