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ABSTRACT

In this thesis, synthesis and characterization of new lanthanide based luminescent hybrid
materials is studied. The thesis consists of two parts. The silica based luminescent hybrid
nanomaterials have been prepared and studied in the first part. The different ways for the
nanoencapsulation of rare earth complexes in mesoporous silica nanoparticles have been used to
prepare highly luminescent nanomaterials. A highly luminescent Eu(Tp); complex with limited
solubility in organic solvents has been synthesized in situ inside the pores of presynthesized
mesoporous silica nanoparticles. The effect of different chemical environment in the silylated
mesoporous silica nanoparticles on the luminescence properties of the Eu(Ill) complex has been
studied in detail by encapsulating Eu(dbm);phen complex in the pores of organically modified
mesoporous silica nanoparticles. Furthermore, solid state NMR studies were performed on the
Y (dbm)sphen encapsulated mesoporous silica nanoparticles to obtain the structural and dynamic
information on these materials. Co-luminescence effect of Tb(IIl) and Eu(IIl) complexes has
been studied in the mesoporous silica matrix, with the aim of improving luminescence properties
of the encapsulated Eu(IIl) complex. In the second part of this PhD thesis, new anionic tetrakis
lanthanide complexes have been synthesized, characterized and their luminescence properties
have been studied in detail in the solid state. Furthermore, the luminescent soft materials were
prepared by dissolving anionic tetrakis lanthanide complexes in the phosphonium ionic liquids.
The phosphonium ionic liquids have been explored as spectroscopic solvents for studying

luminescence of new tetrakis lanthanide complexes.
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Abstract

ESTRATTO IN LINGUA ITALIANA

In questa tesi e’ stata condotto uno studio che ha riguardato la sintesi e la caratterizzazione di
nuovi materiali ibridi luminescenti a base di lantanidi. La tesi si compone di due parti. Nella
prima parte sono stati preparati e studiati dei nanomateriali ibridi luminescenti a base di silice.
Sono state utilizzate diverse modalita’ per il nanoincapsulamento di complessi di terre rare in
nanoparticelle di silice mesoporose per preparare nanomateriali altamente luminescenti. Il
complesso luminescente Eu(Tp)s, che genralmente mostra una limitata solubilita in solventi
organici, ¢ stato sintetizzato in situ all'interno dei pori delle nanoparticelle di silice mesoporose
pre-sintetizzate. E’ stato inoltre studiato in dettaglio I’effetto di diverse funzionalizzazioni di
nanoparticelle di silice mesoporosa sulle proprieta luminescenti del complesso Eu(dbm);phen
tramite il suo incapsulamento nei pori modificati sulla superficie delle nanoparticelle di silice
mesoporose. Per ottenere le informazioni strutturali ¢ dinamiche su questo tipo di sistemi si sono
condotti anche degli studi NMR, allo stato solido, su nanoparticelle di silice mesoporose con il
complesso Y(dbm)sphen incapsulato. L’effetto di columinescenza dei complessi di Tb(III) e
Eu(III) ¢ stato studiato in matrice di silice mesoporosa, allo scopo di migliorare le proprieta di
luminescenza del complesso di Eu(IIl) incapsulato in essa. Nella seconda parte di questa tesi di
dottorato, sono stati inoltre sintetizzati e caratterizzati nuovi complessi anionici tetrakis conteneti
elementi lantanoidi allo stato solido, e sono state studiate in dettaglio le loro proprieta
luminescenti. Infine, sono stati preparati materiali luminescenti “soffici” sciogliendo complessi
anionici tetrakis conteneti elementi lantanoidi in liquidi ionici a base di fosfonio e sono state

studiate le proprita luminescenti relative.
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Chapter 1

Introduction

1.1. General introduction to lanthanides

In the periodic table of elements, lanthanide series is comprised of a group of 15 elements
ranging from lanthanum (atomic number 57) to lutetium (atomic number 71) (figure 1.1). These
are called f-block elements because of the gradual filling of last electron in f-orbital’s of the
antepenultimate shell. The lanthanide series can be extended with the elements scandium (Z =
21) and yttrium (Z = 39), having similar chemical properties to the lanthanides; the enlarged
series is called the rare earths. Despite their name, rare earths are not less abundant in nature than

tin or silver.
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Figure 1.1: The periodic table of elements. The lanthanide series is highlighted at the bottom of
the periodic table.

An important feature of the lanthanide ions is their photoluminescence. Several lanthanide ions
show luminescence in the visible or near-infrared spectral regions upon irradiation with
ultraviolet radiation. For instance, Sm®" emits orange light, Eu’" red light, Tb*" green light, and
Tm®" blue light. Nd*", Er’", and Yb*" are well-known for their near-infrared luminescence, but
other lanthanide ions (Pr’", Sm’", Dy’", Ho’", and Tm’") also show transitions in the near-
infrared region. The emitting lanthanide ions are characterized by high color purity and are very
attractive for applications. An interesting characteristic of emitting lanthanide ions is their line-
like emission, which results in a very high color purity for the emitted light. The fascinating
spectroscopic properties of the luminescent lanthanide ions make them important for several
applications. For instance, they are used for the construction of lamp phosphors,' organic light
emitting diodes (OLED),> optical fibres for telecommunications,’ contrast agents for magnetic
resonance imaging,4 for biological assays.”” Those ions which emit in the near infrared region
have found applications in lasers and are also interesting for telecommunications and optical

amplifiers.*’

1.1.1. Lanthanide chemistry



Chapter 1

Lanthanide elements form +3 oxidation states as a stable oxidation state in the whole series. The
only exceptions are Ce*", Eu*", Sm**, Yb*" and Tb*" due to the presence of an empty, half-full or
full 4f shell. The 4f orbitals are well shielded by the xenon core, transforming the valence 4f
orbitals into “inner orbitals.” This phenomenon is the key to the chemical and spectroscopic

properties of the lanthanide metal ions.

Ionic radii of the elements in the lanthanide series decrease from atomic number 58, cerium, to
71, lutetium, which results in smaller than otherwise expected ionic radii for the subsequent
elements. This phenomenon is termed as lanthanide contraction, is due to the poor shielding of
nuclear charge by 4f electrons; the 6s electrons are drawn towards the nucleus, thus resulting in a
smaller atomic radius. Trivalent lanthanide ions are hard Lewis acids and a binding preference is
observed among the commonly used donor atoms (O > N > S). The nature of bonding in their
complexes is electrostatic. As a result, steric factors determine the coordination geometry of
lanthanide complexes. Water molecules and hydroxide ions are particularly strong ligands for
Ln’"; therefore, in aqueous solution only ligands with donor groups containing negatively
charged oxygen’s (such as carboxylate, sulfonate, phosphonate, and phosphinate etc.) can
effectively bind to the lanthanide ion. The trivalent lanthanide ions (Ln’") share number of
common coordination properties and exhibits coordination numbers from 6 to 12 with eight and

nine being most common.

. . + . . .
Due to the ionic character, Ln’" ions possess weak stereo-chemical preferences and a labile

coordination sphere resulting into variable coordination numbers and geometries.

In the solid state, the most common coordination geometries of the Ln*" complexes are square
anti-prismatic, dodecahedral, tricapped trigonal prismatic, monocapped square anti-prismatic,

bicapped square antiprismatic and bicapped dodecahedral.

The coordination numbers are more difficult to predict in solution.'” When the number of
donating atoms in the ligand is too little or their electronic density too low, the lanthanide ions
complete its coordination sphere with molecules of solvent or anions (water, chloride, hydroxide,

etc).
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The nature of donor atoms determines the coordination properties of the ligand. As the
lanthanide ions show a hard acid behavior, they preferentially bind to hard bases. Therefore, the
ligands having negatively charged O or N as donor atoms form stronger bonds. The preference of
Ln®" for hard bases is due to its hard acidic character and the predominant ionic nature of
bonding interactions. In aqueous solutions, ligands bearing coordinating moieties possessing
negatively charged oxygen generate complexes with large thermodynamic stability, resistant to

hydrolysis.'"*?

In anhydrous media, nitrogen donors, even if softer, can coordinate lanthanides
more strongly, although they undergo at least partial hydrolysis even in the presence of small

amounts of water.'”
1.1.2. Lanthanide spectroscopy

In 1906, Becquerel observed sharp absorption lines while performing absorption measurements
on lanthanide ions."® The sharpness of these lines could not be understood till Bethe, Kramers
and Becquerel suggested that the lines may be due to intraconfigurational 4fn — 4fn transitions.'*
1% Since the electrons in the 4f shell are shielded by the filled 5s and 5p shells, they do not
participate in the chemical bonding between lanthanide ions and the ligands. As a result of this,
lanthanide ions show sharp line like spectra of free atoms or ions. Each lanthanide ion show a
characteristic absorption and emission spectra and it can emit in the near-UV, visible, near-
infrared and infrared regions of the electromagnetic spectrum. These intraconfigurational 4fn —
4fn transitions are parity forbidden by the Laporte selection rule. It states that the spectral lines
associated with electric-dipole transition must arise from the states of opposite parity. In the non-
centrosymmetric systems, electric dipole transitions can be induced by admixture of opposite—
parity configurations such as *fx.- °d; and charge transfer states.'” In the lanthanide ions,
magnetic dipole transitions are allowed. Their intensity is practically independent of the
surrounding matrix and is easily calculated. An example of a purely magnetic dipolar transition
is the °Dy — 'F, emission line of Eu’*. Electric dipolar transitions in lanthanide ions are induced
by the ligand field and their strengths are extremely sensitive to the coordinating environment.
Thus, their intensity solely depends on the ligand field. One example of such a transition is a
hypersensitive transition, of the Dy — 'F, emission line of Eu’". The selection rules for

intraconfigurational 4fn — 4fn transitions in the lanthanides are summarized below (table 1.1).



Chapter 1

Table 1.1: Selection rules for lanthanide f-f transitions. S represents total spin angular

momentum, L the total atomic orbital angular momentum and J the total angular momentum.

Electric dipolar transitions Magnetic dipolar transitions
AS=0 AS=0
AL<6 AL=0
AJ<6;AJ=2,4,6 AJ=0,+1; 0« 0= forbidden

Electric dipolar as well as magnetic dipolar transitions in the lanthanides are weak due to the
forbidden transitions. Their luminescence is characterized by narrow emission lines and long
lifetimes (in the order of milliseconds). The absorption of the lanthanide ions is weaker due to
the forbidden transitions. This makes direct photo-excitation of lanthanide ions difficult. This can
be overcome by using the large absorption cross section of the organic chromophores and the
energy transfer from organic chromophores to lanthanide ions can be obtained via antenna effect.
Lanthanide ions can form complexes with the organic ligands such as [-diketones,
polyaminopolycarboxylic acids, pyridines and calixarenes etc. Highly luminescent lanthanide
complexes can be obtained by designing ligands with suitable photophysical properties.
Lanthanide ions that emits in the visible spectral region are Eu®" (red), Eu*" (blue), Tb>" (green),
Sm*” (orange) and Tm®" (blue). Typical near-infrared emitting lanthanide ions are Nd**, Er’* and

Yb,

1.1.2.1 Important terms and properties

a) Energy levels in the lanthanide ions

In the lanthanide series, going from La>" to Lu’", the 4f-shell is filled from 0 to 14 electrons. As
the 4f electrons are shielded by the outer 5s and 5p shells, they have only little interaction with
the chemical environment of the ion and do not play role in chemical bonding. The most stable

configurations are 4f° (empty f-shell), 4f (half filled-f-shell) and 4f'* (filled-f-shell).

The different interactions within the lanthanide ion are responsible for the different energy levels
for the same configuration. Among these interactions, electron-electron repulsions within the 4f

orbitals, are the largest and yields terms with a separation in the order of 10* cm™. This in turn
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splits into several J levels by the spin orbit coupling (figure 1.2). This is the interaction between
the spin magnetic moment of the electron and the field created through the movement around the
nucleus. At the free ion level, the energy states for the lanthanide ions are given by (25+1) L;
terms. Where S = total spin angular momentum, L = total atomic orbital angular momentum and
J = total angular momentum. When the ions are present in coordination with the ligands, the
spherical symmetry of the free ion is destroyed. This also causes an electrostatic interaction
between the 4f electrons and the electric field of the ligands. This is referred to as the crystal

field.

2S+1L ZS+1LJ

Electron repulsion  Spin orbital splitting Crystal field splitting

Figure 1.2: Energy levels splitting for the lanthanide ions with 4f" configuration.

The energy level diagram for the selected lanthanides is shown in figure 1.3. This diagram can be
used to illustrate the luminescent properties of the Eu’*, Tb>" and Sm’" ions. These elements
have the largest gaps in the energy level bands which allow the greatest luminescent intensities

because they have longer decay lifetimes.
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Figure 1.3: Lanthanide (III) energy level diagram adapted from Dieke diagram, showing the
large energy gaps in low-lying levels. Levels that commonly luminesce are designated by

downward arrows.
b) Hypersensitivity

As mentioned above, Ln(IIl) ions have only little interaction with the chemical environment. As
a consequence, the intensities of the transitions are in general not much affected by the local
environment. However, there are some exceptional transitions that are very sensitive to the small
changes in the ligand coordination sphere and are more intense when the ion is complexed than
they are in the corresponding aqua-ions. The oscillator strength and band shape of these
transitions in Ln(III) complexes are especially sensitive to the structural details and the chemical

nature of the ligand environment. These transitions are called hypersensitive transitions and the

7
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phenomenon is generally referred to as hypersensitivity. For the lanthanide series, these
transitions are normally the most sensitive spectroscopic monitors of a changing ionic
environment. The hypersensitive transitions obey to the selection rules | AS | =0, | AL | <2 and
|AJ|S 2. These are the useful tools in the analysis of Ln(IIl) spectroscopic data. Some

important hypersensitive transitions are shown in table 1.2.

Table 1.2: Most important hypersensitive transitions: absorption («—) and emission (—).

Lanthanide ion| Hypersensitive transition Wave number (cm'l) Wavelength (nm)
Eu’’ °D;, « 'Fy 21500 465
Dy« 'F 18700 535
"Dy — 'F 16300 613
b "Dy — 'Fs 18300 546
Sm’' *Fi, "F3n < *Hspp 6400 1562
¢ Non radiative decay

The excited states of lanthanide ions do not decay solely by radiative processes. If the excited
state and the next lower state energy gap is relatively small, luminescence will be in strong
competition with the non-radiative decay of the excited state. The electronic excitation energy
can be dissipated by vibrations of the matrix, by a process known as multiphonon relaxation.'® It
can occur through coupling of the lanthanide energy levels with the vibrational modes in the
direct surrounding of the lanthanide ion. The high energy O-H vibrations are very efficient
quenchers for lanthanide luminescence therefore water molecules are avoided from the first

coordination sphere of the lanthanide complexes.
d) The antenna effect

The absorption coefficients of the f-f transitions in the lanthanide ions are very weak, which
makes direct photo-excitation of the lanthanide ions difficult. However, this can be overcome by
using the large absorption cross section of the organic chromophores and the energy transfer

from organic chromophores to lanthanide ions can be obtained via antenna effect (figure 1.4).
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Thus, in order to design highly luminescent Ln®" complexes, prerequisite is to optimize the
ligand-Ln®" energy transfer process in order to maximize the emission originated from 4f—4f

intraconfigurational transitions."

Weissman first noticed the sensitization process in which the energy transfer takes place from
coordinated ligands to the central metal ion.** The mechanism of energy transfer from organic
ligands to the lanthanide ion involve three steps: (i) strong absorption from the ground singlet
state (Sp) to the excited singlet state (S;) of the ligand; (ii) state S; decays non-radiatively to the
triplet state (T;) via intersystem crossing and (iii) nonradiative energy transfer pathway from the

T, state of the ligand to excited states of the Ln** ion.2"%

In some cases the direct energy
transfer from the S; singlet state to the excited Ln>" levels is also observed®. A simplified

scheme of these energy transfer processes is given in figure 1.5.

T
“Hﬂj_:icitation P

hv o
DLL,\ organic ligand

Ln(lll)

energy transfer \—/ LIIL\ILH111.1111'1:@5cence

Figure 1.4: An illustration of the 'antenna' effect, the incident excitation energy is first absorbed
by a coordinated organic chromophore and then transferred to the central metal atom in the

lanthanide (I1I) complexes.

The overall process is complex and involves several mechanisms and energy levels. After the
indirect excitation by energy transfer, the lanthanide ion may undergo a radiative transition to a
lower 4f-state by characteristic line-like photoluminescence, or may be deactivated by

radiationless processes. The scheme of the processes is shown in figure 1.5.
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non radiative processes

§;‘ )
S
¢

Antenna . Ln(III)

Figure 1.5: Schematic representation of photophysical processes in Ln(III) complexes (antenna
effect). Abbreviations: A = absorption, F = fluorescence, P = phosphorescence, ISC =
intersystem crossing, ET = energy transfer, S = singlet, T = triplet.

The B-diketonate complexes are known to be very efficient sensitizers for the lanthanide ions.”"
** Thus, organic ligands coordinated to lanthanide ions has a twofold beneficial effect, they not
only increase the light absorption cross section by ‘‘antenna effects’” but also protects metal ions

from vibrational coupling.30'33

1.1.3. Lanthanide based luminescent materials

A great deal of research has been carried out in the field of lanthanide based luminescent
materials in the last decade. The luminescence of lanthanide ions has applications ranging from

display applications to bioimaging and sensing.

The practical application of lanthanide luminescence requires the ions to be incorporated into a
matrix that is robust and compatible with respect to the intended application. For instance, when
lanthanide luminescence is used for the detection of biological molecules, the luminescent
material needs to be compatible with biological and aqueous environments and the individual
light emitters should be small enough not to interfere with any of the biochemical processes in

the sample under study. These materials have been obtained either by embedding a molecular

10



Chapter 1

lanthanide complex in an inorganic host matrix, or embedding inorganic lanthanide compound in
an organic polymer matrix.>* Embedding luminescent lanthanide compounds in host matrix
materials are of fundamental interest because of their high potential for different applications
(optical amplifiers, optical waveguides, OLEDs, etc.). In general, the hybrid materials have
superior mechanical properties and have a better processability than the pure molecular
lanthanide complexes. Moreover, embedding a lanthanide complex in a hybrid matrix is also

beneficial for its thermal stability and luminescence output.

Complexes of lanthanide ions with organic ligands are a class of luminescent materials that are
different from the inorganic materials. Organic ligand incorporates an organic chromophore to
enhance the effective absorption cross section as the chromophore absorbs the light and transfers
the energy to the lanthanide ion. However, the presence of molecular high-energy vibrations in
organic ligands and solvents makes that non-radiative relaxation of excited lanthanide ions much
more efficient in luminescent lanthanide complexes. Since the O-H vibrations of water act as
quenchers of lanthanide luminescence, the lanthanide ion has to be protected from such
quenchers so as to use these systems in the aqueous and biological media. Deuteration and
fluorination reduce quenching to some extent.”” Besides; these chromophores are unstable to the
intense laser powers which are used to pump the lanthanide ions in order to achieve optical
amplification.’® The p-diketones complexes are the most intensively studied for the lanthanide
coordination compounds. Lanthanide complexes can be designed to be sensitive to pH,
temperature, oxygen or other analyte concentrations.>’* Organic ligands can be designed to tune

their physicochemical and biological behavior.

Inorganic hosts such as glasses and crystals have less effective non-radiative deactivation
channels for excited lanthanide ions than the molecular hosts. They reduce the non-radiative
deactivation channels and give rise to richer lanthanide photophysics. Near IR luminescence,
emissions from higher excited states are therefore more readily observed for lanthanides in

inorganic hosts.

The lanthanide ions are doped into sol-gel glasses via sol-gel process. An advantage of the sol-
gel process is that it enables preparation of glasses at far lower temperatures than those of the

conventional melt processes. This allows avoidance of the problems of phase separation and

11
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crystallization that are often observed for high-temperature melt processes. It is also possible to

39-42

encapsulate organic compounds or metal complexes in the sol-gel glass. The sol-gel process

can be used to prepare bulk samples (monoliths) as well as thin films and fibers.”* The

encapsulation in sol-gel glasses increases the photostability of organic luminophores.** **

Hybrid organic-inorganic nanocomposites are obtained by the confinement of the non volatile
solvent containing the luminescent lanthanide complexes in the porous silica network of the
xerogels. Similarly, the lanthanide complexes can be incorporated into porous hosts such as
zeolites or the hybrid materials with polymers can be obtained by incorporating them in the
polymer matrix. Their incorporation in polymer matrix can be obtained by either blending or by
covalent bonding to the polymer matrix. Lanthanide compounds are also doped in nanoparticles.
Lanthanide-doped nanoparticles are interesting compounds, because they possess the excellent
luminescent properties of inorganic phosphors and also because they are compatible with
molecular materials. For instance, the quenching of lanthanide luminescence in sol-gel-derived
materials arising due to concentration quenching and remaining hydroxyl groups can be avoided
by doping lanthanide-containing nanoparticles instead of molecular lanthanide complexes in the
sol-gel matrix. Nanoparticle-polymer composites can also be prepared by dispersing the
luminescent nanoparticles in a polymer matrix. These are interesting materials because they
combine the advantages of both polymers (good processability and good mechanical properties)
and inorganic luminescent materials (high luminescence efficiency and long-term chemical

stability).

Each type of host for lanthanide ions used for the construction of luminescent materials has its

strengths and weaknesses.
1.2. Mesoporous silica nanoparticles as host matrix

The first part of this PhD thesis focuses on the lanthanide based luminescent hybrid materials
prepared by encapsulation of lanthanide complexes in mesoporous silica host matrix. The
profound interest in the use of mesoporous silica nanoparticles (MSNs) for many different
applications is due to their several inherent properties such as low toxicity, excellent chemical

stability and versatile functionalization chemistry. MSNs are chemically inert, thermally stable,

12
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harmless, and inexpensive.*> They also have the capability of being platforms for, or being

integrated with, other nanomaterials.*

Unlike many other nanomaterials, MSNs have constant physical properties similar to those of
bulk material, except the total surface area increases as the size decreases. In addition to the
higher surface area, what really makes MSNs attractive is their well-defined tunable
nanostructures and well-established organosilicate chemistry, which allow us to synthesize
particles with functional architectures for applications in many different fields. Using the Stober
sol-gel process,’ it is possible to grow particles from tens of nm to microns in diameter, simply

by varying the precursor concentrations.

An advantageous property of MSNss is their high surface area, which allows higher loading of the
active guest molecules. This greater surface area can be functionalized with specific functional
groups to improve their suitability for the intended application. Since multiple types of molecules
can be incorporated into a single nanoparticle surface concurrently, enabling the preparation of
multifunctional materials. Mesoporous silica is an excellent host material for a wide variety of
functional materials, including luminescent lanthanide complexes, fluorescent dyes, metal

nanoparticles and biomolecules. These materials have been used as host materials for loading

48, 49 50-54 56-60

catalysts, polymers, metals™ and semiconductor nanoparticles that have potential

. . 1 . . . 2
catalytic, environmental®' and optoelectronic applications.**®

Numerous methods have been reported for the preparation of mesoporous silica materials with
various morphologies from thin films, sphere, fiber, as well as bulk form, such as the MCM
series” and the SBA series.® Organosilane precursor such as tetraethylorthosilicate [TEOS] is
utilized in the sol-gel process. Upon hydrolysis and condensation reactions of TEOS, formation
of a new phase (sol) takes place. The condensation of the small colloidal particles within the sol
leads to the gel phase.®® The main steps involved in the sol-gel process can be described by

equations 1.1,1.2 and 1.3 (figure 1.6).

13
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Hydrolysis
RO RO
H H . : R H
RO—Si—OR + \O/ RO——Si——OH + \O/ (1.1)
RO RO
Condensation
RO OR RO OR

RO—Si—OH + HO—Si—OR =——== RO—S{i—O—Si—OR H\O/H (1.2)
RO OR RO OR

Condensation

RO OR RO OR

RO—Si—OH 4+ RO—S{—OR =—== RO—Si—O—Si—OR + R\O/H (1.3)
RO OR RO OR

Figure 1.6: The main steps involved in the sol-gel process (1.1) hydrolysis of alkoxy groups;

(1.2) condensation of two silanol groups; (1.3) condensation of a silanol and an alkoxy group.

For instance, Stober process has been widely used to prepare monodispersed silica nanoparticles
with the size in the range between 50 and 200 nm, by the ammonia-catalyzed hydrolysis of

TEOS in a water-alcohol solution.*’

In this thesis, a base-catalyzed sol—gel process reported by Qiao et al.®” has been employed to
produce silica nanoparticles. In a typical synthesis, the silica source, tetraethylorthosilicate
(TEOS), is added into a heated basic aqueous alcoholic solution of the cationic templating
surfactant, cetyltrimethylammonium bromide (CTAB). The templating surfactant is later
removed by its decomposition by the calcination process to obtain mesoporous silica
nanoparticles. The surfactant CTAB is shown in figure 1.7. It self-assembles in an aqueous
environment into various regular mesophases. A silica precursor TEOS is attracted by these
micelles without destroying their order or integrity, which is able to condensate around the
micelles, i.e. which is able to form new chemical bonds among each other, to give a

macromolecular network.
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Bf N.
Figure 1.7: The cross section of a roughly spherical structure of CTAB surfactant micelle.

The different steps involved in the synthesis of surfactant templated MSNs are illustrated in

figure 1.8. These MSNs were further used for the preparation of luminescent nanomaterials.

[ .
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Micelle formation

Surfactant removal

Figure 1.8: Illustration of the steps involved in the synthesis of surfactant templated MSNs.

Further, many researchers have focused on the preparation of organically functionalized MSNs
by covalent attachment of a wide variety of functional groups by post-synthesis grafting on the
MSNs exploiting the simple polycondensation chemistry of silica. Surface functionalization of

68, 69

(MSNs) with organic moieties enhance the biocompatibility of these materials. The surface

modification of MSNs with organic moieties allows a wide range of manipulation of the surface
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properties and brings controlled release and molecular recognition capabilities to these materials
for drug/gene delivery and sensing applications, respectively.”’ Surface-modified nanoparticles
can be used in organic and biological media for polymer optical amplifiers or biological imaging,
and luminescent lanthanide complexes may generate light in electroluminescent devices, or work

efficiently as near-infrared emitters.

The encapsulations of rare-earth complex in mesoporous silica matrix have been extensively
studied. The most common way of encapsulation of luminescent rare earth complexes in the
porous nanoparticles includes the utilization of the widely used impregnation technique. This
technique is useful when the complex to be encapsulated is soluble in commonly used organic
solvents. However, the complexes that are insoluble or minimally soluble in organic solvents
need to be either synthesized in-situ inside the pores of presynthesized nanoparticles or they have
to be synthesized during the nanoparticle synthesis process. In this thesis, luminescent
nanomaterials were prepared by encapsulating the presynthesized rare earth complexes. For
instance, an in situ synthesis approach for the nanoencapsulation of the scarcely soluble
europium complex was used to prepare a highly luminescent europium containing nanomaterial.
The surface functionalization of MSNs changes the chemical environment inside the pore

structures of nanoparticles.

Literature shows improvement of luminescent properties of the encapsulated rare earth complex
when it is incorporated in the organically modified porous matrix. Therefore, in this thesis a
detailed study on the effect of different chemical environment on the luminescence of rare earth
complex was carried out by encapsulating the FEu(dbm)sphen (tris(dibenzoylmethane)
mono(1,10-phenanthroline)europium(Ill)) complex inside the pores of organically modified
MSNs. Since the —OH vibrations on the surface of MSNs act as quenchers for the luminescence
of lanthanide complexes, functional groups such as -NH,, —-SH, -(CH3); were grafted on MSNs
to reduce the luminescence quenching of Eu(dbm);phen complex. These functional groups not
only reduce the luminescence quenching but also provides different chemical environments for
the encapsulated Eu(dbm);phen complex. An influence of the presence of organic functional
groups grafted on surface of MSNs on the structural and photophysical properties of the
encapsulated rare-earth complex has been examined. The solid state NMR study was carried out

on the functionalized silica materials containing an analogous diamagnetic model complex -
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(Y(dbm)sphen (tris(dibenzoylmethane) mono(1,10-phenanthroline)yttrium(IIl)). The solid state
NMR study could not be carried out on the materials containing europium complexes owing to
their paramagnetism which causes dramatic broadening of the NMR peaks and shortening of the
relaxation times. In order to investigate the structural behavior of the Eu(dbm)sphen doped in
functionalized MSNs, an analogous diamagnetic model complex (Y(dbm)sphen complex was
purposely synthesized wherein the europium is replaced by yttrium which has the similar
chemical behavior and atomic radius of Eu and encapsulated in the functionalized MSNs. Three
different types of nuclei were investigated, 'H, '*C and *’Si, exploiting several SSNMR
techniques, with the aim of obtaining meaningful structural and dynamic information on these

materials.
1.3.  Ionic liquids

In recent years, Ionic liquids (ILs) have attracted, quite justifiably, enormous attention as
neoteric solvents (new types of solvents) for green synthesis. The first room-temperature ionic
liquid (RTIL), ethyl ammonium nitrate [CH;CH,NH;]" [NO3]" (MP: 12-14 °C), was prepared by
the neutralization of ethylamine with concentrated nitric acid in 1914.”" This discovery did not
arouse immediate interest in the scientific community of the day. The next half century only few
reports appeared on the use of ionic liquids as solvents for organic reactions but occasional
reports on its use as media for electrochemical studies.”* As their name implies, ILs are salts that
are liquid at low temperature. They are better viewed as a new type of non-aqueous solvent.
Many of them are liquid at or below room temperature and that in the molten form these consist
entirely of ionic species.”” The term room-temperature ionic liquids (RTIL), is used to describe
salts that remain liquids at ambient or far below ambient temperature.”* Due to manifold
cation/anion combinations, ILs can be constructed to meet the needs of specific applications and

are therefore also called tailor made or designer solvents.”

The RTILs are comprised of combinations of organic cations, such as imidazolium, pyridinium,
pyrrolidinium, ammonium, sulfonium and phosphonium derivatives, and bulky anions, such as
[BF4], [PF¢], [CF3SOs], and [(CF3SO;);N] ete.”*®? Examples of some commonly used ionic

liquid systems are shown in figure 1.9.
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a) Most commonly used cations
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Figure 1.9: Some commonly used cations and anions in the ionic liquid systems. a) Cations: (1)
1-alkyl-3-methyl- imidazolium (2) N-alkyl- pyridinium (3) N-alkyl- N-methyl- pyrrolidinium (4)
1,2-dialkyl- pyrazolium (5) Tetraalkyl- ammonium (6) Tetraalkyl- phosphonium (7) N-alkyl- N-
methyl- piperidintum (8) N-alkyl-thiazolium (9) Trialkyl- sulfonium b) Anions:(10)
Tetrafluoroborate (11) Bis(trifluoromethane)sulfonimide (12) Hexafluorophosphate (13) Halide
(14) Methyl carbonate (15) trifluoromethane-sulfonate.

Due to the availability of large variety of cations and anions, their combination amounts to
numerous potential ionic liquids. Therefore, physicochemical properties of the ionic liquids can
be easily tuned simply by changing the structure of the component ions. However, a few typical

jonic liquids those containing imidazolium cations are mostly used.®
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An understanding of the physical and chemical properties of the ionic liquids is therefore vital to

establish the usefulness of the new materials.
1.3.1. Physical and chemical properties of ionic liquids

The physicochemical properties of ionic liquids depend on the constituent cations, anions and the
length of the lateral alkyl groups on the heterocyclic rings; therefore it is possible to easily fine
tune the physicochemical properties of ionic liquids such as viscosity, solvation, catalytic
activity, hydrophobicity, and melting point etc. simply by altering the anion or the alkyl group
length.®> %

Ionic liquids have many fascinating properties which make them of fundamental interest to the
chemists. They possess unique physicochemical properties, such as negligible vapor pressure,
non-flammability, high ionic conductivity, and high thermal, chemical, and electrochemical

stability, which make them so distinct from organic solvents.”

Due to the combined effect of greater thermal stability and non-volatility, ionic liquids tend to
have much greater liquidus temperature range (Liquidus range is the span of temperatures
between the freezing point and boiling point of a liquid). The lower melting point of the ionic
liquid is due to the reduction in the lattice energy of the crystalline form of the salts arising from

the low degree of the symmetry of cation.®’

Ionic liquids do not emit any volatile organic compounds (VOCs). The strong Columbic forces
between the anions and cations of the liquid are responsible for the lack of vapor pressure for
most of the ionic liquids. They possess several properties that compel their use as reaction media.
First and foremost is the great stability of salts-thermal, chemical, and electrochemical. Ionic

liquid can be recycled, leading to reduction of the costs of the processes.

As stated above, the variability of the constituent ion (anion or cation) in a given IL may lead to
remarkable changes in their physicochemical properties. Thus, the optimization of physical
solvent characteristics such as miscibility with water and other solvents, dissolving ability,
polarity, viscosity, density, etc. and coordination abilities can be achieved by different

(appropriate) cation/anion combinations. Thus, they are often considered as designer solvents.”
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An important property that changes with structure is the miscibility of water. This behavior can
be of interest when carrying out solvent extractions or product separations. In general, the anion
has greater role in determining hydrophobicity of the ionic liquid than the constituent cation. It is
known that halide anions form ionic liquids which are miscible with water while other anions
such as the bistriflimide anion ([Tf,N]-) typically form hydrophobic ionic liquids, saturated by
less than 2% of water.*> Longer alkyl chains on the cation and fluorinated anions can also
increase the hydrophobic character of the ionic liquid. However, regardless of their hydrophobic
or hydrophilic behavior all ionic liquids are found to be hygroscopic. Therefore, careful drying of

the ionic liquids before use is necessary.
1.3.2. Applications of ionic liquids

In general, ionic liquids possess good dissolution properties for most organic and inorganic
compounds. Their attractive properties such as greater densities (higher than unity),
nonflammability, low volatility together with the ease of handling and high ionic concentration,

has enabled ionic liquids to be used for many different applications. For instance, they are

. . . . . . . 73. 88. 89
proven to be excellent reaction media for a wide range of organic and inorganic reactions, ™™

90-93 94-99

they are used as separation solvents, in the catalysis, materials synthesis, sensing, '* and
chemical separation.'”’ The reactions in ionic liquids are often quicker and relatively easier to
perform than in conventional organic solvents. They may be designed for specific applications
by incorporation of functionalities in its cation or anion as well as by using suitable cation—anion

combination.

Tonic liquids are ionic conductors'® and they have been utilized as electrolytes for
electrochemical devices. Their application in the devices such as lithium batteries, electric

double layer capacitors, dye-sensitized solar cells, fuel cells, and actuators, has also been studied

103-114

extensively during the last few years. Tonic liquids can also dissolve enzymes,'"® form both

polymers and gels for device applications.'”

Ionic liquids possess unique physicochemical properties and their use may lead to new materials

with interesting morphologies and properties that are not accessible by using conventional

organic solvents. Ionic liquids find applications in the synthesis of inorganic materials,''®"''®

1

photochemistry and spectroscopy,'"” desulfurization of fuel,'* enzymatic syntheses,'*' rocket
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propulsion,'** thermal storage devices,'> separation and extraction of actinide and lanthanide,

and for the for the electrodeposition of the electropositive f elements.
1.3.3. Ionic liquids as spectroscopic solvents

Wilkes et al. for the first time proposed RTILs based on the 1-alkyl-3-methylimidazolium cation

124 )
2. “" However, the work was more focused on electrochemical

as spectroscopic solvents in 198
properties of the ionic liquids. Later he studied mixtures of I-methyl-3-ethylimidazolium chloride
with aluminum chloride and reported the dependence of the chemical shifts of protons on the
cations on the proportions of aluminum chloride and organic chloride salt. The interactions
between the anions and cations in the melts were studied by nuclear magnetic resonance (NMR)

spectroscopy.'?

Over the past few years, research and applications of ILs have expanded tremendously. The
initial impetus for this expansion was organic synthesis and the growth of green chemistry. Later,
their applications in separations, chromatography, spectroscopy, and electrochemistry have been
extensively studied. With the increased interest in the ionic liquids in various fields, they became
a real alternative for conventional solvents in spectroscopic experiments. Detailed studies were
carried out to study the polarity and solvation properties of the ionic liquids by performing UV-
Vis absorption and (steady-state and time resolved) fluorescence measurements by dissolving
different organic chromophores in an ionic liquid."**'® Some research groups studied
luminescence of metal complexes in ionic liquids to get insight in the molecular dynamics of

130,132

these systems. The studies on absorption and luminescence properties of uranyl-compounds

133138 The research

dissolved in ionic liquid have been the subject of many research papers.
groups of Biinzli and Binnemans used ionic liquid as spectroscopic solvent for lanthanide
spectroscopy.'®®> Room-temperature ionic liquids have been used as solvents for electronic

absorption spectroscopy of halide complexes of transition metals.'*’

1.3.4. Phosphonium ionic liquids

In recent years, a great deal of attention has been given to imidazolium ionic liquids which is
clear from the published journal literature. Perhaps, imidazolium ionic liquids are the most

extensively studied class of ionic liquids and these ILs have found uses in small-scale synthesis,
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catalysis and more recently in industrial applications. As a result, most of the spectroscopic
studies on lanthanide compounds in ionic liquids have been performed with ionic liquids based
on imidazolium ionic liquids. By comparison, phosphonium ionic liquids have previously
received less attention for the spectroscopic studies. Phosphonium ionic liquids offer a good
alternative to imidazolium ionic liquids for many applications.'* An important difference
between imidazolium and phosphonium ionic liquids is the acidic protons present in the former.
Relative to phosphonium cations, imidazolium cations are not entirely inert and can interact with
solutes either through hydrogen bonding interactions or through the aromatic nature of the ring
system.'*' Tetraalkylphosphonium salts do not have such acidic protons or aromatic rings, and
consequently there is little potential for interaction with solutes. Phosphonium ionic liquids
combine the general properties of ionic liquids such as an inherent high thermal, chemical and

electrochemical stability with a low viscosity and good solubility of metal complexes.

Phosphonium ionic liquids are found to be thermally more stable than imidazolium based ionic
liquids. Thermal stability in excess of 300 °C has been reported for phosphonium ionic
liquids.'* They are found to be more robust than imidazolium based ionic liquids and do not
undergo decomposition in the presence of active metals. PILs were found to have a wider
electrochemical window than imidazolium based ionic liquids. Due to the higher thermal

stability the traces of moisture can be easily removed.
1.3.5. Lanthanide spectroscopy in ionic liquids

Gau et. al. studied UV-Vis absorption of europium (III) complexes in an ionic liquid for the first
time in 1996. They studied chloride complexes in chloroaluminate-1-ethyl-3-methyl-
imidazolium chloride, AlClg-[szim]Cl.l42 Since then, numerous studies have been performed
on lanthanide ions dissolved in ionic liquids."**"**'*'** Biinzli and coworkers noticed energy

159 Binnemans and co-workers have

transfer from ionic liquid crystals to the dissolved Eu’" salts.
shown an enhancement of the photostability of a tetrakis(2-thenoyltrifluoroacetonato)
europate(Ill) complex in imidazolium ionic liquid [Cemim][Tf;N] in comparison to organic

151

solvent (acetonitrile solvent). ° An imidazolium ionic liquid ([C;,mim]Cl) doped with 1 mol. %

Ln(tta)sphen (Ln = Nd, Eu, Er and Yb) complexes were investigated by Biinzli and coworkers.'**
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Tonic liquids have been shown to be suitable solvents for near-infrared emission'>. An intense
near-infrared luminescence for neodymium(Ill) iodide and erbium(Ill) iodide dissolved in the
ionic liquid [Ci,mim][Tf;N] was reported by Arenz et al.'>* The observed intense near-infrared
emission in the ionic liquid is attributed to the anhydrous ionic liquid samples. The absence of
traces of water in the hydrophobic ionic liquid as well as to the lack of high-energy vibrations
such as C-H, N-H and O-H in the first coordination sphere of the lanthanide complex improved

the luminescence of these compounds.

In summary, ionic liquids have been shown to be suitable spectroscopic solvents for studying the
luminescence of lanthanide compounds. By the appropriate choice of an anion of the ionic liquid
a suitable environment around the lanthanide ion can be obtained. The ionic liquid anion and the
anion of the lanthanide compound compete for the first coordination sphere of lanthanide
compound. Weakly coordinating ionic liquids are therefore preferred. The dissolution of
lanthanide compounds in ionic liquids significantly improves luminescence properties of the
lanthanide compounds. Improvement of the properties such as photostability, electrochemical
stability, energy transfer from the ionic liquid and better resolution for infrared luminescence is
reported. However, these properties are not yet studied in detail. Moreover, the published journal
literature shows very few studies on comparative studies of luminescence of lanthanide
compounds in ionic liquids with the commonly used organic solvents. Majority of the published
work focused on more common imidazolium and other nitrogen-containing ILs and the
quaternary phosphonium ILs have not received the required attention for studying luminescence
of lanthanide compounds. As, they have been used extensively in different areas of chemistry for

155-157

many Yyears, particularly catalysis and phase transfer reactions and extractions, these can

also find applications for studying lanthanide compounds.
1.4.  Scope of this thesis

The core of this thesis (Chapters 3, 4, 5 and 6) is based on the preparation of lanthanide based
luminescent hybrid materials. In particular, two kinds of lanthanide based materials are studied
The first part is focused on the studies on silica based luminescent nanocomposite materials.
These materials have been prepared by different ways either by incorporation of the

presynthesized lanthanide complexes into the silica pore structures or by the in sifu synthesis of
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low soluble lanthanide complex in the pores of mesoporous silica nanoparticles. The use of ionic
liquid as a spectroscopic solvent to study luminescence of the ionic complexes has been explored
in the second part of the PhD thesis. In particular, a luminescent soft material was prepared by

encapsulating lanthanide complexes into trioctylmethylphosphine ionic liquid.

The problem of limited solubility of highly luminescent europium based scorpionate complex
that hampers its incorporation into mesoporous silica nanoparticles is addressed through in situ
synthesis approach inside the pore structures of nanoparticles. In Chapter 3, a route for europium
(III) tris(pyrazol-1-yl)borate complex [Eu(Tp)s] formation inside the pores of mesoporous silica
nanoparticles (MSNs) has been established to produce a highly luminescent nanostructured
hybrid. Photoluminescence spectroscopy, X-ray diffraction, N, adsorption, FTIR spectroscopy,

and TEM were used to characterize the material.

In chapter 4, the structural and photophysical properties of the Eu(dbm)s;phen complex
encapsulated into functionalized mesoporous silica nanoparticles has been studied in detail. In
order to understand the interfacial interactions between the Eu(dbm)s;phen complex and
organically modified silica nanoparticles and the effect of these interactions on its photophysical
properties, analogous diamagnetic complex Y(dbm)s;phen has been impregnated in organically
modified mesoporous silica nanoparticles. The solid state NMR (SSNMR) studies were carried
on yttrium/silica nanocomposite in order to understand the structural and dynamic information

for these systems which can be extended to the europium/silica composites.

In chapter 5, systematic study was carried out to understand the effect of Tb(dbm)sphen doping
on the luminescence of Eu(dbm)s;phen containing nanoparticles. Two approaches have been used
to optimize the luminescence of europium complex doped into MSN. The maximum possible
loading concentration of Eu(dbm)s;phen complex has been determined by doping the europium
complex alone in the MSN. The MSN nanomaterial containing appropriate ratio and total
amount of Eu(dbm);phen and Tb(dbm)sphen has been established through the
photoluminescence spectroscopic studies. The material was fully characterized with XRD, TEM,

UV-Vis absorption spectroscopy, N, adsorption-desorption techniques.

Based on a survey of published work, it appears that imidazolium based ionic liquids have been

mostly used as spectroscopic solvents for studying lanthanide compounds. This work was aimed
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at the synthesis of new phosphonium based tetrakis anionic lanthanide complexes and the study
of their luminescence properties in an asymmetric phosphonium cation based hydrophobic ionic
liquid. In chapter 6, Investigations of the properties such as melting point, thermal behavior,
FTIR, crystal structure analysis were carried out on new tetrakis lanthanide complexes and their

luminescence properties has been studied in solid state as well as in the ionic liquid.

In summary, the scope of this PhD thesis was to study the luminescence properties of lanthanide
based silica nanocomposite materials and lanthanide doped ionic liquids as new luminescent soft

materials.
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Chapter-2

Instrumentation, Procedures, Materials and Synthesis

2.1. Instrumentation

2.1.1. UV/VIS spectroscopy

UV-visible spectra of solutions were recorded with a Agilent diode array spectrometer 8453
using a 1 mm quartz cell. Diffuse reflectance UV-visible spectra (DRS) were recorded at room
temperature on a JASCO V-570 spectrophotometer equipped with an integrating sphere and
BaSO, was used as reference. The Kubelka-Munk function F(R) = (1-R)?/2R was obtained from

reflectance to approximate the optical absorbance.
2.1.2. Luminescence spectroscopy

Photoluminescence measurements were performed with a Fluorolog 3-21 system (Horiba Jobin
Yvon). A 450 W xenon arc lamp was used as a broadband excitation source and a double
Czerny-Turner monochromator was used to select the excitation wavelength for
photoluminescence excitation. All emission spectra were obtained using the same amount of

powder, measured at room temperature and recorded under the same conditions.

The analysis of the emitted luminescence signal from the samples was performed by using a
1iHR320 single grating monochromator and a R928 Hamamatsu PMT for the visible range, while
R5509 Hamamatsu PMT for the near infrared range. The excitation spectra were recorded in the

250450 nm range with 1 nm band pass resolution, dividing the PMT signal by the intensity of
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the lamp, measured by using a calibrated photodetector. On the other hand, the emission spectra
were recorded in the 550-750 nm range with 1 nm band-pass resolution and corrected for the
response of the instrument, keeping into account the wavelength dependent efficiencies of the

optical elements and detectors.

Time resolved characterization was obtained by exciting the sample with a SpectralL ED-03 laser
diode, providing a 377 nm excitation; with 12 nm spectral bandwidth. The excitation pulse
duration was set at 5 ms and the photoluminescence decay was acquired for about 20 ms, which
was sufficient to allow the signal going to zero. These measurements were obtained by working

in multi channel single photon counting (MCSPC) mode.
2.1.3. Solid State NMR Spectroscopy (SSNMR)

All the experiments were performed on a double-channel Varian Infinity Plus 400 spectrometer
working at 400.02 MHz for hydrogen-1, 79.47 MHz for silicon-29 and 100.59 MHz for carbon-
13, equipped with either a 7.5 mm or a 3.2 mm Cross-Polarization Magic Angle Spinning (CP-
MAS) probe head.

High-resolution experiments on Y(dbm);phen complex and modified MSNs were performed on
the 7.5 mm CP-MAS probe head, with 'H and °C 90 degree pulse durations of 5 ps. For the *’Si
and °C CP spectra, 50000 and 10000 transients were accumulated, respectively, and a contact

time of 1 ms and a relaxation delay of 5 s were used.

Experiments on composites were performed on the 3.2mm CP-MAS probe head with 'H and "°C
90 degree pulse durations of 2.5 ps. °C CP spectra were recorded accumulating 25000 transients

and using a, contact time of 1 ms and a recycle delay of 3 s.

PC direct excitation (DE) MAS spectra were recorded with a recycle delay of 2 s in order to
select signals arising from "°C nuclei with short spin-lattice relaxation times (T1), accumulating

20000-25000 transients.

Proton T's were measured under low-resolution conditions by using a saturation recovery pulse

sequence and accumulating 32 transients for each delay.
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BC T, measurements were performed by the Torchia pulse sequence' accumulating about 1500

transients for each delay.

All the measurements were performed at 25 °C unless otherwise stated. Temperatures were

controlled within £0.4 °C. Air was used as either spinning or heating gas.
2.1.4. Nitrogen physisorption measurements

Nitrogen adsorption—desorption measurements were performed at liquid nitrogen temperature (-
196 °C) with an ASAP 2010 apparatus from Micromeritics. The analysis procedure is fully
automated and operates with the static volumetric technique. Before each measurement, the
samples (100 mg) were out gassed at 130 °C for 12 h at 5 x107 Torr and then at room
temperature for 2 h at 0.75 x 10°° Torr. The N, isotherms were used to determine the specific
surface areas by using the BET equation,” micropore volume, using t-plot and the specific pore
volume (Vs ), calculated at P/PO = 0.98. The pore-size distribution was calculated following the

BJH method,” assuming a cylindrical pore model.
2.1.5. CH-Elemental Analysis

Elemental analyses were performed with a Perkin—Elmer 2400 CHN microanalyser at the

University of Padova, Italy.
2.1.6. Single crystal X-Ray structure determination

Data collections were performed at the X-ray diffraction beamline (XRDI1) of the Elettra
Synchrotron, Trieste (Italy) with a Pilatus 2M image plate detector. Complete datasets have been
collected at a monochromatic wavelength of 0.6526 A through the rotating crystal method. The
crystals of compounds were dipped in N-paratone and mounted on the goniometer head with a
nylon loop. The diffraction datasets were collected at 100 K, using a nitrogen stream supplied
through an Oxford Cryostream 700. The diffraction data were indexed and integrated using
XDS,* and scaled with SCALA. The structures were solved by direct methods using SIR2011,’
Fourier analyzed and refined by the full-matrix least-squares based on F2 implemented in
SHELXL-97.° Coot program has been used for modeling.” Empirical absorption correction has
been applied as implemented in the XABS2 program.® Anisotropic thermal motion modeling was

then applied to atoms with full occupancy and occupancy greater than 80%. In the final
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refinement, all non-hydrogen atoms were treated anisotropically and the hydrogen atoms were

included at calculated positions with isotropic Ufactors = 1.2 Ueq.
2.1.7. Powder X-Ray Diffraction

X-ray diffraction analyses were performed on disc shaped pressed powdered samples using a
Philips X’Pert vertical goniometer with Bragg—Brentano geometry, connected to a highly
stabilized generator. A focusing graphite monochromator and a proportional counter with a
pulse-height discriminator were used. Nickel-filtered Cu Ko radiation and a step-by-step
technique were employed (steps of 0.05° 26), with collection times of 10 s/step. The size of the
crystallites was evaluated by line broadening analysis (LBA) using our previously published

method.’
2.1.8. Thermal analysis (TGA)

Thermogravimetric analysis (TGA) was performed with Netzsch STA 409 instrument using
alumina as the inert standard TGA analyses were carried out within a temperature between 40 °C
to 1000 °C, and with the heating rate of 10 °C min'l, and an air to N, flow ratio of 1:2 (40:80 mL

min™).
2.1.9. Transmission Electron Microscope (TEM)

TEM images were taken with a JEOL 3010, operating at 300 kV, equipped with a GATAN
(Warrendale, PA, USA) multi-scan CCD camera. TEM specimens were prepared by
ultrasonically dispersing the powdered samples in ethanol (approximately 10 mg mL™) and
depositing several drops of the suspension on a holey carbon film supported by a copper grid.

2.1.10. Energy-dispersive X-ray spectroscopy (EDS)

EDS spectra were recorded by Oxford EDS microanalysis detector equipped on JEOL 3010

system.
2.1.11. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were recorded by using a Thermo Nicolet Magna IR™ spectrometer in the range
4000 - 400 cm™ at a resolution of 2 cm™ in KBr background using diffuse reflectance infrared

Fourier transform (DRIFT) spectroscopy.
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2.1.12. Raman Spectroscopy

Raman spectra were recorded with a Renishaw inVia microRaman spectrometer using a 50x

magnification and the 633 nm line of a He-Ne laser as exciting line.
2.1.13. Nuclear Magnetic Resonance Spectroscopy (NMR)

'H and >C NMR spectra were recorded on a Varian Unity Spectrometer (400 MHz). The spectra
are recorded in deuterated chloroform (CDCl;). All chemical shifts are given in ppm with respect

to tetramethylsilane (TMS).
2.2. Procedures

2.2.1. Luminescence decay times

The decay curves were fitted with the least squares method, by using a monoexponential or a
biexponential equation. In all cases, %* values close to 1 confirmed the high quality of the fitting
procedure. Standard quartz 1 cm fluorescence cuvets were used for liquid samples.
Luminescence lifetime data were extracted from the decay curves using the program Origin

software.
2.2.2. Quantum yield determination

Quantum efficiency values for the lanthanide complex containing samples were obtained by
using an integrating sphere coupled to the same Fluorolog-3 system and by measuring the rate

between the number of emitted photons and the number of absorbed photons.
2.2.3. Density determination

The absolute densities of the lanthanide complexes were determined by using Micromeritics

Multivolume Pycnometer 1305.

2.3. Materials
Tetraethyl orthosilicate (TEOS, Aldrich, 98%)

Hexadecyl-trimethylammonium bromide (CTAB, Aldrich)
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Europium trichloride hexahydrate (Eu-Cl;-6H,0, Aldrich, 99.9%)
Samarium trinitrate hexahydrate (Sm-(NO3);-6H,0, 99.9%, Aldrich)
Terbium trichloride hexahydrate (Tb-Cl;-6H,O, Aldrich, 99.9%)
Yttrium trichloride hexahydrate (Y-Cls-6H,0, Aldrich, 99.99%)
Sulphuric acid (Carlo Erba, 96%)

Sodium hydroxide (Sigma-Aldrich, 98%)

Ammonium hydroxide solution (Fluka, 28 wt% in water)
Hydrogen peroxide (Sigma-Aldrich, 30%)

n-propylamine (Aldrich, 99%)

Tri-n-octylphosphine (TOP, 97%, Aldrich),

Dimethyl carbonate [DMC, >99%, Sigma—Aldrich]

(trifluoromethane)sulfonimide lithium salt bis(trifluoromethane)sulfonimide lithium salt

(99.95%, Aldrich), [LiINT3]

Potassium borohydride [99.9% Aldrich]

Pyrazole [98%, Aldrich]

(3-aminopropyl)-triethoxysilane (APTES, Aldrich, 99%)
(3-Mercaptopropyl)-trimethoxysilane (MPTMS, Aldrich, 95%)
Ethoxytrimethylsilane (ETMS, Aldrich, 98%)

1,10 phenanthroline (phen, Aldrich, 99%)

Dibenzoylmethane (dbm, Aldrich, 98%)

Dichloromethane (Carlo Erba, 99.5%)
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Absolute ethanol (99.8%, Carlo Erba)
Hexane (Carlo Erba)

Cyclohexane (Fluka, 99%)

Toluene (Fluka, 99%)

Distilled water

All the reagents and solvents were used as received.
2.4. Synthesis

2.4.1. Synthesis of mesoporous silica nanoparticles (MSNs)

Mesoporous silica nanoparticles were prepared according to the method by Qiao et al.'’ To a 500
mL round bottom flask was added 128 mL distilled water, 22.8 mL ethanol, 5.73 g CTAB
previously dissolved in 17.2 mL water, and 1.25 mL 28% ammonia solution. The reaction
contents were stirred at 60 °C for 30 min, followed by the addition of 14.6 mL TEOS. Stirring
was continued for an additional two hours at 60 °C. The obtained solid was recovered by
repeated centrifugation (20 min at 9000 rpm) and sonication (30 min) by washing once with
distilled water and three times with ethanol. The solid was dried under reduced pressure (10

mbar for 1 h) and calcinated at 600 °C for 6 h to remove the templating surfactant from the pores.
2.4.2. lonic liquids
Phosphonium ionic liquids were synthesized using procedure reported by Perosa et al.'’

2.4.2.1.[TOMP][CH30COO]

TOP (25 mL, 20.8 g, 56 mmol), DMC (30 mL, 32.1 g, 356 mmol) and methanol (30 mL) were
combined (two phases) in a sealed 200 mL steel autoclave fitted with a pressure gauge and a
thermocouple for temperature control. Three freeze—pump—thaw cycles were carried out to
ensure complete degassing of the mixture and air removal. The empty volume was then filled
with nitrogen. The autoclave was heated for 20 h at 140 C with magnetic stirring, after which
time it was cooled and vented. Methanol and residual DMC were removed from the mixture by

rotary evaporation, to give [TOMP][CH;0COO] (27.5 g, 100%) as a viscous clear colourless
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liquid. "H NMR (neat, 60 °C, 400 MHz, [Ds] DMSO): & = 3.15 (s, 3H; CH;0C00), 2.33 (br t,
6H; P-CH, ), 1.88 (d, J(P,H) = 14 Hz, 3H; P-CHj ), 1.42 (br, 6H), 1.27 (br, 6H), 1.11 (br, 24H),
0.70 ppm (br t, 9H); *C{'H} NMR (neat, 60 °C, 100 MHz, [Ds ]DMSO, CH, assigned by 2D
INADEQUATE): &= 155.8 (1 C; C=0), 50.0 (1 C; CH; 0), 30.9 (3 C; C¢ ), 29.9 (d, J(P,C)=15
Hz, 3 C; Cs3),282 (3 C;Cs),28.0(3C;Cs),21.6(3C;C7),20.7 (d, JP,C)=4 Hz, 3 C; C, ),
19.0 (d, J(P,C)=48 Hz, 3 C; C, ), 12.8 (3 C; Cg ), 2.6 ppm (d, J(P,C)= 53 Hz, 3 C; P-CH3 ); FTIR
(neat): 2900, 2856, 1669 cm™.

2.4.2.2.]TOMP][NT;]

The [TOMP][NTf;] ionic liquid was prepared by a metathesis reaction between
[TOMP][CH;0COO] IL (8.0 g, 16.26 mmol) and Bis(trifluoromethane)sulfonimide lithium salt
[LINTL;] (4.66 g, 16.26 mmol) in water. The mixture was stirred at 70 °C for 2 h. The resulting
white precipitate was extracted with CH,Cl, and the solvent was removed under reduced
pressure to afford pure, and dry [TOMP][NT{;] as a clear liquid. (6.10 g, 60%) 'H NMR (neat,
60 °C, 400 MHz, [Dg]DMSO): 6 = 1.96 (br, 6H; P-CH>), 1.55 (d, J(P,H) = 13 Hz, 3H; P-CHs),
1.34 (br, 6 H), 1.24 (br, 6 H), 1.09 (br, 24H), 0.68 ppm (br t, 9H); *C{'H} NMR (neat, 60 °C,
100 MHz, [D¢]DMSO): d=119.1 (q, J(F,C)=321 Hz, 2C; CF3), 30.6 (3C; C¢), 29.3 (d, J(P,C) =
15 Hz, 3C; Cy), 27.8 (3C; Cs), 27.5 (3C; Cy), 21.4 (3C; Cy), 20.2 (d, J(P,C)=5 Hz, 3C; C,), 19.0
(d, J(P,C)=48 Hz, 3C; C)), 12.6 (3C; Cy), 2.3 ppm (d, J(P,C)=52 Hz, 3C; P-CH3); FTIR (neat): =
2930, 2859, 1468, 1352 cm™.

2.4.2.3.[]TOMP][DBM]

To a 50 mL round bottomed flask was added [DBM] (2.27 g. 10.14 mmol) and
[TOMP][CH;0COO] (5 g. 10.14 mmol). The mixture was stirred at RT for 2 h. It was then

stirred under high vacuum to eliminate co-products such as MeOH and CO; formed during the

reaction. FTIR: 3055, 3028, 2955, 2925, 2854, 2731, 1608, 1565, 1493, 1465, 1431, 722.
2.4.3. Potassium hydrotris(pyrazol-1-yl)borate K[Tp]

Potassium hydrotris(pyrazol-1-yl)borate K[Tp] was prepared according to the literature method'?

by reacting potassium borohydride with pyrazole.
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2.4.4. Lanthanide complexes
2.4.4.1.Synthesis of europium tris(pyrazolylborate) complex [Eu(Tp)3]13

EuCl5-6H,0 (0.086 g 0.235 mmol) was dissolved in distilled water (10 mL) with stirring. K[ Tp]
(0.182 g 0.721 mmol), pre-dissolved in distilled water (5 mL), was added to the stirring solution.
A white precipitate formed and was recovered by filtration. The obtained powder was washed
firstly with water, then ethanol (10 mL), and finally it was dried under reduced pressure to give a

white solid of the pure complex with a yield of 46 % (0.086 g) (scheme 2.1).

H\
B
RN
NN N= A\
K(Tp) /Nll’"" \ : N
p SN N
Eu.Cl3.6H,0 @ /__EUQ.\.NBN‘
H,O, RT _ N ‘B
\ N/\j NN~ H
|22

Scheme 2.1 Synthesis of the europium tris (pyrazolylborate) complex [Eu(Tp)s]
2.4.4.2.Synthesis of Ln(dbm);phen complexes

Eu(dbm)sphen has been synthesized by the method reported earlier'* with some modifications. A
solution of dibenzoylmethane (2.21 g, 9.8 mmol), 1,10 phenanthroline (0.593 g, 3.29 mmol), and
NaOH (0.4 g, 9.88 mmol) in ethanol (35 mL) was warmed (60 °C) with stirring for two hours.
Eu.Cl5.6H,0O (1.205 g, 3.29 mmol) was dissolved in distilled water (3 mL) and added drop-wise
to the above solution resulting into precipitation of complex Eu(dbm)sphen. The crude product
was suspended in dichloromethane and centrifuged (2 X 9000 rpm / 30 min) to remove the
formed NaCl. Solvent was removed under reduced pressure and the Eu(dbm);phen complex was

recovered as a yellow powder.
Tb(dbm)s;phen was prepared as above substituting Eu-Cl;-6H,0 by Tb-Cl;-6H,0.

Tris(dibenzoylmethane)(monophenanthroline)yttrium(IIl) [Y(dbm)s;phen] was prepared by using
the same procedure as that of Eu(dbm)sphen substituting Eu-Cl;-6H,O by Y-Cl3:6H,O. The
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Eu(dbm)s;phen, Tb(dbm)sphen and Y(dbm)s;phen complexes are shown schematically in figure

2.1.
0 ,b 7 O O/II X O O X
OEu = O~~-.\T"-——N Z O~~-.\ / .-Nz
0 ,'\ . 07\ N 07\ N

Figure 2.1: Molecular structure of the Eu(dbm);phen, (a) Tb(dbm)sphen, (b) and Y(dbm)s;phen

(c) complexes.
2.4.4.3. TOMP[Eu(dbm),]

An aqueous solution (6 mL) of Eu.Cl;.6H,O (0.57 g. 1.58 mmol) was added dropwise to
[TOMP][dbm] (3.88 g. 6.32 mmol) in ethanol (10 mL). The reaction mixture was stirred for 2 h;
precipitated complex was filtered and dried under high vacuum (10™' mbar/1 h). The crystals of
TOMP[Eu(dbm),4] were suitable for single-crystal X-ray structure determination (scheme 2.2).
(CgsHogsEuOgP: Mr: 1430.62) (Scheme 2) Yield (1.56g, 69%). MP: 190-206 °C FTIR: 3060
(vs(C-H)ar, 3029, 2954, 2925, 2856 (vs(C-H); 1957, 1896; 1600, 1552, 1515 (vs(C-O); 1470,
1425, 1310 vs(C-0O---M); 1280, 1220; 1180 (vs(C-P); 1066 (vs(C-O); 1030 v(Ring deformation),
940, 780, 720 cm ', Raman: 1595 (V(C=C)ar; 1556; 1488, 1443 w (v(C=C)ar; 1309 s (v(C-H)ar;
1274, 1178; 1059, 1000 (Ring deformation); 940, 788, 682 (Ring deformation); 617, 460 m
(V(Eu-0); 240, 190 v(Eu-O chelate ring deformation); 133, MP: 109-206 °C. Anal. Calcd: C,
71.2 %; H, 6.85 %. Found: C, 69.94 %; H, 6.70 %.

2.4.4.4.TOMP[Sm(dbm),]

An aqueous solution (6 mL) of Sm(NO3)3;.6H,O (0.96 g. 2.16 mmol) was added dropwise to
[TOMP][dbm] (5.263 g. 8.64 mmol) in ethanol (6 mL). The reaction mixture was stirred for 2 h;
precipitated complex was filtered, washed with ice-cold water and the sticky solid was first dried

under reduced pressure (10" mbar/4h) and crystallized from ethanol (2.59g, 84%) (Scheme 2.2).
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The complex showed red/orange luminescence under the UV lamp (366 nm). (CgsHogSmOgP:
Mr: 1429.016) M.P.: 236 — 249.8 °C; FTIR (KBr): = 3062, 2927, 2854 (C-H), 1760 (C=0),
1616, 1596, 1554, 1515, 1465, 1423, 1307, 1276, 1218, 1176, 1068 (C-P), 1025, 941, 717, 690
cm-1; Raman: 1595, 1488, 1443, 1312, 1274, 1179, 1060, 997, 938, 785, 670, 617, 402, 241,
196, 127. Anal. Calcd: C, 71.37; H, 6.85 %,. Found: C, 71.35 %; H, 6.80.

- Eu(Cl);.6H,0 / .
. CgqH,-);PCH
© (C8H17)3PCH3 Ethanol /Ln ( 8 17)3 3
O RT/2h

Ln = Eu (I), Sm (II)

Scheme 2.2: reaction scheme of the formation of [TOMP][Eu(dbm)s] (I) and
[TOMP][Sm(dbm)4] (IT).
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Chapter 3

In situ synthesis of highly luminescent scorpionate
complex [Eu(Tp);] inside the pores of mesoporous
silica nanoparticles

Abstract

A route for europium (III) tris-pyrazolyl borate complex [Eu(Tp);] formation inside the pores of
mesoporous silica nanoparticles (MSNs) has been established to yield a highly luminescent
nanostructured hybrid. Two different in situ chemical precipitation techniques have been
explored for the nanoencapsulation of the Eu’* complex [Eu(Tp)s] inside the pore channels of
mesoporous silica nanoparticles, by varying the sequence order of precursor impregnation. In the
first method, the Eu salt is introduced into the pores by wet impregnation and removal of the
solvent, followed by wet impregnation of the ligand. In the second approach, the addition
sequence is reversed. The importance of the addition sequence was demonstrated by the
successful formation of the europium (III) tris-pyrazolyl borate complex in the pore network by
following the first approach. The observed pyrazol-1-yl borate (Tp) to Eu’" intramolecular
energy transfer, i.e., the antenna effect, verified the formation of the complex.
Photoluminescence spectroscopy, X-ray diffraction, N, adsorption, FT-IR spectroscopy, and

TEM were used to characterize the material.
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3.1. Introduction

Luminescent nanomaterials have received ever-increasing attention in recent years, due to a
growing demand for new functional nanomaterials.! Amongst these, lanthanide based
luminescent nanomaterials have been widely investigated because of their application in many

different fields.

Mesoporous silica nanoparticles (MSNs) that are prepared by surfactant templating methods®
display many attractive features and are ideal as host matrices for optical materials. Lanthanide
complexes with organic ligands possess unique optical properties, and are widely used for
biological applications. In particular, Eu (III) complexes with tailored antenna-ligands have been
widely studied for applications that include biolabeling®*. Although prior reports have been

7, their

given for the doping of different Eu(Ill)-B-diketonates within inorganic matrices™
application as biolabels has been limited due to their poor stability in biological media. This
inherent instability arises from their high sensitivity to aqueous environments, and to acidic and
alkaline conditions. In contrast, highly symmetric pyrazole based scorpionate complexes show
excellent stability under such conditions, which arises from their highly symmetric structure and
ligand coordination sphere. Their intense luminescence emission™ and elevated stability
therefore makes them viable candidates for use in biolabeling applications. In this context, their
incorporation into an inorganic host which may be readily dispersed in different media and
modified on the surface is of interest. However, the pyrazole based scorpionate complexes have

limited solubility in commonly used organic solvents, which means that the wet impregnation

technique is unsuitable for their introduction into inorganic matrices.

MSNs have shown to be a promising matrix material. They provide a protective structure which
prevents the incorporated guest molecules from coming into contact with the immediate external
environment'® and a chemically and mechanically stable vehicle. In some cases they have also

shown to enhance the photophysical properties of the encapsulated fluorophores'' ™.

In the last few years, numerous examples of lanthanide complexes being incorporated into the
pore structure of silica nanoparticles have been reported, with their preparation most commonly

and conveniently achieved by wet impregnation’. This procedure requires good solubility of the
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lanthanide complex, however, due to the low solubility of Eu(Tp); in most common solvents,

alternative routes for its incorporation into the matrix are required.

In this chapter we report a procedure for the in situ synthesis of Eu(Tp); inside the pore channels
of MSNs by two different routes: Eu salt impregnation followed by ligand impregnation (method
A) and ligand impregnation followed by Eu salt impregnation (method B). The luminescent
nanostructured material obtained by method A was characterized by photoluminescence
spectroscopy, XRD, TEM, and FTIR spectroscopy, demonstrating the successful formation of
the complex within the MSNs pores. The study was systematically carried out as follows: a) the
bare MSNs were prepared and characterized, b) the bare MSNs were loaded with different
amounts of Eu(Tp); via method A, ¢) the maximum nominal complex loading for which all of the
Eu(Tp)s was confined inside the pores of the MSNs was determined by XRD and TEM analysis,
d) the MSNs were loaded with the same nominal concentration of Eu(Tp)s determined in step ¢
via method B, and e) a comparison between the samples comprising the same nominal loading,

prepared by the two different methods (A and B) was performed.
3.2. Experimental

3.2.1. Synthesis of Eu(Tp); in the pore channels of MSNs

Figure 3.1: Molecular structure of the europium tris (pyrazolylborate) complex [Eu(Tp)s]

complex.

Method A: The general synthesis is described for sample Si-A-6: EuCl;-6H,O (2 mg, 0.006
mmol) was dissolved in distilled water (2 mL) and added to MSNs (0.100 g). The solution was
stirred overnight and the water was then removed under reduced pressure. An aqueous solution

containing 3 mol equivalents of KTp (4.5 mg, 0.018 mmol) in 2 mL of distilled water was added
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to the residual solid. The resulting suspension was stirred overnight, and then the water was
removed under reduced pressure. The resulting solid was washed twice with distilled water (10
mL). Samples Si-A-12 to Si-A-117 were prepared via the same procedure and the nominal
concentrations are listed in Table 3.1. The theoretical % wt of the complex has been determined

with respect to a 0.1 g silica matrix for each sample.

Method B: A solution of KTp (0.072 mmol) in distilled water (2 mL) was added to 0.100 g of
MSNs and the suspension was stirred overnight. The solvent was subsequently removed under
reduced pressure. To the obtained solid was added a solution containing EuCls;-6H,O (0.024
mmol) in 2 mL of distilled water. The resulting suspension was stirred overnight, and the water
was then removed under reduced pressure. The resulting solid was washed twice by distilled

water (10 mL). The obtained powder is named Si-B-24.

Table 3.1: Samples Si-A-6 to Si-A-117 prepared by method A. Sample Si-B-24 prepared by
method B. (The maximum percentage of the occupied pores is evaluated by using the measured

mass density of the Eu complex of 1.62 gr cm™).

Sample Nominal Nominal Nominal % of pore volume
concentration of Eu(Tp); wt% Eu(Tp)s occupied by Eu(Tp);
(mmol/0.1 g MSN)
Si-A-6 0.006 4.5 % 1.8 %
Si-A-12 0.012 8.7 % 3.6 %
Si-A-24 0.024 16 % 7.3 %
Si-A-42 0.042 27.5 % 14.6 %
Si-A-84 0.084 43 % 29.3 %
Si-A-117 0.117 51 % 40.8 %
Si-B-24 0.024 16 % 7.3 %

3.3. Results and discussion

The morphology of the bare MSNs was shown to be spherical to elliptical in shape with
diameters ranging 50-70 nm, as illustrated in the TEM micrograph (figure 3.2). The BET surface

area was determined as 1286 m?/ g and the average pore volume was 4 nm.
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Figure 3.2: TEM micrograph of MSN powder.

In order to study the distribution of the Eu complex inside or outside the MSNs pores, the
samples obtained by route A were examined by powder XRD and TEM analysis. Powder
diffraction analysis can give indications as to whether the complex is present and where it is
located with respect to the pore structure. The differentiation is made on the basis that large
crystal growth can only occur outside the pores, while the confined internal space of the pores
(ca. 3 nm) prevents the formation of crystals with sizes greater than the pore domain. In the latter
case, the diffraction peaks would be extremely broad and difficult to discriminate from the

amorphous pattern of the MSN matrix.
3.3.1. Powder X-ray diffraction analysis

Representative XRD patterns corresponding to sample Si-A-24, sample Si-A-42 and the pure
complex are given in figure 3.3. The pure Eu(Tp); showed a powder diffraction pattern which is
typical of a material with large and well-formed crystals. In the pattern of sample Si-A-42, the
narrow peaks in the spectrum were attributed to Eu(Tp); crystallites greater than 30 nm, as
determined by Scherrer analysis. All of the samples prepared by method A with Eu(Tp);
concentrations greater than 0.042 mmol showed similar patterns to that of sample Si-A-42 (not
shown). In contrast, the characteristic peaks of the Eu(Tp); complex could not be detected in the
XRD pattern of sample Si-A-24, despite its presence being supported by PL and PLE data (see

the discussion of the luminescence data). This is coherent with the presence of the complex
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inside the pores of the MSNs. Similar XRD patterns were observed for the samples prepared

with lower concentrations of the complex.

Si-A 24

Intensity (arbitrary units)

Eu(Tp)

3

10 20 29 30 40

Figure 3.3: XRD pattern of Eu(Tp)s, Si-A-24 (0.024 mmol of Eu(Tp); complex), Si-A-42 (0.042
mmol of Eu(Tp); complex).

3.3.2. TEM images:

TEM micrographs of the samples Si-A-24 and Si-A-42, prepared via route A, are respectively
depicted in figure 3.4a and figure 3.4b. Micrograph figure 3.4b revealed the presence of large
Eu(Tp); crystals for the sample prepared with a nominal complex concentration of 0.042 mmol.
This further corroborated the results obtained by XRD, which indicated that complex formation
occurred outside of the pores. EDS microanalysis was performed by focusing on the large
structures visible in the vicinity of the silica nanoparticles and supported the presence of Eu, C,
N, O, and Si elements (figure 3.4c), which were attributed to the Eu(Tp); complex. Copper peaks
which were also visible in the spectra were ascribed to the support grid. In the samples prepared
with Eu(Tp)s concentrations below 0.024 mmol (sample Si-A-24 is representatively shown in
figure 3.4a), the presence of crystals could not be visually detected. Nevertheless, the EDS
microanalysis which was focused on the MSNs revealed the presence of Eu, C, N, O, and Si

elements, supporting the formation of the complex within the pore channels.
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The XRD and TEM results show that the sample Si-A-24 contains all the loaded Eu within the
pores of the MSNs. Since greater loading led to the formation of large complex crystals outside
of the pores, the nominal concentration of Eu(Tp); complex (i.e., 0.024 mmol) was used to

prepare the comparative sample by method B.

counts

Eu
u

USRI
00 05 1.0 15 20 25 30 35 40 45 50 55 60 65
energy (keV)

Figure 3.4: TEM images of (a) Si-A-24 and (b) Si-A-42 samples. The latter demonstrates the
formation of the complex outside the silica pore channels. ¢) EDS spectrum for sample Si-A-42

focalized on point 1 in 4b. This spectrum is identical to the one obtained on point 2.
3.3.3. N, adsorption desorption analysis

As described in the experimental section, the difference between the two proposed in situ routes
is based on the addition sequence of the precursors by wet impregnation, as required to generate
the Eu(Tp); complex within the pores. In route A, impregnation of EuClj is performed in a first
step, followed by the addition of the ligand in a proceeding separate step. In route B, the addition

sequence is reversed by introducing the ligand to the pore structure of the MSNs before the
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addition of the Eu salt. The two samples, Si-A-24 and Si-B-24, contain the same nominal
concentration of Eu(Tp); complex (i.e., 0.024 mmol) despite their different preparation. N,
adsorption data for sample Si-A-24 showed that the pore volume decreased markedly from 1.6 to
1.2 em’g’, and that the average pore diameter increased from 4.0 to 7.5 nm (Table 3.2). While
this suggests that complex formation may have occurred within the pore structure, further
examination of the materials’ optical properties would also be necessary for confirmation. This
observed increase in average pore diameter and decrease in pore volume can be explained by
volume shrinkage, which eliminates some of the smaller pores. The apparent formation of the
complex in the pores led to a decrease in the specific surface area from 1286 to 669 m’g”. A
similar trend was observed for sample Si-B-24. This similarity in reduced surface area and pore
volume for the two samples should be expected since they were prepared using the same

precursor concentration loading, notwithstanding the different addition sequences.

Table 3.2: N, adsorption desorption analysis results for the mesoporous silica nanoparticles and
samples obtained with route A (Si-A-24) and route B (Si-B-24) with the 0.024 mmol

concentration of Eu(Tp)s.

Sample BET Surface |Single Point Adsorption Adsorption
Area (mz/g) Total Pore Volume Average Pore
(cm’/g) Diameter (nm)
MSN 1286 1.6 4.0
Si-A-24 669 1.2 7.5
Si-B-24 702 1.1 6.3

3.3.4. Photoluminescence properties

In order to probe the outcome of the two different methods tested for the in situ formation of the
complex within the MSN pores, the photoluminescence properties of Si-A-24 (method A), Si-B-
24 (method B) and the pure complex in the absence of silica were compared. The room
temperature PLE (A¢y: 618 nm) spectra, and PL measured at both Aex.: 318 nm and Aexe: 394 nm

are shown in figure 3.5a, 3.5b and 3.5c, respectively.
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Figure 3.5: (a, left) room temperature PLE (Aen: 618 nm) spectra, and (b, right) PL measured at
Aexc: 318 nm for solid samples of pure complex Eu(Tp)s, Si-A-24 and Si-B-24.
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Figure 3.5: (c) comparison of room temperature luminescence emission spectra of complex

Eu(Tp)s, Si-A-24 and Si-B-24 measured at 318 nm and 394 nm.

In figure 3.5a, the excitation spectrum of the complex consists of a broad band which arises from
the absorption of the ligands and from direct f—f electron transitions of Eu®* ions. This absorption
band is ascribed to the 1 — ©* band of the Tp ligand, most probably with contributions from a
ligand-metal charge transfer (LMCT). The peak at 394 nm arises from direct excitation of the "L
level of Eu’" ions. Since this peak is related to the total amount of Eu’" ions present, it was used
to normalize the spectra of all three samples. A comparison of the normalized excitation spectra
for Si-A-24, Si-B-24 and the pure complex revealed notable differences between the two samples
(figure 3.5a). The spectrum of sample Si-A-24 resembled that of the Eu(Tp); complex, whereby
it showed the presence of an intense broad charge-transfer band in the UV region. In contrast, the
spectrum of sample Si-B-24 displayed a markedly different excitation profile in which a clear
absorption band was absent, and as a consequence the Eu’" absorption peak appeared more
prominent (figure 3.5a). The absence of the antenna effect for sample Si-B-24 is in agreement
with the presence of Eu’ ions that are not coordinated to the Tp ligands. This would also suggest
that the in situ formation of Eu(Tp); via method B is less efficient, resulting in the presence of

Eu’" ions with different local environments within sample Si-B-24. On this basis, the emission
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spectra were collected at two different excitation wavelengths (318 nm and 394 nm) for both Si-
A-24 and Si-B-24, and compared with the emission from the pure complex with the objective of
probing the chemical environment surrounding the Eu’" ions (figure 3.5b and figure 3.5¢). In the
case of excitation at 318 nm, the emission is expected to arise exclusively from the Eu®" ions
which belongs to the Eu(Tp); complex. This would occur by the antenna effect from the ligand.
While, the excitation at 394 nm would allow for direct excitation of all Eu®" ions present in the

sample, regardless of whether they are coordinated to ligands or not.

Following excitation at 318 nm, the Eu(Tp); complex exhibited its characteristic emission
spectrum as previously reported®”. The typical peaks related to the electronic transitions from the
Dy excited state to the fundamental state 'F; (J =1, 2, 3, and 4) of the Eu®" ion were visible,
while the Dy — "F transition appeared to be absent (figure 3.5¢). Specifically, a doublet at 589
nm, 593 nm which corresponds to 5Do — 7F1 transitions, a band at 618 nm due to 5D0 — 7F2
transitions, a band at 648 nm due to Dy — 'Fs transitions, and a characteristic intense band
centered at 695 nm and split in three peaks 690, 695, 699 nm due to the Dy — 'F4 transitions
could be detected. For the Eu®" ion, the *Dy — 7Fj transitions are predominantly electric dipole
for j even and completely magnetic dipole for j odd. The intensities of electric dipole transitions,
in particular for j = 0 and for j = 2, are strongly sensitive to the rare earth surrounding
environment. They are absent (j = 0) or small (j = 2) in high symmetry sites, while the intensities
of magnetic dipole transitions are almost independent of their environment'. In the emission
spectrum reported in figure 3.5b, the Dy — F, transition is lacking and the Dy — 'F, is
unusually small with respect to the high intensity of the >Dy— "F4 triplet, thus indicating a very

high symmetry of the site occupied by Eu’" ions in the Eu(Tp); complex.

The emission spectra for sample Si-A-24, collected by excitation at 394 nm and 318 nm (figure
3.5¢), were in excellent agreement with the spectra of the pure complex Eu(Tp)s. This supports
the success of route A synthesis, indicating that all of the Eu ions in sample Si-A-24 were present
as coordinated ions in the Eu(Tp); complex. Contrastingly, different emission profiles were
observed for sample Si-B-24 when it was excited at the two different wavelengths (figure 3.5¢).
This variation in emission for sample Si-B-24 indicated the presence of at least two different
local environments surrounding the Eu’* ions. We suggest that one of these could be related to

the Eu’" ion coordinated to the ligands, and another to non-coordinated Eu’" ions. Indeed, when
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the sample Si-B-24 was excited at 318 nm (figure 3.5b), the characteristic three peaks of the “Dy
— 'F, transitions around 695 nm were visible. This suggested the presence of the Eu(Tp)s
complex, despite the visibly lower PL intensity of the signals of interest with respect to the other
measured samples. However, when sample Si-B-24 was excited at 394 nm it displayed a
different pattern from that of the pure complex (figure 3.5¢), showing that many Eu ions were
not coordinated to the ligands in the sample prepared via route B. Moreover, the Dy — 'Fy
transition emerges in the spectrum of this sample as a clear indication for reduction in the site
symmetry surrounding the rare earth ion. As further proof, the ratio (R) between the integrated
intensity of the electric dipole transitions "Dy — 'F, (hypersensitive forced electric dipole
transition) and the pure magnetic dipole transitions Dy — 'F), centered respectively at 606 nm
and 590 nm, gives an indicative measure of the symmetry of the coordination polyhedron of the
Eu’” ion. As determined from the PL profiles (figure 3.5¢), R drastically changes from Si-B-24
(R=3.0) to Si-A-24 (R=1.3) and the pure complex [Eu(Tp)s] (R=1.0), supporting a change for the

site symmetry surrounding the Eu’" ions in the three samples.

The time-resolved photoluminescence curves for the samples Si-A-24, Si-B-24 and the pure
complex are shown in figure 3.6. The PL lifetime for Eu’" ions was measured (Aem: 618 nm)
under 330 nm excitation. For the sample Si-A-24, the decay curve is a single exponential one and
the lifetime value is 2.04 ms, giving further evidence that the Eu ** ions are present in a single
coordination environment. The decay curve for pure Eu(Tp)s; in its solid state is also a single
exponential one with a lifetime of 1.78 ms, which is in close agreement with the lifetime value
previously reported for the complex (1.84 ms)®’. The lifetime value for Si-A-24 is higher than
that of the pure Eu(Tp); complex in the solid state and significantly higher than the reported

lifetimes of several isolated P—diketonate complexesm’17

, and those incorporated into sol-
gel/silica matrices'®. Contrastingly, a two exponential decay curve was required to fit the Si-B-24
sample decay profile, giving the following parameters; t;: 0.32 ms, 12: 1.20 ms with relative
weights A4;: 0.914 and A,: 0.086. The use of a multi exponential function agrees with the
presence of more than one site for Eu’" ions in the sample Si-B-24. Population analysis has been
carried out by a method reported by Biinzli et al,” to determine populations of different Eu’*
sites in the sample B. Populations of two species derived by using the decay curve are P;: 0.745

and P5: 0.255.
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Since the photoluminescence lifetime of a sample is an indication of its quantum efficiency, the
efficiency for sample Si-A-24 should be similar to the efficiency of the pure complex, while that
for sample Si-B-24 is expected to be lower. To confirm this statement, we measured the quantum
yields (which correspond to the rate of emitted photons vs. absorbed photons) in the spectral

region of ligand absorption at 345 nm excitation. The obtained values were 14 + 2 % for both the

pure Eu(Tp); complex and for sample Si-A-24, and 3 £ 2 % for the sample Si-B-24.
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Figure 3.6: Decay curves for the Eu’" in samples Si-A-24, Si-B-24, and Eu(Tp); measured at

330 nm excitation wavelength and 618 nm emission.
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3.3.5. FTIR spectroscopy:
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Figure 3.7: FTIR spectrum of MSNs, Eu(Tp); and samples Si-A-24 and Si-B-24.

The FTIR spectra of the bare MSNs, Eu(Tp); and the two samples Si-A-24 and Si-B-24, are
compared in figure 3.7. An absorption band observed at 2440 cm™ is assigned to the B-H
stretching of the tris(pyrazolylborate) ligand in the pure Eu(Tp); complex®. The presence of the
B-H stretching band is also noted for sample Si-A-24, in agreement with the presence of the
complex. Contrastingly, its presence is not observed in the spectrum of sample Si-B-24,
suggesting that the complex has either not formed or is present in a lower quantity. In the latter

case, the characteristic bands of the complex would be relatively weak and therefore obscured by
those of the MSNss.

Following confirmation by PL and PLE of the successful formation of Eu(Tp)s via route A, we
examined the emission intensity as a function of the complex concentration within the pores of
MSNs (figure 3.8). The series of concentrations loaded in MSNs via method A are included in
table 3.1. The relative emission intensity of the obtained luminescent nanomaterials recorded at
699 nm increased steadily up to the concentration of 0.084 mmol Eu(Tp)s;. Thereafter, no

significant increase in the intensity was observed which is most likely ascribed to saturation by

concentration quenching (figure 3.8).
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Figure 3.8: Dependence of the relative intensity of emission with the Eu(Tp); loading in MSN
matrix for samples prepared by method A: Eu(Tp); concentrations, 0.006, 0.012, 0.024, 0.042,
0.084, 0.117 mmol.

Based on the aforementioned results, we can suggest a plausible mechanism for the in situ
formation of the complex via method A. When the Eusalt is introduced into the pores of MSNs
in the first step (method A), it interacts with the surface silanol groups to form coordination
bonds with the silanol oxygen atoms. As such, Eu®" is accessible to the nitrogen atoms in the tris-
pyrazolyl borate ligand which is introduced in the second step. The addition of the ligand in the
second step subsequently proceeds with the formation of the complex in the pore structure of the
MSNs. On the contrary, when the ligands are introduced in the first step as conducted in method
B, nitrogen atoms in the tris-pyrazolyl borate form hydrogen bonds with the protons of the
silanol groups. Consequently, Eu’" ions have limited access to the ligand nitrogen atoms, thus
hampering the formation of the complex inside the pores. This hypothesis was supported by pH
measurements performed for the aqueous solutions of the Eu salt and ligand, in addition to the
suspensions obtained by addition of these to the MSNs. A decrease in the pH from 4.9 (+£0.02) to
3.58 (+0.02) was noted for the MSN suspension after the addition of the aqueous Eu salt solution
(pH 5.37£0.02). This decrease in the suspension pH is thought to arise from the generation of

hydrogen chloride by reaction of silanol protons with CI" ions liberated from the Eu salt. Change
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in the pH for aqueous tris-pyrazolyl borate solution from 9.6 (£0.02) to 8.02 (£0.02) was noted
on addition of ligand solution to MSNs in the first step during method B. This decrease in pH

was most likely due to the acidic properties of the silica nanoparticles.

3.4. Conclusion

Europium (III) tris-pyrazolyl borate complex Eu(Tp); was successfully synthesized inside the
pores of mesoporous silica nanoparticles (MSNs). It was found that the wet impregnation of the
MSNs with the Eu salt in a first step, followed by separate impregnation of the ligand (method
A) could be applied to efficiently synthesize the complex within the pores. The confinement of
the complex within the pore structure was achieved for Eu(Tp); concentrations up to 0.024
mmol, which corresponded to 7.3 % of the pore volume being occupied. Exceeding this
concentration resulted in complex formation outside the MSN pores, as verified by XRD and
TEM analysis. The photoluminescence emission spectrum of the sample Si-A-24 was identical to
that of the pure complex Eu(Tp)s in its solid state, while its radiative lifetime was found to be
greater. The importance of the precursor addition sequence was demonstrated, whereby the
reverse sequence of ligand addition followed by Eu salt addition (method B) led to lower

formation of the complex in the pores and gave the presence of different Eu’” emitting species.

67



In situ synthesis of highly luminescent scorpionate complex [Eu(Tp)3] inside the pores of

mesoporous silica nanoparticles

3.5. References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

W.C.W. Chan, D.J. Maxwell, X. Gao, R.E. Bailey, M. Han, S. Nie, Curr. Opin.
Biotech. 13 (2002) 40.

C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli, J.S. Beck, Nature 359
(1992) 710.

G.A. Kumar, R. Riman, E. Snitzer, J. Ballato, J. Appl. Phys. 95 (2004) 40.

C.W. Lu, Y. Hung, J.K. Hsiao, M. Yao, T.H. Chung, Y.S. Lin, S.H. Wu, S.C.
Hsu, H. M. Liu, C.Y. Mou, C.S. Yang, D.M. Huang, Y.C. Chen, Nano Lett. 7
(2007) 149.

K. Binnemans, Chem. Rev. 109 (2009) 4283.

L. Armelao, S. Quici, F. Barigelletti, G. Accorsi, G. Bottaro, M. Cavazzini, E.
Tondello, Coord. Chem. Rev. 254 (2010) 487.

K. Binnemans, in: K.A. Gschneidner Jr., J.-C.G. Biinzli, V.K. Pecharsky (Eds.),
Handbook on the Physics and Chemistry of Rare Earth, 25, Elsevier, Amsterdam,
2005, pp. 107-272.

M. Bortoluzzi, G. Paolucci, S. Polizzi, L. Bellotto, F. Enrichi, S. Ciorba, B. S.
Richards, Inorg. Chem. Commun. 14 (2011) 1762.

M. Bortoluzzi, G. Paolucci, M. Gatto, S. Roppa, F. Enrichi, S. Ciorba, B. S.
Richards, J. Lumin. 132 (2012) 2378.

J. Lei, L. Wang, J. Zhang, ACS Nano 5 (2011) 3447.

D.R. Larson, H. Ow, H.D. Vishwasrao, A.A. Heikal, U. Wiesner, W.W. Webb,
Chem. Mater. 20 (2008) 2677

W. Tan, K. Wang, X. He, X.J. Zhao, T. Drake, L. Wang, R.P. Bagwe, Med. Res.
Rev. 24 (2004) 621

68



Chapter 3

[13]

[14]

[15]

[16]

[17]

[18]

[19]

J. Yan, M.C. Estévez, J.E. Smith, K. Wang, X. He, L. Wang, W. Tan, Nano
Today 2 (2007) 44

X.L. Guével, B. Hotzer, G. Jung, M. Schneider, J. Mater. Chem. 21 (2011) 2974.

S. Cotton, Lanthanide and Actinide Chemistry, John Wiley & Sons Ltd,
Chichester, West Sussex, England, 2006.

L.R. Melby, N.J. Rose, E. Abramson, J.C. Caris, J. Am. Chem. Soc. 86 (1964)
5117

H. Bauer, J. Blanc, D.L. Ross, J. Am. Chem. Soc. 86 (1964) 5125.

K. Binnemans, P. Lenaerts, K. Driesen, C.G.Walrand, J. Mater. Chem. 14 (2004)
191.

Basics of lanthanide photophysics. Lanthanide luminescence: Photophysical,
analytical and biological aspects, JCG Biinzli, SV Eliseeva, in: P Hianninen, H
Hérma (Eds.), Spinger Series on Fluorescence, Springer Verlag, Berlin, (8) 2010,
1-45.

69



70



Chapter 4

Studies on the structural and photo-physical
properties of rare-earth complex encapsulated into
surface modified mesoporous silica nanoparticles

Abstract:

The encapsulation of the rare-earth complex [Eu{dbinen] into functionalized mesoporous
silica nanoparticles (MSN) has been carried oudttmly the effect of chemical environment in
the mesoporous silica on the photoluminescence epiep of encapsulated Eu(dipten
complex. Surface functionalization was achievedhgyreaction of the silanol groups on surface
of mesoporous silica with different organosilylgtinagents such as (3-aminopropyl)-
triethoxysilane (APTES), (3-Mercaptopropyl)-trimegtysilane (MPTMS), and
ethoxytrimethylsilane (ETMS). An enhancement in thaninescence properties of the
Eu(dbm}phen complex have been observed on its encapsulattm surface modified
mesoporous silica nanoparticles. The modificatibplmtophysical properties are attributed to
interaction of Eu(dbmphen with the different chemical environment in thmctionalized
mesoporous silica nanoparticles. The luminescenagepties of rare-earth complex in surface-
modified mesoporous silica nanoparticles (MSN) @ase in the order of MSN < MSN-ETMS <
MSN-MPTMS < MSN-APTES. The encapsulated Eu(dipingn complex shows enhanced
luminescence with the higher intensity of the pelle to°Dy — 'F, transition and exhibits
increased lifetime in the functionalized mesoporsili€a nanoparticles compared to the pure
rare-earth complex in solid state and that in unfremi MSN. This implies that some
interactions of the lanthanide complexes takeseplactheir incorporation process into the

organically modified mesoporous silica nanoparticl&€he organically modified mesoporous

71



Studies on the structural and photo-physical properes of rare-earth complex encapsulated
into surface modified mesoporous silica nanopartiels

silica nanopatrticles were characterized with powdieay diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR),,Ndsorption desorption etc. and the luminescencpepties of
the Eu(dbrmyphen encapsulated in these functionalized mateisalstudied. Moreover, Solid
state nuclear magnetic resonance (SSNMR) technigy@es used to investigate the structural
behavior of the Eu(dbrgphen doped in functionalized MSNs by doping analsgdiamagnetic
model complex Y(dbmphen into the pore structures of modified MSNs.sEhstudies indicates
that the encapsulated rare-earth complex show soteeactions with the functional groups

anchored on the surface of MSNs.
4.1. Introduction

There is an increasing interest in the developnoérianthanide based luminescent materials;
especially those of Bliand TB" with organic ligands which often show excellenhinescence
characteristics®> Weissman first reported the light-emission chamdstics of lanthanide
complexes of3-diketonates in 1942 However, the lanthanide complexes have been eadlud
from practical applications due to their poor thatrstability and mechanical properties. In
attempting to solve these problems, some reseaotipg have incorporated the complexes into
inorganic’ "** and polymeric matrix materiafs>** The incorporation of lanthanide complexes
within silica matrice§' or organic-inorganic hybrid matricBshas also been extensively
investigated. These studies have indicated thatntiagrix not only improves the thermal
stability’® and mechanical propertiésof the complexes but it also significantly imprevene
photophysical properties of the lanthanide compé%é' Consequently, the incorporation of
luminescent lanthanide complexes in solid matricesof great interest as it allows the
construction of functional materials with improvegtical properties. In particular, the use of
porous inorganic nanoparticles as scaffolds for lHrehanide complexes incorporation can
improve the interactions between the lanthanideptexnand the matrix. Many researchers have
focused on the preparation of organically functicaea mesoporous silica nanoparticles (MSNSs)
by covalent attachment of a wide number of funalayroups by post-synthesis grafting on the
MSNSs exploiting the simple alkoxysilane chemigtr¢®*Surface functionalization of MSNs with
organic moieties allows a wide range of manipufetiof the surface properties and enhances the
biocompatibility of these materiafs.Moreover, surface modification with organic fumctal

groups changes the chemical environment insideptte structures of these nanoparticfes.
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Although numerous studies have reported the entspsu of rare earth complexes in the
MSNSs, there have been only a few reports about itfiience of different chemical
environments due to the functionalization in theepstructure of MSNs on the structural and

photophysical properties of encapsulated rare eantiplex.

To this aim, the combination of photoluminescenod aolid state NMR spectroscopy can be
very useful. In particular, solid state NMR allostsuctural features of the surface functionalized
MSNs and their interactions with the encapsulatedpex to be investigated. Unfortunately, the
solid state NMR study cannot be easily carried ontmaterials containing, for example,

europium complexes that usually show excellent captiproperties, owing to their

paramagnetism which causes dramatic broadeningq@™NtMMR peaks and shortening of the
relaxation times. A good alternative could consisttudying by NMR the structurally analogous
Yttrium complexes that, albeit not showing goodicadtproperties, are not paramagnetic. This
allows detailed structural and dynamic informattorbe obtained from high-resolution spectra

and relaxation time measurements, respectively.

In this chapter, we aim to examine the influencahef presence of organic functional groups
grafted on the surface of MSNs on an encapsulatedaarth complex. In particular, we report a
detailed study, carried out mainly by combining fahaminescence and solid-state NMR
techniques, on the photophysical properties of BEmlgbhen and the structural properties of
Y(dbm)phen, both encapsulated in organically modified apesous silica nanopatrticles. The
Eu(dbm}phen complex was chosen for this study as it stexggllent luminescence properties
and good solubility in commonly used solvents, whatlows its incorporation into MSNs with
the impregnation technique. On the other hand,ridemoto get insights into the structural and
dynamic behavior of the Eu(dbgphen incorporated into functionalized MSNs, an agalis
diamagnetic model complex, Y(dbgphen, was purposely synthesized and encapsulated in
functionalized MSNs. In this complex the europiwmreplaced by yttrium, which has a similar
chemical behavior and atomic radius to europiunt,itols more suitable for a solid state NMR
analysis. The systematic study was carried oubbmnfs: a) the bare MSNs were prepared and
characterized, b) the surface modification of Md&Ns was achieved by functionalization with
different organosilylating agents such as APTES,TMB, and ETMS; and the resulting
functionalized MSNs were characterized by solidestdMR (SSNMR), FTIR, BET, XRD and
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TEM etc. c¢) the encapsulation of M(dyphen complexes (M = Eu, Y) into the bare MSNs and
functionalized MSNs was carried out by wet impregmatechnique, d) the SSNMR technique
was used to study the structural and dynamic ptigsenf the composite nanomaterials obtained
by incorporating the analogous diamagnetic Y(dipmn complex into MSNs, e) the

photophysical properties of the Eu(dhpt)en complex doped MSNs were studied by

luminescence and UV-Vis reflectance spectroscopy.

4.2. Experimental

4.2.1. Functionalization of MSNs:

4.2.1.1.Functionalization of MSNs with APTEGMSN-APTES]

The functionalization has been performed by adaptaif the method by Chen and Brader.
Surface grafting of APTES was achieved by additaina cyclohexane (5 mL) solution
containing 2% v/v APTES and 2% vfvpropylamine to the powdered MSN (100 mg). The
suspension was stirred at ambient temperature Fgra®ter which it was recovered and purified
by repeated (3 times) centrifugation (30 min at®@m), hexane washing and sonication (30
min). The obtained sample, MSN-APTES was dried uneguced pressure (1@nbar for 4 h).

4.2.1.2 .Functionalization of MSN with MPTMS[MSN-MPTMS]

The functionalization has been performed by usiracgdure similar to that used for APTES
functionalization. Surface grafting of MPTMS washeved by addition of a cyclohexane (5
mL) solution containing 2% v/iv MPTMS and 2% wwpropylamine to the powdered MSNs
(100 mg). The suspension was stirred at ambienpeemture for 2 h, after which it was
recovered and purified by repeated (3 times) deg@tion (30 min at 9000 rpm), hexane
washing and sonication (30 min). The obtained sampMSN-MPTMS] was first air dried
overnight and then under reduced pressuré tibar for 4 hr).

4.2.1.3.Functionalization of MSN with Ethoxytrimethylsilane ETMS [MSN-ETMS]

Capping of surface -OH groups on MSNs was carr&dgiethoxy trimethylsilane to tune its
hydrophobicity using the procedure similar to tiwétW. Shen et &°In a typical method,
predried MSN (0.89 g) and ethoxytrimethylsilanar(ll) were added to the dry toluene (15 mL)
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and the resulting solution mixture was refluxed emithe nitrogen atmosphere for 12 hours. The
hydrophobicity modified MSN was filtered and washeyl toluene and anhydrous ethanol in

turn. At last, the solid [MSN-ETMS] was air driedaynight and then under reduced pressure
(10" mbar for 4 hr).

Synthesis procedures for the surface functionatimadf mesoporous silica nanoparticles (MSN)

using organic silylating agents are shown in schérhe

J Ho M ow Ho P oH
OH
Q o HO n-propilamine HO OH
HoN "o 4 o— OH - X ol OH
! HZN\/\/Si’O
oW HO OH rt  HO OH
HO o OH 2h HO &y OH
X= -OC,Hs/OH/O-Si-R
J HO OH/OH Ho OH on
g HO OH n-propilamine HO OH
Hs” s "+ o OH —— X OH
! HS\/\/Si’O
OW HO OH r.t ></ HO OH
HO OH OH 2h HO OH OH
X= 'OCzH5/OH/O'Sl'R
OH
HOHO OHOH HO OH OH
CIIH3 n-propilamine HO OH
HC-gi—O~" + HO— o — S o OH
CHs HO OH HaC= i OH
HO OH it Hee 1O
OH 2h 3 HO OH OH

Scheme 4.1Scheme of the synthesis procedures for the suffeotionalization of mesoporous

silica nanoparticles (MSN) using organic silylatiagents

4.2.2. Preparation of Eu(dbm)sphen-MSN and Y(dbm)phen-MSN composites:

4.2.2.1.Preparation of Eu(dbm)phen-MSN composites:

Incorporation of Eu(dbmphen complex in MSNs has been carried by usinginptegnation

method, where the functionalized MSNs sample [1@) was stirred overnight with (1 mL, 8
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mM) Eu(dbm)phen complex solution in dichloromethane. Finathe solid was dried under

reduced pressure (t0nbar for 4 h).
4.2.2.2 .Preparation of Y(dbmjphen-MSN composites:

Y(dbm)phen-MSN composites were prepared using the similacedure used for preparing

Eu(dbm}phen-MSN composites.
4.3. Results and Discussion:
4.3.1. Characterization of the Eu(dbm)phen and Y(dbm)phen complexes:

As a first step for the study of the composited/¢bm)phen (M = Ed* and ¥") and surface-
modified MSNs, a characterization of Eu(dhpt)en and Y(dbmjphen bare complexes was
carried out by means of FTIR, XRD and SSNMR. AlthodEu(dbnmyphencomplexes have been
widely used and well characterizethere are only few reports on Y(dphen and no

characterization is available for this complexhe titerature.
4.3.1.1.FTIR spectra:

As shown in figure 4.1, both the complexes disptamilar FTIR spectra owing to the

dibenzoylmethane and phenanthroline ligands thatresponsible for the vibrations of these
complexes. Strong absorption bands between 3250arm 2950 ci are observed mainly due

to the C-H stretching vibrations of the phenyl ringnd numerous strong and medium
absorptions below 1700 ¢hare observed for the dibenzoylmethane and pherdinid ligands.

Detailed information of all the observed peaksiveqg in table 4.1.

Table 4.1: Absorption bands of rare earth complexes: Eu(dph®n (a) and Y(dbrgphen (b).

3058 cm-1: Ar C-H str. Vibrations, 1594 cmal,d C=0), 1548 cm-1\s; C=C), 1517 cm-1v
C=0), 1460 cm-1&;s C-H), 1414 cm-1\ C=N of phen), 1309 cm-4;C=C), 1220 cm-1§ C-
H), 1023 cm-1\ N-C-C), 752 cm-1 C-H), 723 cm-1+% C-H of phen)

Vs Mas).symmetrical (asymmetrical) stretching vibrations
d: in plane bending vibrations
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Figure 4.1: FTIR spectra of rare earth complexes: Eu(dpimgn(a) and Y (dbmjphen(b).

4.3.1.2.Powder X-ray diffraction analysis:
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Figure 4.2: X-ray diffraction pattern of Eu(dbrphen(a) and Y(dbmjphen(b) complexes.
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The crystalline nature of the rare earth complexese evaluated by X-ray diffraction (XRD)
experiments. The XRD pattern of the Y(dbphen complex showed the well defined crystalline
behavior similar to that of Eu(dbgphen reported earliéf.

The X-ray diffraction analysis and FTIR study relgethe structural similarity between the two

rare earth complexes (figure 4.2).
4.3.1.3"%C CPMAS spectra of the Y(dbm)phen complex

In figure 4.3, the®*C CPMAS spectrum of the Y(dbgphen complex is reported along with its
chemical structure. To the best of our knowledgethe literature there are feC spectra of
similar complexes in the solid state with the exicepof that reported in reference [28] recorded
on a complex where dibenzoylmethane ligands aredamated with the transition metal cations.
Four main peaks can be found in the spectrum, asdjr@ed to: dibenzoylmethane carbons (93
ppm), the carbons of benzoyl ring and phenantheading, h carbons (127 ppm), phenanthroline
d and i carbons (140 ppm), and phenanthroline ba@s (150 ppm). Peaks due to b and c
carbons of dibenzoylmethane could not be clearlgeoled due to overlap with spinning
sidebands. Even if the resolution of the spectrsimuite poor, it appears well compatible with
the occurrence of a single resonance structuretier three dibenzoylmethane ligands, in
agreement with X-ray data reported for similar cterps® In figure 4.3 (b), thé’C DE-MAS
spectrum of the complex, recorded with a very shalexation delay of 2 s, is also reported. In
this experiment only the signals BC nuclei characterized by a shoxt (fypically in a mobile
environment) are present: in our case the peakhndgems mostly favored in the DE experiment

is that at 127 ppm, suggesting that benzoyl riggeBence a quite high mobility in the complex.
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Figure 4.3:*3C spectra of Y(dbnsphen complex; (a) CP acquired at a spinning frequerf 6
kHz and (b) DE with a recycle delay of 2 s, acquiia¢ a spinning frequency of 6 kHz. The sn
signal at= 110 ppm in (b) arises from incomplete suppressiathe probe and rotor backgrou

signal. Spinning sidebands are marked with aste

4.3.2. Characterization of composites of surfac-modified MSNs and M(dbm)phen

complexes.

The structural, morphologicaand dynamic properties of MSNs, suri-modified with
alkoxysilanes (APTES, MPTMS, ETMS), and their cosipes with either Eu(dbrsphen or

Y(dbm);phen complex have been investigated by means efaeaechniques
4.3.2.1.FTIR spectroscopy

The grafting ofdifferent functional groups on the silica surfacaswyualitatively confirmed b
FTIR spectroscopy. FTIR spectra taken in transmmmssnode for the unmodified mesoporc
silica (MSN), MSNAPTES, MSMMPTMS, and MSNETMS are illustrated in figure.4.
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Figure 4.4: FTIR spectra of: a) the unmodified mesoporous aill@noparticles (MSN); b)
MSN-APTES; ¢c) MSN-MPTMS; d) MSN-ETMS.

Mesoporous silica exhibits a strong absorption bafnsiloxane (Si-O-Si) bonding at 1200 ¢m
and the silanol —OH band at 3743 tmand other peaks in range and 3700-3000" ciue to
adsorbed or hydrogen-bonded water moletll& This peak almost disappears on grafting
different functional groups on the silica surfaer MSN-APTES a weak peak at 673 tiwan

be assigned to the deformation of the N-H botidghe C-N stretching vibration peak at 1000-
1200 cm' was not resolved due to the overlay with the IRaaptions of Si-O-Si in the range
1130-1000 cnt and of Si-CH-R in the range 1250-1200 &ni® Nevertheless, the broadened
nature of the peak in the region 1130-1000*cimdicates the possible overlap of peaks. In
addition, an intense peak at 1650 tmas observed due to N-H bending vibration thathtmr
confirms the presence of N-H groups. The broadeofrbis peak can be ascribed to the overlap
of the N-H bending vibration band with the peak doeadsorbed water in the MSN-APTES
sample® 3* A broad band centered at 3350 tim assigned to the N-H stretching vibrations of
the -NH, group in the MSN-APTES The spectrum of MSN-MPTMS shows peaks at 2552 and
686 cni for the S-H stretching and C-S bending vibratisespectively. Both MSN-APTES and
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MSN-MPTMS spectra show the presence of —CH stnetctibration bands in the region 3100 -
2700 cm' due to the propyl group introduced by the funaitration of the silica surfacg.The
FTIR spectrum of MSN-ETMS show C-H stretching viiwa peaks between 3010 and 2860 cm
! and C-H deformation vibrations at 1460t/ The Si-C stretching vibration band appears at
834 - 810 cril.

4.3.2.2.N adsorption—desorption analysis:

The average pore diameter obtained by pore sizghbdison curve, calculated by the Barrett—
Joyner—Halenda (BJH) model, the Brunauer—EmmetleiTdBET) surface area and pore
volume for MSN, functionalized MSNs and their corspes with Eu and Y complexes are

presented in the table 4.2.

Functionalized MSNs exhibit a smaller specific aog area and a smaller pore volume in
comparison with the pure silica nanomaterial, whitthirther confirms the successful
functionalization of nanoparticles. The pore diagndhcreases after the surface modification
arising from higher average pore diameter resultilug to occupying smaller pores with
functional groups. The nitrogen adsorption isotheoin the MSN and surface modified
mesoporous silica nanopatrticles is shown in theiréig4.5 (a). It suggests a multi-stage
adsorption process and show type IV isotherm chenigtics. Isotherm shows an initial surface
adsorption process, in which the nitrogen adsompamount increases slowly up to relative
pressure pig= 0.85. In the pressure range of 3#0.85—0.99, the adsorption amount of nitrogen

sharply increases resulting from an enhanced atigorip the larger pores.
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Table 4.2: Pore structure parameters of MSN, functionalizeéaNg, and their composites with
either Eu(dbmgphen or Y(dbmgphen complex, derived from ,Nadsorption—desorption

isotherms.
Sample BET S.A? (m?/g) SPATPV (cm’/g) AAPD® (nm)
MSN 944 1.6 2.17
MSN-APTES 468 1.1 2.0
MSN-MPTMS 471 0.89 1.8
MSN-ETMS 908 15 1.99
MSN-Eu 442 1.0 2.0
MSN-APTES-Eu 132 0.94 1.8
MSN-MPTMS-Eu 150 0.7 1.8
MSN-ETMS-Eu 797 14 1.99
MSN-Y 388 1.09 2.16
MSN-APTES-Y 102 0.7 1.8
MSN-MPTMS-Y 112 0.66 1.8
MSN-ETMS-Y 722.8 1.48 2.15

a: BET specific surface area, b: BJH pore volume,@ BJH average pore diameter.

When lanthanide complexes are incorporated intatfonalized MSNs smaller specific surface
areas and pore volumes are observed in comparigbrthese of functionalized and pure silica
nanomaterial, which might be due to the presendardhanide complex on the surface as well
as in the surface of pores (table 4.2). On therdtl@d, pore diameter increases after doping
which is due to the fact that smaller pores atedifirst with the lanthanide complex and then
the larger pores resulting into higher average mbasneter, which further confirms that the

lanthanide complex is encapsulated in the silicaoparticles.
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Figure 4.5: a) N, adsorption—desorption isotherms of MSN and fumetized MSNs;b) and
corresponding pore size distribution curves deteechiby BJH method.

4.3.2.3.TEM images
Transmission electron microscopy (TEM) images eflthre MSN showed a typical morphology
consisting of spherical to elliptical shapes witandeters ranging from 50 to 70 nm (figure 4.6).

Representative TEM images of Y(dowen and Eu(dbrg)hen containing composites are
shown in figure 4.7 (a) and (b).
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Figure 4.6: TEM micrograph of MSN powder.

Figure 4.7: TEM images of (a) MSN-MPTMS-Eu and (b) MSN-MPTMSs#mples.

4.3.2.4.Solid state NMR?°Sj and **C spectra

In order to characterize the results of the surfaodification reactions of MSN with the
different silanes and of the incorporation of thedmplex by the modified MSN$’Si and**C

spectra were recorded.

The?°Si CPMAS spectra of MSN and the three functionali&SNs are reported in figure 4.8.
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Figure 4.8: ?°Si CPMAS spectra of bare and functionalized MSNsMAS frequency of 3.5
kHz was used.

The assignment of the different peaks is straigivéod: peaks at about -111, -103 and -93 ppm
are due to ¢ @* and @ silicon nuclei, respectively; peaks at about 68, and - 53 ppm to*]

T2 and T silicon nuclei; peaks at about 13 and 17 ppm foaktd M silicon nuclei. The letter
indicates the number of oxygen atoms directly bdndea given silicon atom (4, 3, and 1 for Q,
T, and M): it is interesting to note that all Qrsads arise from silica (MSN), while all T signals
are due to APTES or MPTMS, and all M signals to ESINfurthermore, the superscript close to
each letter reflects the number_of(iSi bonds formed by each silicon nucleu<’ai spectrum
therefore allows us to detect all the possibleailispecies present in a sample. Moreover, from
the integrals of the different signals it is po#sito obtain: a) the relative ratio of the differen
silicon-containing species present in a samplehb)degree of condensation (ratio between the
number of SIO-Si bonds and that of -€) bonds) of each silicon-containing species. HeveN
must be pointed out that the integrals taken frodAMBS spectra cannot be straightforwardly
considered quantitative in terms of number of silicwuclei present in the sample. In order to
obtain quantitative results much longer experimef@isher Direct Excitation spectra with

relaxation delays as long as 5 minutes or full @Rathics curves) should be performed, which
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was out of the scope of the present work. Nonesselprovided that the spectra are recorded
under the same conditions, we can draw some pgrtjalntitative results by comparing the

ratios between the integrals of the different peakbe spectra of different materials.

In table 4.3, we report the integrals of the défarpeaks, as obtained from the deconvolutions of
CPMAS spectra.

In the spectrum of MSN, as expected, only Q sigmas observed, corresponding to fully
condensed_(8DSi),) silicon atoms (&), single silanols ($0Six0H) (Q°) and geminal silanols
(Si(OSi)(OH),) (Q%). The strong presence of single silanols is evideut, on the other hand, it
must be considered that signals of protonated epeare intrinsically favored in CPMAS
spectra. In thé®Si spectrum of APTES-MSN we can observe the appearaf the signals due
to T silicon nuclei of APTES; it is also evidens@ong decrease of the silanol signals of MSN,
especially that of € corresponding to an increased condensation délggepasses from 0.76 to
0.91 (table 4.3). These results confirm the occueeof the grafting reaction of APTES to MSN.
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Table 4.3: Areas underlying the different peaks 08i CPMAS spectra, as obtained from
spectral deconvolutions. For each group of silisites it is also reported the condensation
degree, i.e. the ratio between the number @-8&i bonds and that of -® bonds, calculated as

iklk/iilk’ with i=4,3,1 for Q, T and M, respectively, whdres the area of the corresponding

k=1 k=0

peaks. The maximum error on the peak areas is 1.

Silicon o\, APTES- MPTMS- ETMS-
site MSN  MSN MSN
Q* 19 38 37 45
Q? 67 18 20 34
Q° 14 2 3 6
Qcd. 0.76 0091 0.89 0.86
T - 26 11 -

T? - 15 22 -

T! - 1 7 -

T c.d. 0.87 0.7

m? - - - 12
M° - - - 3

M c.d. 0.8

Moreover, we can observe that the condensatioredegfrAPTES, which reasonably arises from
both the grafting to silica and the self-condemsatetween APTES molecuf®4®is quite high.

The absence of & Bignal allows us to rule out the presence of wiegbAPTES.

In MPTMS-MSN, the condensation degree of the Qailis is very similar to that of APTES-
MSN. On the other hand, the T region is differestipwing increased “Tand T signals,
corresponding to a T condensation degree that passm 0.87 in APTES-MSN to 0.7 in
MPTMS-MSN. Therefore, although also in this caseunceacted MPTMS is present, MPTMS
shows a much lower degree of condensation than AP THis result and the similar degree of
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condensation of silica in the two samples can h@agxed with a lower self-condensation of
MPTMS with respect to APTES.

The MSN condensation degree in ETMS-MSN is loweBg&Pthan in the previous cases, mostly
because of the lower number of potential condemsaiites in ETMS (1) with respect to APTES
and MPTMS (3). Moreover, the presence of a smélsignal (about 17 ppm) indicates that part
of unreacted ETMS remained entrapped in the so&iNM

13C CPMAS and DE-MAS spectra have been recordeddtr the three modified MSNs and the
three composites containing APTES, MPTMS and ETM&e (figures 4.9-4.11). In APTES-
MSN all the signals can be easily assigned to APG&8ons: the peaks at 15 and 58 ppm arise
from unhydrolyzed ethoxy groups of either TEOS &TAS. The comparison between CPMAS
and DE-MAS spectra indicates that both ethoxy aRTBS propyl groups are very mobile. In
the CPMAS spectrum of the corresponding compotite, peaks of the complex are clearly
recognizable (120-170 ppm), confirming that the ptam was successfully incorporated into the
pore structures of the MSN matrix. However, asdsrcomplex resonances are concerned, no
differences could be detected between the speabfuthe pure complex and that of APTES
composite. From the DE-MAS spectrum of the compotiis possible to see that the benzoyl

groups of the complex remain very mobile also en¢bmposite.

Similar considerations can be done for MPTMS-MSN #a corresponding composite (figure
4.10): in the CPMAS spectrum of MPTMS-MSN the signaf the three carbon nuclei of the
mercaptopropyl group can be clearly recognizedn@lwith that, at about 49 ppm, due to
unhydrolyzed methoxy groups. An unidentified sigaiahbout 41 ppm could possibly arise from
a reactant used in the preparation of MPTMS-MSIgrapylamine. All these carbon nuclei are
in mobile environments, as shown by the comparngitih the corresponding DE spectrum. It is
interesting to notice that in this case the absefieggnals at about 15 and 58 ppm indicates that
no residual ethoxy groups from unhydrolyzed TEOS® @resent. The spectra of the
corresponding composite appear slightly more cradet only for the presence of the signals

of the complex, but also of other signals (e.gpfih), possibly due to hexane residues.
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Figure 4.9: On the left:*C MAS spectra of APTES-MSN (a) DE with a recycldageof 2 s (b)
CP. Both the spectra were acquired with a spinfieguency of 5.5 kHz. The signal marked
with asterisk in DE spectrum and the broad sigpegsent in CP spectrum are due to incomplete
suppression of probe background signal. On thet:rigfC MAS spectra of APTES-
MSN/Y(dbm)kphen composite (a) CP acquired with a MAS frequesfc§ kHz (b) DE with a
recycle delay of 2 s and MAS frequency of 15 kHheTspinning sidebands and background

signal atz 110 ppm are marked with asterisks.

In figure 4.11, the CPMAS spectrum of ETMS-MSN skaWwree peaks at -2.6, 15 and 58 ppm,
the first being ascribable to ETMS methyl carbams] the other two to the ethoxy groups of
unhydrolyzed TEOS and/or of unreacted ETMS, whossence has been detected i
NMR, as previously discussed. By comparison with BHE-MAS spectrum of ETMS-MSN, we
can see that all of these carbons are in mobil&r@mments. In the CPMAS spectrum of the
composite, signals from both ETMS and complex camepés can be recognized, confirming the
successful impregnation. Moreover, by comparisaih wie DE-MAS spectrum, it is possible to
observe that both ETMS methyl groups and complexdd groups are in mobile environments

within the composite.

Thus, SSNMR study confirms the surface functiomdion of MSNs and the successful

incorporation of the rare-earth complex in thecailhanomaterial.
4.3.2.5.So0lid state NMR: relaxation times
In order to try to obtain more specific dynamicoimhation,'H and*C spin-lattice relaxation

times (Tp), sensitive to motions in the MHz-GHz regime, h&de®n measured using either low-
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and high-resolution technique$i Ty's are strongly affected by the spin diffusion jess; which
tends to average them to a single value. On théraryn*°C Ti's are not affected by spin
diffusion since **C is a rare nucleus, and therefore they contaia-sgiecific dynamic

information.

(b)
(b)

(a)

Figure 4.10: On the left:**C MAS spectra of MPTMS-MSNa) DE acquired with a recycle
delay of 2 s, andb) CP. Both spectra were recorded with a spinningueacy of 4 kHz. The
signals from background are marked with asteri€ksthe right*C MAS spectra of MPTMS-
MSN/Y (dbm)kphen compositéa) DE acquired with recycle delay of Zls) CP. Both the spectra
were recorded with a spinning frequency of 6 kHpin8ing sidebands are marked with
asterisks.

For all samples, thiH T; relaxation trends were always well reproduced byomoexponential
trend, indicating a complete averaging carriedlyuthe spin-diffusion process. The protoylsT
measured at different temperatures in the rangé02tc are reported in figures 4.12-4.14. 1t is
possible to notice how the trends for the compled #r the three modified MSN's are always
increasing with increasing temperature, indicatingt the motions mostly contributing to the
relaxation are in the "fast-motional side" of thectirve, i.e. they have a characteristic frequency
higher than the proton Larmor frequency (400 MHZpreover, the values measured for the
three modified MSNs are always much less than tlddshe complex, which means that the
motions contributing to in the modified MSNs have a characteristic frequyecioser to 400
MHz than those present in the complex. We will twyunderstand which motions are mostly

responsible for proton iTrelaxation in the following, whef®C T, data will be discussed. In
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order to understand whether a change in the MHz-@hamics of both complex and silanes
moieties takes place in passing from modified M3 eomplex to the composite, which could
be a proof of interactions between the two comptmene compared the experimentalsT

measured for the composites with those "calculafemth the T's of the single components
hypothesizing that no changes in motions occur, estanating the fraction of protons of the

modified MSN (Vx moavsn) and complex Wik complex) IN the composite as described in the note.1

ETMS
methyls

»
benzoyl carbons

Figure 4.11:0n the left:*C MAS spectra of ETMS-MSNKa) DE acquired with a recycle delay
of 2 s,(b) CP. Both experiments were recorded with a spinfrieguency of 3 kHz.

On the right*C MAS spectra of ETMS-MSN/Y (dbrphen compositéa) CP acquired at 3 kHz
of spinning frequencyb) DE acquired with recycle delay of 2 s and spinrmegjuency of 15
kHz. Spinning sidebands are marked with asterisks.

1 — WH,compIex + WH,modMSN

Tl,cal c Tl,compl ex Tl, modMSN

It is possible to see from figures 4.12-4.14 tmatll cases the experimental values are of the
same order of magnitude of the calculated onesgatidg that no dramatic changes in the

dynamics should occur. However, the trend of expental and calculated;,'§ vs temperature is

1 The relative fractions of protons of silica, bétorganic modifier and of the Yttrium complex e tthree different
composites were roughly calculated estimating #lative amount of complex and modifier frodfC CPMAS
spectra (from the ratio between the integrals pfegentative signals) and the relative amountlichsand modifier
from the ratio between the integrals of Q and TMorsignals in the?®Si CPMAS spectra; for both silica and
modifiers the protons content was calculated byntaknto account their condensation degree andnaissufull
hydrolysis of the modifier and neglecting the watessibly adsorbed on silica.
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clearly different, in all the three cases the iaseewith temperature being much steeper for the
calculated values. This suggests that the motiomstlyn responsible for T relaxation,
presumably those occurring in the modified MSN's, ekperience a partial slowering as a

consequence of the interaction with the complex.

The measurement fC Ty's allowed some additional considerations to bevdraFirst of all it
must be stated that, in the case“6¥, the spin-lattice relaxation decay is not monpemential,
and two or three exponential functions are needegtproduce the experimental decays. This
greatly complicates the analysis of the experinietita, so we choose to discd$€ Ti's in
terms of 1/PWRA, i.e. the inverse of the populatighted relaxation rate (PWRA):

W
PWRA:ZT—I

where the sum runs over the number of exponenaald,the i-th exponentials has a fractional

weightw; and a relaxation timeé, ;.

All the experimental data and calculated 1/PWRAesraported in table 4.4.
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Table 4.4: Values of °C T; (each component is reported with its weight pemge)} and
1/PWRA as obtained at room temperature for all sasG.n; refers to the complex carbon

nuclei resonating at 128 ppm.

T14S) |Tin(S) [L/pwra [T14(S) |Tan(S) |L/pwra [T14S) |[Tin(S) [L/pwra [T1AS) |Tin(S) [1/pwra

wa % |wb% |(S) wa % | wh% |(S) wa % wb%(s) wa % wb°/|6$)

Y COMPLEX

Cbenz

0.86 |24.0 | 1.73

48 52

APTES-MSN

C1 C2 C3

042 |2.6 0.60 | 045| 25 0.53| 059 6.9 0.67

60 40 70 30 89 11

Y COMPLEX/APTES-MSN COMPOSITE

Cbenz C1l C2 C3

0.97 [22.5 |1.57 044 | 4.2 0.64 0.12 16 0.28 0.50 2.]0.65

60 40 59 41 31 69 72 28

MPTMS-MSN

C1 C2 C3

0.64 |3.3 071 | 0.29| 11 0.35| 0.8¢

87 13 78 22 100

Y COMPLEX/MPTMS-MSN COMPOSITE

Cbenz C1 C2 C3

0.57 |9.8 0.85 061 41 073 | 046 14 0.59 0.8 4.4261
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65 35 81 19 68 32 95 5
ETMS-MSN
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Y COMPLEX/ETMS-MSN COMPOSITE

Cbenz C1

0.67 |15.3 |1.04 | 4.2

63 37 100

All the relaxation times, for both complex and nfedi MSN carbons, remain of the same order
of magnitude in passing from pure components toctireesponding composite, indicating that
no dramatic change in MHz dynamics occurs. Detéetabanges can be observed for carbons
C2 in APTES-MSN, C2 and C3 in MPTMS-MSN, which afewever, difficult to be
rationalized. As far as benzoyl carbons of the demmre concerned, their; Tdecrease in
passing from the pure complex (1.73 s) to the tlw@mposite, and particularly to those with
MPTMS (0.85 s) and with ETMS (1.04 s). In ordeutalerstand if this could be interpreted as a
slowering or a fastening of the benzoyl motions,measured®C T, of the benzoyl carbons in
the complex at different temperatures (data notwsio observing that i (1/PWRA) was
decreasing with increasing temperature. This méfaisthe motion mainly responsible foiC

T, relaxation is actually in the "slow motional sidaf'the T, curve, i.e. it has a characteristic
frequency lower than 100 MHz, tH&C Larmor frequency. Since this trend is oppositéhtat
observed forH Ty, this means that two different types of motionstdbute to'H and**C T,
relaxation: we can tentatively identify the sloweotion (contributing td>C relaxation) with the
reorientations of the benzoyl group, and the fastetion (contributing to'H relaxation) with
some libration of the same group. However, the mserely speculative hypothesis, which would
need further proofs. All this considered, the daseeof**C T; in passing from pure complex to
the composites can be interpreted as a fastenirigeofeorientational motions of the benzoyl

rings, possibly as a consequence of the dispedditive complex within the modified MSN.
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Figure 4.12: Trend of 'H T; vs. temperature for: Y(dbraphen (blue circles), APTES-MSN
(green circles), APTES-MSN/Y(dbaphen composite (red circles), and correspondingic

(empty circles).
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Figure 4.13: Trend of'H T; vs. temperature for: Y(dbaphen (blue circles), MPTMS-MSN
(green circles), MPTMS-MSN/Y(dbrsphen composite (red circles), and correspondingic

(empty circles).
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Figure 4.14: Trend of'H T, vs. temperature for: Y(dbaphen) (blue circles), ETMS-MSN
(green circles), ETMS-MSN/Y(dbnphen composite (red circles), and correspondingyc

(empty circles).
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4.3.2.6.UV-reflectance measurements:

intensity (a.u.)

300 350 400 450 500 550 600
wavelength (nm)

Figure 4.15: UV visible diffuse reflectance spectra of MSN (adire Eu(dbmyphen (b), MSN-
Eu (c), MSN-ETMS-Eu (d), MSN-MPTMS-Eu (e), MSN-APSEEU (f).

The UV-Vis diffuse reflectance spectra of MSN, Bufgsphen complex, and composites
formed by the latter with unmodified and modifiedSMs are shown in figure 4.15. The
Eu(dbm}phen complex show a broad absorption band in thpme225 to 450 nm with the
maxima centered at 401 nm. In all the compositesaisorption bands of the complex are
narrower and shifted toward shorter wavelength#) wiaxima at 356-362 (figure 4.15 (c), (d),
(e), (f). The shift in the absorption towards shortvavelength observed in the composite
materials indicates the change in the polarity wf@indings of the Ei ion, confirming the
encapsulation of Eu(dbaphen in the pore structures of surface modifiedvals as unmodified
MSNs*

4.3.2.7.Photoluminescence properties:

Photoluminescence (PLE) excitation and emissior) 8pkectra of the Eu(dbaphen are given in

figure 4.16 (a) and (b). The excitation spectrunfiguire 4.16 (a) was obtained by monitoring
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emission at 611 nm and the emission spectrum urdig.16 (b) was collected by excitation at
412 nm.

PL excitation is directly related to the absorptairthe luminescent system and therefore to the
upper electronic energy levels and presents themuem value around 412 nm. Moreover it
shows a specific peak at 464 nm. The excitatiordiardue to the absorption of the ligands,

while the peak is due to the direct f—f electramsition of Ed" ions, as reported in the graph.

The emission spectrum shows five signals peakedl7@t 591, 611, 652 and 704 nm due to
transitions between th®, excited state and the differéylevels (J = 0, 1, 2, 3, 4, 5).

Due to the weakness of the electric dipole tramsstiwhich are parity-forbidden (“Laporte-
forbidden”) the magnetic dipole transitions, wharte parity-allowed, can be easily seen and are
of comparable intensit}?. For Ed*, the®Do— 'F, transitions are predominantly electric dipole for
j even, completely magnetic dipole for j odd. Tinensities of electric dipole transitions, in
particular for j = 0 and for j = 2, are stronglynséive of the rare earth surrounding environment,
being absent in high symmetry sites, while thensites of magnetic dipole transitions are
almost independent of the environment. In the eomisspectrum, théD, — 'R, transition is
clearly visible, indicating a low symmetry of thétesoccupied by Eii ions. This is also
confirmed by the fact that the intensity of il — ‘F, transition is high with respect to the other

lines.
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Figure 4.16:Excitation (a) and emission spectra (b) of puredBa(kphen in solid state.

Photoluminescence excitation and emission specéttlacorare-earth complex encapsulated into
unmodified MSNs and into surface-functionalized MShl presented in figure 4.17 (a) and 4.17
(b) respectively. All the samples containing Eu(d4phen complex shows a strong red
luminescence upon irradiation with UV light. The ximum absorption was found from the
excitation spectrum to be at around 397 nm forEbhé&bm}phen in all the functionalized silica
samples as well as in the unmodified silica samptes blue shift in the excitation band at 412
nm for pure rare earth complex to 397 nm for ail $ilica samples is attributed to the constrain

induced by the rigidity of the environment surroungdthe molecule. This causes an energy
increase in the excited state electronic levelhefsystem.
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Figure 4.17 (a) Photoluminescence excitation spectra of Eu(dph®n encapsulated into

unmodified MSNs and surface functionalized MSNs.
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Figure 4.17 (b) Photoluminescence emission spectrum of the Eu(gihvah encapsulated into

unmodified MSNs and surface functionalized MSNs.

On the other hand, the emission spectrum is vanjlasi to the one of pure Eu(dbgphen
complex although a notable difference between baiuths for the emission spectra of pure
complex and the one incorporated in MSNs has bbsareed. The incorporation of complex in
the silica matrix changes the environment arount! that affects the electronic transitions. As a
result, the non homogeneous environment aroundEtiiegives rise to band broadening in the
emission spectra. Among all, the hypersensitivesitin °Do — ', is the most intense and it is

peaked at 611 nm.

The photoluminescence intensity of the Eu(ddpingn complex reported in figure 4.18 (a) and
(b) is very similar for MSN, MSN-ETMS and MSN-MPTMS$vhile it increases for MSN-
APTES. In order to get better insight into this &@br some considerations about the site

symmetry and the quantum efficiencies of thé'Eons have been done.

Looking at the emission spectra, it should be nditadl all the samples show only one peak due

to °Dy — 'Fy transition (579 nm), which implies that all the®Eions occupy a site of the same
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symmetry**** Moreover, the ratio (R) between the intensityte¥D,— ‘F, (601 - 640 nm) and

the ®Dg — 'F1 (580 - 601 nm) transitions can be used as anatidi& measure of the asymmetry
of the coordination polyhedron of the ¥uon. In particular, the later transition is a pure
magnetic dipole transition, impervious to the ef$eaf the surrounding crystal field, while the
former one is a hypersensitive-forced electric Wipgoansition allowed only at low symmetries

with no inversion centr&*®

The intensity ratios R for the pure complex and tftie MSN, MSN-ETMS, MSN-MPTMS,
MSN-APTES samples are 16.7, 18.6, 18.2, 18.0 amsl rte8Spectively. These numbers are quite
high, and very similar for all samples suggestimat the site symmetry for the Euons is not
changed and that the complex should have beenrpeese the incorporation process into the
mesoporous silica nanoparticfé€sindeed, as a comparison similar calculations hbgen
reported for E¥ ions in an amorphous matrix both as a bulk andripmrated into mesoporous

silica nanoparticles, obtaining much lower valuesiad 4.5

Three crystal field levels are observed for thg — 'F; transition at 591 nm which indicates

lower site symmetry for the Eliin the functionalized and unmodified MSNs.

The complex show highébDo— ‘F»/ °Dg — 'F1 band intensity ratio on its incorporation into the
pore structures of unmodified as well as surfacdifiel MSNs. This change reflects the
increase of théDy — 'F, emission band intensity and the decrease of ther @mission bands
due to the increase in the induced electric dipoteractions’® Also; all the other induced

electric dipole transitions are much weaker thaTih — 'F, transition.

Among all the samples, the complex show highestnisity corresponding to th#y — 'F,
transition of the complex in the APTES functionaizMSNSs. This enhancement of iy — 'F,
transition intensity is most likely due to hydrogeonding interaction of the —NHprotons of
MSN-APTES with the coordinating oxygen atoms of itheorporated rare earth complex. On the
other hand, the intensity 6Dy — 'F, transition of the complex seems to decrease iIrEfidS
and MPTMS functionalized MSNs. Also, the complerwtsimilar°Do — ’F, transition intensity

in the ETMS and MPTMS functionalized MSNs. The @ase in the intensity can be possibly
due to the absence of hydrogen bonding betweeondblinating oxygen atoms of the complex
with the -(CH); and —SH groups grafted on the MSNSs.
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Due to the interactions of incorporated complexhwite surrounding —NHunctional groups in

the pore structures of the APTES-MSN, the symmefrthe rare-earth molecule is no longer
held, resulting into an enhancement of the indugedtric dipole transitions and depression of
the magnetic dipole transitions. TRy — 'F; transition is the prominent peak due to the much

less increase of tH®, — 'Fy and,’D, — 'F, transitions as compared 1, — 'F, transition.
4.3.2.8.Lifetime measurements:

The °Dy decay curves for the pure Eu(dipt)en complex, Eu(dbrphen incorporated MSNs
and Eu(dbmgphen doped functionalized MSNs are shown in figdr&8. The lifetime
measurements were performed at 611 nm under th&atxe wavelength of a LED source at
377 nm. The decay curves were fitted by a singf@egntial and the lifetime values for all the

composites are listed in table 4.4.

Eu(dbm)_phen
—— MSN-Eu

—— MSN-ETMS-Eu
—— MSN-MPTMS-Eu
—— MSN-APTES-Eu

Normalized intensity

0%y A =377 nm

€

)\em =611 nm

T B e e e
0,0 0,5 1,0 15 2,0 2,5 3,0

Mm“ﬁ I li
3,5 4,0
Time (ms)

Figure 4.18: Photoluminescence decay curves for pure rare eanmplex, MSN-Eu, MSN-
APTES-Eu, MSN-MPTMS-Eu, and MSN-ETMS-Eu.

The results are in agreement with the presencenefkind of site of Etf ions in these solid

samples. Moreover, the lifetime values are alsoagreement with the photoluminescent
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intensities previously described showing a veryilaimlifetime value for the MSN, MSN-
MPTMS and MSN-ETMS samples and a longer lifetimkigdor the APTES-MSN sample. A
possible explanation for the different lifetime wa$ of Ed* ions is attributable to some
interaction taking place between incorporated cemphnd the different functional groups
anchored on the surface modified MSNs. Indeeddifferent strengths of interactions between
the complex molecule and the functional groupstgdabn the surface of silica matrix alter the
strengths of the molecular vibrations and relaxatiimes?® These interactions slower the
vibrations of the complex molecule and maximize éhectron relaxation time resulting into a
longer emission lifetime for Bl A longer lifetime has been noted for all the sEspafter

complex incorporation into MSNs matrix.

The lifetimes of the excited rare-earth complextliese samples are 0.41 ms for the pure
Eu(dbm}phen complex, 0.73 ms for MSN-APTES-Eu, 0.53 msM&N-MPTMS-Eu, 0.53 ms
for the MSN-ETMS-Eu, and 0.51 ms for the MSN-Eufetimes for Ed* in the samples follow
the sequence of interaction strength. Among theethsurface modified composites, MSN-
APTES shows higher lifetime. The shorter lifetinoe the MSN-Eu is related to the quenching

effect of O—H oscillators on the surface of silimatrix.

The intrinsic quantum yield of the Eu(lll) contaigi luminescent materials can be determined by

using following formul&®®
.
=L 4
@, . 4)

Wherert is the observed lifetime derived from the decagves andraqis the radiative lifetime.
For the Ed" complexes, the radiative lifetime,{) can be calculated using equation (4.2),

assuming that the energy of tii&/’F; transition (MD) and its oscillator strength arestnt.

1 3 I(SDo —’7FJ)
- = n - Y7
T~ Aol (°D, ~ 'F,)

rad

2.

Where, Auwpo is the Einstein coefficient for spontaneous eroissof the magnetic dipole
transition®Dg — 'F; in vacuo which has a value of 14.65 s(1(°Do — 'F))/I °Do — 'Fy)) is the ratio

of the total integrated intensity of the corrected®™ emission spectrum to the integrated
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intensity of the®Dy/’F; transition and n is the refractive index of thedimen. An index of

refraction equal to 1.5 was considered for allthrocomposites.

The internal quantum vyields of the samp{eg,), obtained as the rate between the measured
lifetime and the calculated radiative lifetime,reported in table 4.4. It is worth observing that
after incorporation into the pores of MSNs the riné efficiency has a very good improvement
(in particular for APTES functionalized silica theternal efficiency is close to 90%). This
behavior is in agreement with the hypothesis that gilica matrix can protect the rare earth

complex improving the optical performances.

Nevertheless, the evaluation of the external quantields(g«) highlights a dramatic decrease
of the total efficiency of the system after incagteon into the MSNs. The external quantum
efficiencies of the samples have been measure@amnf excitation by using an integrating
sphere and calculating the rate between the tataiber of emitted photons and absorbed
photons. This strong reduction with respect to ititernal &, can be mostly attributed to the
scattering and absorption losses of the silica pawders, which can absorb and disperse the
excitation light into non radiative processes amdspsome limitations to the capability of
exploitation of the system optical improvement jpoasgly discussed. Therefore we can infer that
in real applicationsg, will be critically determined by the incorporati@md dispersion of the
nanopowders in proper hosts and the optimizatiorthad process will make possible the

realization of high performing materials.
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Table 4.5: photoluminescence data of Eu(dbphen, MSN-Eu, MSN-ETMS-Eu, MSN-
MPTMS-Eu, MSN-APTES-Eu solid samples.

Eu(dbm)ph | MSN- | MSN-ETMS-Eu | MSN-MPTMS- | MSN-APTES-
en Eu Eu Eu
voo(cm?) | 17271 17271 | 17271 17271 17271
vor(cm™) | 16920 17006 | 16949 16891 16920
voz(cm?) | 16366 16340 | 16340 16340 16340
voz(cm™) | 16385 15314 | 15338 15361 15361
voa(cm™) | 14205 14265 | 14225 14225 14205
loo/lo1(R) | 16.7 18.6 18.2 18.0 16.5
7 (Ms) 0.41 0.51 0.53 0.53 0.73
Trac 0.82 0.74 0.75 0.76 0.83
D, (%) | 50 69 71 70 88
Dexi (%) | 26 1.2 1.6 3.4 5.5

The decrease in thEC T relaxation for the composite materials as compacethe pure
complex suggests possible interactions betweendhmlex molecule and the functional groups
grafted on the surface of MSNs. An improvementhi@ luminescence properties was observed
for the encapsulated Eu(dbyphen complex in the functionalized MSNs sampleshim order
MSN < MSN-ETMS < MSN-MPTMS < MSN-APTES. All thesesults indicate that there is
some interaction taking place between the encajesllare earth complex and the different

functional groups grafted on the surface of MSNs.

4.4. Conclusions:

In this paper, detailed study on encapsulation ofdBmyphen in unmodified and surface
modified MSNs and the effect of different chemiealironment on the photophysical properties
of the complex is discussed. It was found thatam&fmodification had a great deal of impact on
the luminescence of the encapsulated Eu(gbinen complex. Among the studied functionalized
silica samples, complex showed a very high lumieese in APTES-MSN. Lifetime
measurements showed that the complex exhibits tdifgeme in surface functionalized MSNs

than pure complex in solid state. However, furgtedies will be needed to understand the effect

2 QY of 4.9% has been reported for Eu(dbm)3phen ¢exip MeCN solution by Binnemans et.’8lln this study,
the QY measurement on the pure complex was perfbbyehysically dispersing the same quantity of plam as
that impregnated in all the MSN samples.
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of degree of functionalization on the encapsulatee earth complex. SSNMR studies on the
composites of diamagnetic complex doped functiaedliMSNs indicate that some interactions
are taking place between ligands of the complexthadunctional groups grafted on the surface
of MSNs. Surface functionalization changes the abahenvironment inside the pore structures
of MSNs. The encapsulation of Eu(dbpt)en complex in these functionalized MSNs change

symmetry of the complex due to interactions with libcal chemical environment.

It can be concluded that the resulting hybrid mesops materials exhibits the characteristic
emission of Et ions under UV irradiation with a high&b, luminescence quantum efficiency

and longer lifetimes than the corresponding compiexnmodified MSNs.
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Chapter 5

Studies on the effect of Tb(dbm);phen on the
luminescent properties of Eu(dbm);phen-containing
mesoporous silica nanoparticles

Abstract

Eu(dbm)sphen and  Tb(dbm)sphen complexes (Tris(dibenzoylmethane) mono(1,10-
phenanthroline) Ln(III), where Ln(IIl) = Eu’ and Tb>") have been impregnated in ordered
mesoporous silica nanoparticles (MSNs) with an average size of 50-70 nm and a pore diameter
centred at 2.8 nm, with the aim of increasing the luminescence by avoiding concentration
quenching and having mainly in mind the application as down-shifter for multi-crystalline solar
cells. The morphological, structural, textural and luminescent properties of the synthesized
samples were characterized by N, adsorption-desorption, X-ray diffraction (XRD), transmission
electron microscopy (TEM), UV-visible spectroscopy and photoluminescence measurements. It
is demonstrated that the inclusion in the MSNs allows one to use much higher loadings (23 wt
%) of the Eu-complex than in other matrices, and that co-doping with Tb(dbm);phen improves

luminescence for samples with Eu(dbm);phen content lower than about 10 wt%.
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5.1 Introduction

Lanthanide organic complexes have been widely studied for their interesting absorption and

emission features and have been suggested for applications in many different fields.' ™'

The present work was carried out having mainly the spectral converters for solar cells in mind,
where the developed material needs to meet special requirements, like transparency, broad band
absorption, and long-term stability. In fact, harnessing those regions of the solar spectrum which
are only weakly, or not at all, converted into electricity by multicrystalline silicon solar cells is
highly desirable, in order to increase efficiency and reach grid-parity. Down-shifters which
convert UV radiation into visible or near infra-red light may serve this goal;® these materials
need to efficiently absorb a broad spectral range between 300 nm and 450 nm and re-emit with a
large Stokes shift in the region where the solar cells show a significantly better response.
Lanthanide ions have sharp emission profiles with high internal efficiency, but their absorption is
very small and it takes place only on very specific wavelengths; this may be appropriate for
applications where excitation can be made by lasers, but not for solar spectrum conversion.
However, if the lanthanide ion is conjugated with suitable organic ligands having an electronic
structure which matches that of the lanthanide, the desired optical properties for this application
may be obtained; in fact, the ligand acts as an antenna, efficiently absorbing in a broad spectral
region (typically in the UV) and transferring this energy to the rare earth ion, which then emits in
the visible. At the same time, in order to obtain a good quantum yield, the emitted radiation has
not to be quenched by the chemical environment or the matrix in which the ions are included
and/or by concentration quenching. Furthermore, the organic ligand may suffer from UV

degradation or thermal instability.

In order to address such problems two synergic approaches have been tested in the presented
work. The first is that of hosting the complex molecules within the pores of properly synthesized
mesoporous silica nanoparticles. The pores were chosen of suitable size in order to “dilute” the
emitting ions, thus avoiding concentration quenching and at the same time protecting them from
the environment. Such an approach has shown to improve luminescence in similar cases.'*"’
Since the final goal is to obtain a layer transparent to visible light, the mesoporous silica must be
in the form of nanoparticles to avoid light scattering; such nanoparticles can be then dispersed in

the encapsulating layer of the solar cell. We show that this approach is able to host up to 26 wt%
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of a lanthanide complex before concentration quenching takes place, which means some order of

magnitude more than in solution.

The second approach is that of co-doping with two different lanthanide complexes, where not
only the antenna but also the second lanthanide ion can act as sensitizer for the first ion. For this
purpose, the Tb>*/Eu’" pair is well known where Tb ions can efficiently transfer energy to Eu
ions increasing emission of the later ion in the red spectral region. In this situation UV light is
absorbed by the ligand and then transferred to Eu ions, either directly or indirectly mediated by
Tb. Optimizing the ratio between Tb’" and Eu’" complexes within the pores of silica
nanoparticles, it is possible to avoid concentration quenching'® and obtain high red emission

intensity.

In this chapter of the thesis, the behaviour of silica mesoporous nanoparticles with different
loadings of Eu-complex is investigated in detail and the effect of adding a second lanthanide

complex is studied.

5.2 Experimental

5.2.1. Samples preparation

Incorporation of complexes in the mesoporous silica nanoparticles was obtained by wet
impregnation technique. In a typical procedure, appropriate amount of Ln(dbm)sphen complex
solution (Ln = Eu and Tb) in dichloromethane was added to 100 mg MSNs and the solution was
stirred until complete evaporation of the solvent. The recovered solid was washed with

dichloromethane and subsequently dried under reduced pressure (10™ mbar for 4 h).

A series of samples with increasing amounts of Eu(dbm)sphen complex was prepared and
labelled as Eux (x = 0.5, 1, 2, 5, 10, 20, 30, 40, 100), where x is the complex amount in mg per
100 mg of silica. These concentrations correspond to 0.5, 1, 2, 4.8, 9.1, 16.7, 23.1 and 28.5 wt%
with respect to the overall weight of the sample, respectively. A further series of samples was
prepared with different amounts of the two complexes (table 5.1). Four series were obtained by
keeping constant the amount of Eu-complex at x = 0.2, 2, 5 and 10 mg, respectively and varying
the Tb-complex amount by several times. Samples were then labelled as Eu,Tby, where x and y
represent the complexes amount in mg per 100 mg of silica. The nominal wt % of each complex

was calculated with respect to the overall weight of the sample and is shown in table 5.1. The
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data for the four series of samples also generates a number of samples with the same Tb/Eu

weight ratio. To have a finer sampling of the Tb/Eu = 5, four more samples with this weight ratio

were prepared: Eug osTbg s, Eug1Tbg s, EugsTbys, Eu; Tbs.

Table 5.1: Labels of the co-doped samples, Tb/Eu weight ratio, and nominal weight percentages

calculated with respect to the overall weight of the sample.

Series - I
Sample Tb/Eu (w/w) Eu(dbm)s;phen (wt %) | Tbh(dbm);phen (wt %)
Eu()‘sz().l 0.5 0.20 0.10
EuO‘szobz 1 0.20 0.20
Euo‘szOA 2 0.20 0.40
Euo.szl 5 0.20 0.99
Euy,Thb; 10 0.20 1.96
Euy,Tby 20 0.19 3.84
EuO‘szlo 50 0.18 9.07
Series - 11
Eu,Th, 1 1.92 1.92
EUQTblo 5 1.79 8.93
Eu,Thyg 10 1.41 28.17
Series — 111
EusTbs 1 4.55 4.55
EU5Tb10 2 4.35 8.70
EusThbss 5 3.85 19.23
EU5Tb100 20 2.44 48.78
Series - IV
Eul()Tbl() 1 8.33 8.33
Eul()sz() 2 7.69 15.38
Eul()Tb50 5 6.25 31.25

5.3 Results and discussion

Molecular structures of the two complexes, viz., Eu(dbm);phen and Tb(dbm);phen, used in this

work are shown in figure 5.1.
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Figure 5.1: Molecular sketch of the used Ln-complex chromophores.

The absorption, excitation and emission spectra of the CH,Cl, solution of Eu(dbm)s;phen
complex is shown in figure 5.2. Absorption takes place on two bands: one, centred at 270 nm, is
attributed to the absorption by the phenanthroline ligand,'® and is of no interest for terrestrial
solar applications; on the contrary, the second band, centred in the near UV region (320-400 nm,
Amax = 376 nm) and attributed to the dbm ligands,16 is of great interest since it harvests part of the

AM 1.5 solar spectrum which is not harnessed by Si-based solar cells.
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Figure 5.2: Absorption (dashed black), excitation (red) and emission (green) spectra of

Eu(dbm);phen in CH,Cl, solution (intensities have been suitably scaled).
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The emission spectrum (figure 5.2) show the *Do-"F; (J = 0, 1, 2, 3, 4) transition lines of the Eu’"
ion, with the most prominent hypersensitive transition Do-'F, (618 nm) responsible for the red
luminescence. The excitation spectrum recorded by monitoring emission at 618 nm overlaps
fairly well with the absorption spectrum, indicating that the energy transfer from the ligands to
the Eu®” ions takes place efficiently. In particular, the down-conversion of the near UV light
absorbed by the dbm ligands into the red emission of the Eu*" would be ideal for the application

to Si-based solar cells.
5.3.1. Mesoporous Silica Nanoparticles (MSN)

In order to preserve the above mentioned ideal behaviour while using the complex to produce a
solid layer or film for solar applications by avoiding the problem of concentration quenching, the
complex has been included into mesoporous silica nanoparticles. Figure 5.3 shows a typical
TEM image of the mesoporous silica nanoparticles. The MSN are spherical in shape with an
average diameter of about 50-70 nm. This size avoids scattering of the incoming light for
wavelengths larger than about 200 nm, allowing a high transparency for the spectral range

harnessed by photovoltaic solar cells.

The ordered channel system in the MSN can be clearly observed in the TEM micrographs by the
pattern that appears when the image is slightly under-focused (see inset of figure 5.3); the pattern

suggests the presence of channels opened on the surface of the particle.
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Figure 5.3: TEM image of the silica nanoparticles; in the inset, the mesoporous structure is

visible for the image taken at higher magnification.

The overall specific surface area, measured by BET equation, is approximately 1000 m?/g with a
total pore volume of 1.06 cm’/g and a narrow pore diameter distribution, centred at 2.8 nm
(figure 5.4) which indicates the average size of the channel openings. The very high surface area

suggests that the pore channels revealed by TEM are opened and interconnected.
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Figure 5.4: BJH pore diameter distribution of the silica nanoparticles, estimated on the

adsorption branch, for different Eu loadings.

Comparing the pore diameter with the structural data of crystalline Eu(dbm)sphen complex,'’
which indicates a triclinic unit cell containing four full molecules (P-1, with o = 103.844(6)°,
=91.466(6)°, y = 101.585(6)°, a = 1.6275(6) nm, b = 2.3504(9) nm and ¢ =3.171(1) nm, volume
= 11,504 nm”), it can be argued that the pore openings are sufficiently large to allow the complex
molecules to enter into the channels and host at least one complex molecule (approximating the
complex by a sphere, its diameter would be 1.76 nm; even if the unit cell suggests a slightly
elongated shape, the molecule clearly remains smaller than the pore size, not mentioning that the
molecule could oriented parallel to the channel direction and enter pores even smaller than its
larger size).

119



Studies on the effect of Tb(dbm)3phen on the luminescent properties of Eu(dbm)3phen-
containing mesoporous silica nanoparticles

By considering the density value (1.446 gem™) for a crystalline arrangement reported in the same
paper'’ and the measured total pore volume, the maximum theoretical amount of complex which
could be hosted within the MSNs has been estimated to be 140 wt % of the silica matrix. This is
of course an overestimated value, because the impregnation procedure will not allow
accommodating the complex molecules in a compact manner as in the crystalline state,
completely filling the whole pore volume. However, it is a useful theoretical upper limit for the

complex loading.
5.3.2. Eu-doped MSN

The silica samples impregnated with the Eu-complex were measured by XRPD and no
crystalline peaks were detected. This may be taken as an indication of the dispersion of the
complex on a molecular level, even if the formation of an amorphous phase or crystals too small
to be detected cannot be excluded using these data. However, BET analysis (figure 5.4) shows
that the pore volume decreases when the complex is added, suggesting that the complex

molecules are indeed entering into the pores of MSN.

TEM images of the Eu impregnated material do not show the presence of Eu-complex
agglomerates outside of the silica particles until 23 wt% is reached. At this loading (sample Eus)
amorphous agglomerates start to show up (figure 5.5) and become more frequent for higher
loadings. The EDS analysis confirms that such agglomerates are indeed of Eu-complex and, at
the same time, it detects the presence of europium in the MSNs, confirming that the Eu-complex

has entered the pores of the impregnated MSNs.
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Figure 5.5: TEM images of samples Eus (left) and Eusg (right) in areas where Eu-complex

agglomerates outside of the nanoparticles are visible (see marked areas).

The shape of the emission spectrum does not change significantly from that of pure
Eu(dbm)sphen when the Eu-complex is included in the MSN. However, the intensity of the
hypersensitive “Dy-'F, peak shows a linear increase with increasing loading up to about 25 wt %,
where it starts to bend towards an asymptotic behaviour (figure 5.6). The limit value of the linear
range corresponds to about 20 wt % of the estimated maximum theoretical loading. This means
that a substantial volume of the pores channels remains unexploited; we can imagine that at his
loading all pore openings are filled with one molecule, hindering the entering of further
molecules. This value also coincides with the loading from which external agglomerates have
been observed by TEM, suggesting that concentration quenching starts to take place when the

complex molecules are not confined within the pores.

N N W
o o O

N
o

Intensity (a.u.)
o

O . 1 . 1 . 1 . 1 . 1
0 10 20 30 40 50

Eu complex (wt%)

Figure 5.6: Plot of the *Dy-'F, peak intensity vs Eu-complex content in wt% (hex = 618 nm).

Looking at the excitation spectra (figure 5.7), it is possible to observe that for the small amounts
of Eu-complex, the band in the near UV range is significantly different from the one of the
complex in solution and it greatly differs from the absorption band. On the contrary, this does not
change its shape. In the case of very efficient sensitization (e.g. energy transfer from the

sensitizer to the Ln®" ion) such an excitation spectrum would be roughly equivalent to the sample
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absorption spectrum (that is to the absorption spectrum of the sensitizer).'® However, several
non-radiative processes, like energy back transfer to the sensitizer, energy transfer quenching
(important for Eu®"), and matrix vibrations can decrease the efficiency of sensitization,'® leading
to a mismatch between absorption and excitation spectra. A relevant amount of light being
absorbed by the sensitizer without being transferred to the Ln** ion, the overall luminescence
quantum yield of the system decreases. Figure 5.7 shows that this is happening for low loadings,
where the near UV band becomes asymmetric and its maximum moves from 350 to about 400
nm, in a spectral region where absorption is low, i.e. most of the energy absorbed by the
chromophore seems to be wasted for down-conversion applications. For larger amounts of Eu-
complex, the left side of the band is growing, progressively filling the region where absorption
takes place. It looks like there was a threshold above which the electronic structure of the ligands
relaxes towards a configuration where non-radiative processes are deactivated and energy

transfer to the lanthanide ion is favored.

' ' ' ' ' — 0.5wt%
— 1.0wt%
2.0wt%
— 4.8wWt%
9.1wt%
— 16.7Wt%
23.1wt%
— 28.6Wt%

1.0

0.8

0.6

0.4

Intensity (a.u.)

0.2

0.0

1 1
350 400 450
wavelength (nm)

1
300

Figure 5.7: Excitation spectra of samples with different amounts of Eu-complex.
5.3.3. Co-doped MSN

As stated above, co-doping is a further possible mean to keep Eu’" ions enough apart to avoid

concentration quenching, in addition to possibly giving a further increase in the sensitizing effect
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to the Eu’" ions. With this aim, a Tb-complex with the same ligands has been used. It absorbs in
the same spectral region, but due to energy levels proximity between triplet states of the ligands
and Dy level of the Tb ion (figure 5.8), negligible luminescence is observed. The terbium
complex should work as solar “accumulator” for the Eu complex: the solar energy is absorbed by
the complex and transferred via Forster Resonance Energy Transfer (FRET) to the Eu-complex
(figure 5.8) augmenting the number of photons converted into visible region; at the same time

this allows one to use a lower amount of Eu ions, decreasing the possibility of concentration

quenching.
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Figure 5.8: Schematic representation of photophysical processes of Eu(dbm)sphen and

Tb(dbm)sphen co-doped in mesoporous silica nanoparticles.

Considering that FRET depends upon the donor to acceptor distance with an inverse 6" power,"’
the impregnation of both Eu and Tb complexes into the pores of mesoporous silica nanoparticles

should keep both Tb and Eu complexes sufficiently close to one another, at the same time
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maintaining the Eu®" ions distance sufficiently large. Luo et al. has used a simple quenching
“sphere of action” model for understanding the role of concentration in the case of a dispersion
of the Eu(dbm)sphen and Tb(dbm)sphen complexes in Poly(methyl methacrylate) polymer.'
Following this model, the Tb complex needs to be within a sphere of radius R centred in a Eu-
complex, in order to act as a sensitizer. For larger distances the dipole-dipole interaction would
be too weak to allow energy transfer. They determined a radius of 1.63 (£0.01) nm. In the frame
of this model, the ratio between the numbers of Tb-complexes to Eu-complex molecule assumes
a key role, and the best sensitization will be when each Eu-complex will be surrounded by the
maximum number of Tb-complex molecules within the sphere of action, which, taking into
account the size of the complexes will be about six. Also, there will be a minimum loading for
sensitization since at least one Tb-complex needs to be within the sphere of action. Thus, for
sensitization there will be minimum concentration which guarantees at least one molecule within
the action sphere, an ideal concentration which is sufficient to position about six Tb-molecules
around each Eu-complex molecule, and where the Eu/Tb ratio will have a value around six. In
fact, Luo et al. reported that the intensity of emission of the Eu/Tb doped PMMA samples first
show a decrease (due to some absorption of not sensitizing Tb-complexes) and then increases up
to a certain loading, thereupon remaining constant.'® However, no analysis was made to find the

ideal concentration by systematically varying both Eu and Tb complex concentrations.

In the present work, a similar situation can be demonstrated by analyzing the excitation spectra at
different concentrations. In figure 9, the excitation spectra for the four different series are shown
(normalized by their maximum). At low Eu-complex loading (Eug,Tby) the intensity in the
central region, where absorption is at maximum, increases, but even for a Tb/Eu ratio of 20 there
is still a minimum in that region. Apparently, the Eu complex molecules are too diluted in this
case that a large amount of Tb complex is needed to have at least one sensitizer molecule close to
a sufficient number of sensitized molecules. In this case, however, a large number of Tb complex
molecules will absorb without sensitizing. For Eu,Tby the highest intensity in the central region
is reached for the Tb/Eu = 5, close to the ideal ratio. The latter also suggests that the total amount
of complex is close to the ideal value. The trend of the EusTby series is a bit less clear: the

highest intensity is obtained for a Tb/Eu ratio of 1, but the “flattest” one is at Tb/Eu = 5. For the
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highest loadings, changes are not so significant, the non-doped sample having already quite a

good match with the absorption profile, but at Tb/Eu = 5 the curve is somewhat flatter.

Comparing the excitation spectra of samples with the same ratio Tb/Eu = 5 (figure 5.10), close to
the ideal ratio, we can see that sensitization is not effective for low total amount of complexes,
while the best results are obtained for samples Eu;Tbs and Eu,Tb;, confirming that the ideal
concentration is reached for a total concentration of the order of 10 wt%, as already suggested by

figure 5.9.
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Figure 5.9: Excitation spectra of samples with different amount of Tb-complex for different

constant amounts of Eu-complex (each normalized to its maximum intensity).
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Figure 5.10: Excitation spectra of samples with the same Tb/Eu ratio (each normalized to its

maximum intensity).

The results of the emission measurements reflect the considerations made above on the
excitation spectra. For all of the co-doped samples the emission profile, as well as the lifetime
measurements at 618 nm, does not show any significant difference from the singly-doped
samples. At the same time, the emission intensity tends to increase by increasing the loading.
However, a plot of the emission intensity at constant Eu amount with increasing Tb loading
(figure 5.11) shows an increase only when the total amount of complex is lower than about 10
wt.%. For the samples containing 10 wt% of Eu, the addition of the Tb-complex does not seem
to have any effect. This is because for the Eu;¢Tb;o sample the quantity of the Tb is probably
below the limit to give at least one Tb-complex in the action sphere and for higher Tb-complex
loadings the total amount exceeds the quantity that be contained in the pores, as seen in the

singly-doped samples.
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Figure 5.11: Emission intensity of the ’Do-"F, peak for different constant amounts of Eu-

complex and increasing Tb-complex loadings.

The behaviour of the material can be explained by the sphere of action model in terms of ideal
concentrations and Tb/Eu ratios and considering the constraint introduced by the pores. In fact,
the model used by Luo must be adapted to the present situation, since the pores introduce a limit
to the possible number of neighbouring molecules. Actually, the pores have an average size
smaller than the diameter of the sphere of action, so that, for most of the pores the ideal ratio of 6
could possibly not be reached due to space limitations. The experimental data do not seem to
confirm this, since the better sensitization seems to take place close to the ideal ratio, which
probably means that the complex molecules are able to use their elongated size to find a
geometrically optimized configuration, or that the size of the molecule has been slightly over-
estimated. It would be, however, interesting to experiment with MSN with slightly larger pores,

in order to see if the idealness of the system could be improved.
5.4. Conclusions

The inclusion of Eu(dbm);phen inside mesoporous silica nanoparticles, either alone or together
with Tb(dbm)s;phen, have a positive effect on luminescence, since the emission increases linearly
up to much higher Eu-loadings (23 wt.%) than in other matrices before showing concentration

quenching. Co-doping with Tb enhances the emission of the material, but reaches a limit for a
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total amount of the complex of about 10 wt%. The results could be interpreted by using a simple

sphere of action model adapted to the case of a pore-limited system.
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Chapter 6

Phosphonium ion based tetrakis dibenzoylmethane
Eu(IITl) and Sm(IIT) complexes: Synthesis and
luminescence properties in weakly coordinating ionic
liquid

Abstract

Highly luminescent anionic Ln(IIl)-B-diketonate complexes (Ln = Eu and Sm) has been
synthesized and dissolved in phosphonium ionic liquid, trioctylmethylphosphionium
bis(trifluoromethylsulfonyl)imide, [TOMP][Tf,N]. The common countercation of the ionic liquid
and those of Eu(Ill) and Sm(III) complexes ensured good solubility of these complexes in ionic
liquid. The Ln(Ill)-B-diketonate complexes that were studied are [TOMP][Ln(dbm),], where Ln:
Eu’” and Sm’", and dbm is 1,3-diphenylpropane-1,3-dione. Single crystal X-ray structure
determination performed on the europium complex show that the europium ion is surrounded by
four ligands and no water/solvent molecules are coordinated to the Eu®". These solid complexes
showed good thermal stability up to 250°C. The photoluminescence of Eu(Ill) and Sm(III)
complexes were studied in solid state, in the solution of these complexes in ionic liquid as well
as in acetonitrile solvent (MeCN). This study demonstrates that the phosphonium ionic liquids
such as [TOMP][Tf;N] can be used as spectroscopic solvent for the luminescence of

lanthanide(I1I)-B-diketonate complexes.
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6.1. Introduction

The past three decades have witnessed continuing interest in the field of lanthanide based
materials research. Lanthanide (III) B-diketonate complexes have been widely studied either as
tris (LnL;3 type) or tetrakis (B-diketonate) complexes [C]'[Ln(L)s] type. Because of the lower
coordination number of tris complexes (generally six), they usually contain water or other
solvent molecules in the first coordination sphere, which is detrimental for obtaining high
luminescence intensities. In the later case, all the coordination positions are filled up by four -
diketonate ligand donor atoms (L) and the charge neutrality is provided by an organic cation (C).
An additional ligand in the tetrakis complexes provide better shielding of the Ln>* ion which can
lead to significant enhancement of the luminescence properties of the complex by avoiding the
coordination of small but strongly quenching solvent molecules. Tetrakis complexes usually
show much higher luminescence intensities than the corresponding hydrated tris complexes.®
There are few reports on the lanthanides complexes of the [C] [Ln(L)4] type as compared to the
tris complexes of the LnLj type.

Some recent studies have successfully demonstrated the use of room-temperature ionic liquids
(RTILs) in photochemistry and spectroscopy.”” Lanthanide metal containing ionic liquids are
being viewed as new type of promising soft material which can combine the advantageous
properties of the ionic liquids with additional intrinsic magnetic, optical and catalytic properties
of the incorporated metal complex anion.'® Therefore, it is attractive and desirable to develop
ionic liquids containing high concentrations of lanthanides. Most of the studies on the lanthanide
compounds in ionic liquids have been performed with ionic liquids based on imidazolium cations
and on the emission of Eu’* due to high-luminescence intensity combined with relatively easy-
to-interpret emission spectra of the Eu®* ion.>>*'"""> Sm®" is an interesting nevertheless less well
studied lanthanide emitter that in addition to visible luminescence also show the large
contribution of its luminescence in the near-infrared region (NIR). Due to the poor absorbing
abilities (typically less than 3 L mol™ ¢cm™) and smaller energy gap between the emitting level
and the next lower energy level (7500 cm™) of Sm”", they show weaker luminescence intensity.
This can be overcome by using efficient sensitizing ligands such as B-diketonates. However,
these ligands exhibit lower photostability for the corresponding complexes in conventional

organic solvents. A high quantum yield and an enhanced photostability have been reported for a
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Eu(IlI) tetrakis complex after dissolving in a weakly coordinating imidazolium ionic liquid.? The
improvement of the photophysical properties of tetrakis complex in ionic liquid [HMIM][Tf,N]
were assumed to be due to the hydrogen bonding between the cation and ligands. Phosphonium
ionic liquids (PILs) have been available in large scale for about two decades and their use has
gained great interest as reaction media.'*'’> They were found to have wider electrochemical
window than the imidazolium salts. Unlike imidazolium ionic liquids, PILs will not be reduced
by the electropositive f-elements and therefore these are suitable for study of the electrochemical
properties and electrodeposition of f-elements. Moreover, PILs are found to be thermally more
stable than IILs.'® When the lanthanide complexes are dissolved in the imidazolium ILs, the
acidic hydrogen atoms on the imidazolium rings form hydrogen bonds to the oxygen’s of the
diketonate anion. However phosphonium ILs used in the present study does not form such
hydrogen bonds with the dibenzoylmethane anion. Therefore, it is interesting to study

spectroscopy of lanthanide compounds in phosphonium ionic liquids.

Our aim was to prepare ionic lanthanide complexes with phosphonium cation wherein a good
shielding of the lanthanide ion can be accomplished by an efficient light harvesting antenna such
as 1,3-diphenylpropane-1,3-dione and that show good solubility in phosphonium ionic liquid
[TOMP][Tf;N] (TOMP = trioctylmethylphosphionium, TEHN =
bis(trifluoromethanesulfonyl)imide). Ionic liquid [TOMP][Tf,N] used in this study have been
purposefully designed to gain the weakly coordinating solvent characteristics suitable for the

study of lanthanide 3-diketonate complexes.

In the present work, we report synthesis of trioctylmethylphosphionium tetrakis
(dibenzoylmethane) europate (III) [TOMP][Eu(dbm)s] (I) and Trioctylmethylphosphionium
tetrakis (dibenzoylmethane) samarate (III) [TOMP][Sm(dbm)s] (II) complexes and their
photoluminescence properties in the phosphonium ionic liquid. The introduction of
trioctylmethylphosphionium countercation [TOMP] in the Eu(Ill) and Sm(IIl) complexes
ensured their solubility in the ionic liquid [TOMP][Tf;N]. The photophysical properties of
solutions of tetrakis europium and samarium complexes in [TOMP][Tf,N] were investigated
systematically. The visible luminescence of (I) and (II) in solid state and in [TOMP][Tf,N] has
been studied along with the near infrared emission (NIR) of (II). [TOMP][Tf,N] IL was used in

this study, since the [Tf,N] anions are known to coordinate very weakly to the lanthanide ions.
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6.2. Results and discussion

Complex (I) was prepared by dissolving 4 equiv. of the ionic liquid [TOMP][dbm] in ethanol,
followed by the dropwise addition of 1 equiv. of the Eu-Cl;-6H,0 in water. The solution was left
to stir at room temperature for 2 h; precipitated complex was filtered and dried under high

vacuum (10" mbar/1 h). It was then crystallized from ethanol (scheme 6.1).

©

(O

0 ® Ethanol
C) (C8H17)3PCH3 + Eu(Cl)36H20 (aq)

0
O

®
I*Eu (CgH;7);PCH;

RT/2h

Scheme 6.1: Synthesis of complex (I)

Complex (IT) was prepared by dissolving 4 equiv. of the ionic liquid [TOMP][dbm] in ethanol,
followed by the dropwise addition of 1 equiv. of the Sm-(NO;);:6H,0 in water. The solution was
left to stir at room temperature for 2 h, precipitated complex was filtered, washed with ice-cold
water and the sticky solid was first dried under reduced pressure (10" mbar/4h) and crystallized

from ethanol (scheme 6.2).

©

(O

0 ® Ethanol
Q (C8H17)3PCH3 + Sm(I\IO)36H20 (aq)

0
O

®
>Sm (CgH;7);PCH;

RT/2h

Scheme 6.2: Synthesis of complex (II)

6.2.1. Crystal structures of (I) and (IT):

Crystal structures obtained for TOMP[Eu(dbm)s] and TOMP[Sm(dbm)s] complexes show
monoclinic cells, containing two crystallographically independent molecules for Europium
complex (figure 6.1) and one for Samarium one (figure 6.2). No crystallization solvent molecules

have been found trapped in the crystal packing. Essential structural data are reported in table 6.1.

134



Chapter 6

Table 6.1: Essential crystallographic data for TOMP[Eu(dbm)s] and TOMP[Sm(dbm),].

TOMP [Eu(dbm),] TOMP[Sm(dbm),]
Empirical formula 2 - (Cgs Hog Og P Eu) Cgs Hog Og P Sm
Formula weight 2861.12 1428.95
Temperature 100(2) K 100(2) K
Wavelength 0.6525 A 0.6525 A
Crystal system Monoclinic Monoclinic
Space group P2/a P2/c
Unit cell dimensions a=20.8523)A, b= a=16.169 (4) A, b=
22.412(3) A, 22.341(5) A,

c=32475Q2) A, 0 =7 =
90°,
B=102.214(13)°

¢ =20.962 (5) A, oo =y = 90°,
B=100.60 (15)°

Volume 14833(3) A3 7443.0(8) A3
V4 4 4

Density (calculated) 1.281 Kg/dm3 1.275 Kg/dm3
Absorption coefficient 0.679 mm-! 0.638 mm-!
F(000) 6000 2996

Theta range for data

collection

0.589 to 22.574°.

1.444 to 21.253°.

Reflections collected

314047

48880

Independent reflections

24306 [R(int) = 3.2 %]

10455 [R(int) = 15.5%]

Refinement method

Full-matrix least-squares on
F2

Full-matrix least-squares on
F2

Data / restraints /

parameters

24306/ 1462 / 1527

10455 /213 /764

Goodness-of-fit on F2

1.046

1.025

Final R indices
[[>2sigma(])]

R1=0.0954, wR2 = 0.2261

R1=0.0785, wR2 = 0.2049

R indices (all data)

R1=0.0984, wR2 =0.2284

R1=0.1038, wR2 = 0.2332
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Figure 6.1: TOMP[Eu(dbm)4] crystallographically independent unit (50% thermal ellipsoid
probability)

Figure 6.2: TOMP[Sm(dbm)4] crystallographically independent unit (50% thermal ellipsoid
probability)
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The unit cells for the two compounds differ in their volume, maintaining a very similar crystal
packing: the small Samarium cell (figure 6.3) can transformed in the Europium one (figure 6.4),

swapping ¢ and a axis and doubling the length of the shorter cell edge.

The larger cell shows a volume which is double of Samarium one, due to a different
conformation of the TOMP cation for each crystallographically independent molecule. The long
alkylic chains of TOMP cation in fact are quite flexible and can assume different conformations
in the cavities among neighbor’s dibenzoylmethane complexes, leading to disorder in the crystal

packing (not shown in figures).

Figure 6.3: TOMP[Sm(dbm)4] crystal packing (50% thermal ellipsoid probability — hydrogen
atoms omitted for clarity); views along a, b and c axis.

Figure 6.4: TOMP[Eu(dbm),] crystal packing (50% thermal ellipsoid probability — hydrogen
atoms omitted for clarity); views along a, b and ¢ axis.
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Figure 6.5: TOMP[Ln(dbm)4] (a) show the eight-coordinate metal center. (b) Show the distorted
square antiprism coordination geometry (50% thermal ellipsoid probability).

Both the complexes show a mean bond length of 2.40(4) A around the metal atom and mean
bond angles of 75(5)°; each dibenzoylmethane chelate molecule shows alternate long-short Ln-O

bond distances (with bond length differences varying from 0.01 to 0.1 A; figure 6.5a).

The overall coordination geometry (figure 6.5b) resembles a distorted square antiprism as

previously reported in literature for similar tetrakis complexes.'’

6.2.2. Thermal analysis
6.2.2.1.Thermal analysis of (I)

Thermal analysis of the complexes (I) and (II) were carried out under (N,/air) atmosphere in the
temperature range from 40 to 900 °C, at a heating rate 10 °C /min. The TG/DTG curves for the
Eu complex are shown in figure 6.6. It shows excellent thermal stability up to 250 °C. The
weight loss can be divided into two stages. The first weight loss in the temperature range of 250
— 425 °C gave weight loss of (47 %). The second weight loss in the temperature range of 425 —
600 °C. From the derivative weight loss curve it is apparent that the maximum weight loss
occurs at 325 °C. It may be caused by the oxidation of ligands in the complex. No weight loss
was observed in the region (30 — 115 °C) due to the absence of any moisture or coordinated

water molecules in the complex.
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Figure 6.6: TG-DTG curve of the complex [I].

6.2.2.2 Thermal analysis of (IT)

The TG analysis of the Sm complex was carried out under (N/air) atmosphere in the
temperature range of 40 to 900 °C at a heating rate 10 °C/min. The TG/DTG curves for the Sm
complex are shown in figure 6.7. High thermal stability is an essential requirement for most
applications. The complex shows an excellent thermal stability up to 285 °C, which is high
enough for most luminescence applications. The weight loss can be divided into two stages
similar to the europium complex discussed above. The first weight loss in the temperature range
of 285 — 410 °C gave weight loss of (49.6%). The second weight loss in the temperature range of
410 — 610 °C. From the derivative weight loss curve it is apparent that the maximum/highest
weight loss occurs at 385.3 °C. It may be caused by the oxidation of dibenzoylmethane ligands in
the complex. No weight loss was observed in the region (30 — 115 °C) due to the absence of any

moisture or coordinated water molecules in the complex.
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Figure 6.7: TG-DTG curve of the complex [II].

6.2.3. Photoluminescence properties

6.2.3.1 Photoluminescence properties of Eu complex (I)

The room temperature photoluminescence excitation spectrum of complex [I] in solid state is
shown in figure 6.8. The excitation spectrum was obtained by monitoring the *Dy— 'F, transition
of Eu’" at 611 nm. It shows broad band in the range of 280 — 450 nm with maximum absorption
around 415 nm due to the efficient p — p* transition of the DBM ligands.'**° The narrow band
at 464 nm is assigned to 'Fo— D, transition. The emission spectrum of the complex (I) is shown
in figure 6.9. It was recorded by setting excitation wavelength at 415 nm. The excitation energy
is absorbed by the ligands and transferred to the Eu’” emitting center in a subsequent step
(antenna effect). The emission spectrum consists of several transitions Do —'Fy J=0,1,2,3,4)
related to the radiative de-excitation from the “Dy emitting level of Eu’" [579 Dy — 'Fo), 591
(Do — 'F), 611, 613 (°Dy — 'F), 651 (°Dy — 'F3) and 691, 702 nm (°Dy — 'E4)]. The spectrum is
dominated by the so-called “europium red” °Dy — 'F, emission as the dominant band

(hypersensitive transition) peaking at 611 nm, giving an intense red luminescence output for the
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complex [I]. The intensity ratio I('Do — 'F2)/ICDo— 'F) is 15.4. Such a high ratio is typical of the

+ . . . .
Eu’" ion without inversion symmetry.2 !

. in solid state
—_— [TOMP][TfZN]
7] —— MeCN
El
8
>
=
C
Q
g
T T T T T T T
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wavelength (nm)

Figure 6.8: room temperature excitation spectra of complex [I] in solid state (Aem = 611 nm), in
ionic liquid [TOMP][TfoN] (Aem = 614 nm) and in MeCN (Ae = 611 nm).

Luminescence decay curve of Eu’" related to the Dy — 'F, emission in the pure europium
complex [I] in solid state is shown in figure 6.10. The lifetime measurements were performed at
room temperature and at 611 nm emission wavelength, under the excitation wavelength of a
LED source at 377 nm. The decay curve is monoexponential and the lifetime of the *D, excited
state is 0.58 ms. This value is, as expected, higher than lifetimes of several tris complexes with

dibenzoylmethane ligands®* and tetrakis europium complexes.”
6.2.3.2 Photoluminescence of [I] dissolved in Ionic liquid

The room temperature excitation spectra of the complex (I) dissolved in acetonitrile (MeCN) and
in the ionic liquid [TOMP][Tf,N] are shown in figure 6.8. Absorption of the complex is shifted
towards the shorter wavelength on its dissolution into MeCN solvent and in the ionic liquid

[TOMP][Tf,N]. The emission spectra of the [I] in solid state, dissolved in the acetonitrile
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(MeCN), and in the ionic liquid [TOMP][Tf,N] obtained by excitation at 415, 350 and 390 nm
respectively, are presented in figure 6.9. The emission spectra of [I] are very similar in the solid
state and in MeCN solution. Dissolving complex [I] in the ionic liquid [TOMP][Tf,N] found to
affect the spectroscopic fine structure of the emission spectrum of the compound compared to a

solution of the same compound in MeCN.

] in solid state
_ —— MeCN
[TOMP][TfZN]

3 A, =6140m A, =390 nm

> ]
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Figure 6.9: room temperature emission spectra of complex [I] in solid state (Aexe. = 415 nm), in
MeCN (Aexe. = 350 nm) and in ionic liquid [TOMP][T;N] (Aexe. = 390 nm).

The emission bands related to the Dy — 'F; (J = 0 — 4) transitions are relatively broad and
unsplitted. The emission band at 611 nm due to the Dy — 'F transition is shifted to 614 nm. The
possible explanation for the band broadening and its shifting to 614 nm for the complex [I]
dissolved in ionic liquid is related to the [Tf,N] anions, which are known to coordinate very

weakly to lanthanide ions,**

and the absence of hydrogen bonding interactions between cation
and ligand oxygen atoms could be responsible for this change. It should be noted that the
emission spectrum for all the samples show only one peak due to Dy — 'Fy transition (579 nm),

which implies that all the Eu’" ions occupy a site of the same symmetry.”**" The hypersensitive
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transition "Dy — 'F,) for the emission at 614 nm reveals changes of the coordination sphere of
the Eu’" ion. The symmetry and strength of the ligand field around Eu®" can be determined from
ratio of the relative intensities between the 5D0 - 7F2 / 5D0 - 7F1 transitions (table 6.2). In contrast
to the magnetic dipole 5Do - 7F1 transition, intensity of the electric dipole 5Do - 7F2 transition
changes with the variation of the ligand field strength. The intensity ratio for the complex [I]

dissolved in MeCN and [TOMP][Tf,N] is 19.7 and 9.2 respectively.

The °Dy decay curves for the complex [I] in solid state, [I] dissolved in MeCN solvent and in the
ionic liquid [TOMP][Tf;N] are shown in figure 6.10. The lifetime measurements were performed
at 611 nm under the excitation wavelength of a LED source at 377 nm for the complex in solid
state, the one that dissolved in MeCN solvent and at 614 nm for the complex dissolved in ionic
liquid [TOMP][Tf;N] using same excitation wavelength of 377 nm. The decay curves were fitted

by a single exponential and the lifetime values for all the samples are listed in table 6.2.

in solid state

eg_i\» ) in MeCN
3 e in ionic liquid

normalized intensity (a.u.)

T T T T T T T T T T T

. — — .
00 01 02 03 04 05 06 07 08 09 10
lifetime (ms)

Figure 6.10: Photoluminescence decay curves for complex (I) in solid state, in the MeCN and in
ionic liquid [TOMP][Tf,N].

The ionic liquid sample containing the complex [I] show higher lifetime as compared to the

lifetime value of complex in solid state and the one dissolved in MeCN solvent. It is well known
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that B-diketonate ligands are unstable in the organic solvents” and the lower lifetime of [I] in

MeCN could be related to the decomposition of dibenzoylmethane ligand in the MeCN solvent.

Table 6.2: the ratio between 5DO - 7F2 / 5DO - 7F1 transitions and lifetime values for the [I] in
solid state, dissolved in MeCN and in ionic liquid [TOMP][T,N].

Solvent ICDy — "Fy)/ICDy — 'Fy) 7 (ms)
Solid state 15.4 0.58
[TOMP][T£N] 9.2 0.69
MeCN 19.7 0.16

6.2.3.3.Photoluminescence properties of Sm complex (II)

The room temperature excitation spectrum of the (II) complex in solid state is shown in figure
6.11. The excitation spectrum was recorded by monitoring emission at 650 nm; it shows a broad

absorption in the 300 — 500 nm range with the maximum absorption at about 418 nm.

in solid state

. —— MeCN
1 —— [TOMP][TEN]

intensity (a.u.)

T T T T T T T T
300 350 400 450 500
wavelength (nm)

Figure 6.11: Room temperature excitation spectrum of the [II] complex in solid state (black
line), in MeCN (red line), and in ionic liquid (blue line).

The emission spectrum of [II] in solid state, recorded at room temperature is shown in figure

6.12, and the assignments of lines are given in table 6.3. The emission spectrum was recorded by
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excitation at 418 nm (23 923 cm™). The dibenzoyl methane ligands (dbm) absorb the excitation
energy and transfer it to the Sm*>" emitting center in the following step. The emitting level for the
samarium emission is the 4G5/2 level. Emission spectrum exhibited four emission transitions at
563 (17 761 cm™), 608 (16 447 cm™), 650 (15 408 cm™) and 709 nm (14 104 cm™) due to *Gsp
— 6H5/2, 4G5/2 — 6H7/2, 4G5/2 — 6H9/2 and 4G5/2 — 6H11/2 transitions. The 4G5/2 — 6H9/2 transition
is the hypersensitive transition and responsible for the most intense line (c) in the visible region
(650 nm) (15 408 cm™). The complex showed the characteristic orange color of the Sm®* ion. A
peak located at 563 nm (17 761 cm'l), due to 4G5/2 - 6H5/2 transition, has predominant magnetic
dipolar character. For Sm* ion, the ratio between the integrated areas of the 4G5/2 — 6H9/2 and
4G5/2 — 6H5/2 (R) transitions in the emission spectrum can be used as a measure for the
polarizability of its chemical environment. The intensity ratio R calculated for the complex [II]
in solid state is 13.3. This value is quite high for a Sm®" complex and is similar to Eu(III) p-

diketonate complexes.

2.0
1.8—- in solid state
1 —— MeCN
169 [TOMP][Tf N]
1.4
Moo = 390 ), =646

1.2 ©

intensity (a.u.)

T T T T T T T
550 600 650 700 750
emission wavelength (nm)

Figure 6.12: emission spectra of complex [II] in solid state (Aexe = 418nm), dissolved in MeCN
(Aexe = 355 nm) and ionic liquid THHN (Aexe = 390 nm).
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In addition to visible emission, complex [II] also displayed emission in the NIR region of the
electromagnetic spectrum which is presented in figure 6.13 (A). The excitation wavelength was
set at 418 nm. The emission spectrum show peaks corresponding to the transition from the
emitting level *Gs), to the different J levels of the °H term (°Hy, J = 13/2, 15/2), *F term (*Ey, J =
1/2, 372, 5/2, 7/2), and SF term (6FJ, J=9/2, 11/2). The main line in the NIR area is at 1301 nm
(7686 cm'l) due to 4G5/2 — SF,,,, transition. Assignment of the different emission lines is

summarized in the table 6.3.

wavenumber (cm™)
13000 12000 11000 10000 9000 8000

1 A

intensity (a.u.)

T T T T T T T T T T T
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wavelength (nm)
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Figure 6.13: NIR luminescence of complex [II] in solid state (Aexc = 418 nm) (A), dissolved in
MeCN (hexe = 360 nm) (B-a), and in ionic liquid [TOMP][TfaN] (Aexe = 394 nm) (B-b).

Table 6.3: peak assignment for the observed Sm”" transitions

line Line assignment Wave number (cm™') Wavelength (nm)
a *Gsn — “Hsp 17762 563

b *Gsp = “Hyp 16447 608

c *Gs, — *Hop 15408 650

d *Gsp — “Hup 14104 709

e *Gs, = *Hysp 11918 839

f *Gsp = ‘Fip 11325 883

g *Gsp > ‘Fap 11061 904

h *Gsp — Hisp 10810 925

i ‘Gsn = ‘Fsn 10526 950

j *Gsp > ‘Fap 9708 1030

k, 1 *Gs» — °Fop 8865, 8210 1128, 1218
m *Gsp = Fun 7686 1301

The decay curve for the complex [II] in solid state is shown in figure 6.14 (a). The lifetime

measurement was performed at 650 nm under the excitation wavelength of a LED source at 377
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nm. The decay curve was fitted by a single exponential and the lifetime value derived from

luminescence decay curve is 62.9 ps.

. \ (a) complex (Il) in solid state
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Figure 6.14: The decay curve for Sm** 4G5/2 — 6H9/2 emission in the samarium complex in solid
state (a) and dissolved in ionic liquid [TOMP][Tf,N] (b).

6.2.3.4.Photoluminescence of [II] dissolved in Ionic liquid

The excitation spectra of the complex (II) in solid state, dissolved in MeCN and in ionic liquid

[TOMP][Tf,N] are shown in the figure 6.11. The complex absorption is shifted towards shorter
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wavelength when it is dissolved in MeCN solvent and in ionic liquid [TOMP][Tf,N]. The room
temperature photoluminescence emission spectra of the complex [II] in solid state, dissolved in
MeCN and in ionic liquid [TOMP][Tf,N] are presented in figure 6.12. The emission spectrum of
the Sm complex dissolved in MeCN is similar to the one solid state. Nevertheless, the changes in
the fine structure of the emission of complex [II] dissolved in the ionic liquid [TOMP][Tf,N] has
been observed. The emission bands related to the emitting level 4G5/2 to the different J levels of
the °H term (°Hy, J = 13/2, 15/2), *F term (*F), J = 1/2, 3/2, 5/2, 7/2), and °F term (°Fy, J = 9/2,
11/2) transitions are relatively broad and unsplitted. The band at 650 nm, due to the 4G5/2 - 6H9/2
transition is shifted to 646 nm. This shift in the emission band indicates that the first coordination

sphere of the samarium complex is influenced on its dissolution in the ionic liquid,

[TOMP][T£:N].

The luminescence decay curves for the complex (II) in solid state, dissolved in ionic liquid
[TOMP][Tf,N] are shown in figure 6.14 (a) and 6.14 (b). The decay times derived from the

decay curves are given in table 6.3.

Table 6.3: RI value [(ratio between the area under the emission peaks of the hypersensitive and
of the magnetic-dipole allowed transitions) for the [TOMP][Sm(dbm),s] complex was calculated
by considering the [I(4G5/2 — 6H9/2)/ I(4G5/2 — 6H5/2)]] and the lifetime values for the [II] in solid
state, dissolved in MeCN and ionic liquid [TOMP][Tf,N].

Sample Solvent I(4G5/2 - 6H9/2)/I(4G5/2 - 6H5/2) T (us)

[TOMP][Sm(dbm)y4] | Solid state 13.3 62.9

[TOMP][Sm(dbm)4] | [TOMP][Tf;N] | 4.8 15.07 and 1.93

[TOMP][Sm(dbm)4] | MeCN 12.2 Too low/could not
be measured

The complex showed a low QY value of 0.1 in the ionic liquid [TOMP][Tf;N]. The low QY for
the complex [II] in ionic liquid [TOMP][Tf;N] is possibly due to the traces of water in the ionic
liquid, which might be introduced during the handling of sample that quenches the luminescence.
This is also because the QY measurements on the complex (II) in ionic liquid [TOMP][Tf,N]
were performed in the visible region, which is only a part of its luminescence and the remaining
part its luminescence output also lies in the NIR region. On the other hand, the QY of the
solution of complex [II] dissolved in MeCN was too low to measure which can probably be due

to the decomposition of the B-diketonate ligands of complex (II) in the MeCN solvent.
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In addition to the emission in visible region, complex [II] dissolved in MeCN and
[TOMP][Tf,N] also showed emission in the NIR region of the electromagnetic spectrum as
shown in figure 6.13 (B-a) and 6.13 (B-b). The emitting level for the NIR transitions is the *Gs),
level. In the NIR area, the most intense transition is the 4G5/2 — 4F5/2 transition located at 950 nm

(10526 cm™).

Decay curve for the complex (II) in ionic liquid is biexponential and the two lifetime values
were derived from the decay curves are 15.07 and 1.93 ms. The biexponential decay curve and
the two lifetime values for the complex (II) dissolved in to ionic liquid [TOMP][Tf,N] indicates

the presence of more than one kind of sites of Sm>" ion in this sample.
6.3  Conclusions

Tetrakis rare earth complexes (Eu’" and Sm”") with 1,3-diphenylpropane-1,3-dione ligand were
synthesized. The crystal structures of complexes (I) and (II) consists of [TOMP]" cations and
complex anions. It shows that the Eu’" and Sm’" ions are surrounded by four 1,3-
diphenylpropane-1,3-dione ligands. The coordination numbers of the Eu’" and Sm®" ions are
eight. No solvent molecules are coordinated to the central metal ions. Unlike imidazolium cation
based lanthanide tetrakis complexes, there is no hydrogen bonding interaction between [TOMP]
cation and the complex anion due to the lack of acidic protons on the phosphonium cation in
these complexes. Both the Eu and Sm tetrakis complexes showed thermal stability up to 250 and
285 °C, respectively. Photoluminescence of complexes (I) and (II) in phosphonium ionic liquid
[TOMP][Tf,N] were studied and The changes in the fine structure of emission spectra were
observed. Complex (I) showed a single exponential decay curve and a higher lifetime value of
0.69 ms when it was dissolved in to ionic liquid [TOMP][T{,N]; while in the acetonitrile solvent,
lower lifetime of 0.16 ms was measured. This decrease could be possibly due to the
decomposition of PB-diketonate ligands in the acetonitrile solvent. Complex (II) showed a
biexponential decay profile and two lifetime values (15.07 and 1.93 ms) when it was dissolved
into ionic liquid. This indicates that this sample contains more than one kind of Sm’* ion sites.
Nevertheless, the tunable properties of phosphonium ionic liquids together with the dissolution

of tetrakis-pB-diketonate complexes of lanthanides can open up new potential applications for

150



Chapter 6

these materials, e.g. for study of the electrochemical properties and electrodeposition of f-

elements.
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