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ABSTRACT

CAPELO, R. G. Luminescent glasses, optical fibers and composites for optical sensing and
photonic applications. 2024. Thesis (Ph. D.) — Instituto de Quimica de Sdo Carlos / Ecole
Doctorale Carnot-Pasteur, Universidade de Sdo Paulo / Université de Bourgogne, Séo Carlos,
2014,

This work explores the design, synthesis, and application of luminescent glassy materials and
composites for optical sensing and photonic technologies. The research focuses on developing
novel optically active materials using oxide glass matrices suitable for fiber drawing, such as
tellurite and phosphate glasses, which are modified to improve their optical and thermal
properties. The introduction of network modifiers, particularly fluorides, results in glass
systems with increased transparency and appropriate chemical stability. These matrices were
doped with rare-earth ions (RE®*) and nanoparticles, and they also served as substrates for the
growth of luminescent coordination polymers (Ln-CPs), enabling the production of new
glass@Ln-CP composites with significant potential for chemical sensing. A systematic
approach was employed to characterize these glass matrices using techniques such as X-ray
diffraction (XRD), Raman spectroscopy, solid-state nuclear magnetic resonance (NMR), and
absorption spectroscopy, providing insights into their structural, optical, and thermal properties.
The synthesis of optically active phosphate glasses co-doped with RE®* demonstrated the
capability to promote upconversion (UC) luminescence, highlighting their potential for
photonic applications. The research also emphasizes the development of glass@Ln-CP
composites, synthesized through in situ growth on glass substrates and optical fibers. These
composites exhibit strong luminescent responses to carbonyl compounds like acetone and 2-
pentanone, demonstrating their potential for chemical sensing. Furthermore, coated optical
fibers enable the transmission of luminescent signals over long distances, facilitating real-time
and remote detection of analytes. Thus, this thesis contributes to the development of new
luminescent materials and fiber-optic-based sensors, offering a versatile platform for innovative
optical sensors and photonic devices.

Keywords: oxide glasses; optical fibers; optical sensing; photonics.



RESUMO

CAPELO, R. G. Luminescent glasses, optical fibers and composites for optical sensing and
photonic applications. 2024. Tese (Doutorado) - Instituto de Quimica de Séo Carlos / Ecole
Doctorale Carnot-Pasteur, Universidade de Sdo Paulo / Université de Bourgogne, Sdo Carlos,
2014,

Este trabalho explora o design, a sintese e a aplicacdo de materiais vitreos e compositos
luminescentes para aplicacdo em deteccao Optica e dispositivos fotdnicos. A pesquisa tem foco
no desenvolvimento de novos materiais opticamente ativos usando matrizes de vidros 6xidos
adequadas para a fabricacdo de fibras dpticas, como vidros teluritos e fosfatos, que sdo
modificadas a fim de aprimorar suas propriedades Opticas e térmicas. A introducdo de
modificadores de rede, particularmente fluoretos, resulta em sistemas vitreos com maior
transparéncia e estabilidade quimica apropriada. Essas matrizes foram dopadas com ions terras
raras (TR3') e nanoparticulas, além de servirem como substratos para o crescimento de
polimeros de coordenacao (PC) luminescentes, possibilitando a producdo de novos compdsitos
vidro@PC com potencial significativo para sensoriamento quimico. Uma abordagem
sistematica foi empregada a fim de caracterizar essas matrizes vitreas usando técnicas como
difracdo de raios X, espectroscopia Raman, ressonancia magnética nuclear em estado sélido e
espectroscopia de absorcdo, obtendo informacdes detalhadas sobre suas propriedades
estruturais, dpticas e térmicas. A sintese de vidros fosfatos opticamente ativos co-dopados com
TR3* demonstrou sua capacidade de promover a luminescéncia por conversdo ascendente
(upconversion), atestando seu potencial como material hospedeiro para aplicagcdes em fotonica.
A pesquisa também destaca o desenvolvimento de compositos vidro@PC, sintetizados por meio
de crescimento in situ em monolitos de vidro e fibras dpticas. Esses compdsitos exibem
respostas luminescentes significativas a compostos carbonilicos, como a acetona e a 2-
pentanona, demonstrando seu potencial para sensoriamento quimico. Além disso, as fibras
Opticas recobertas permitem a transmissdo dos sinais luminescentes por longas distancias,
viabilizando a detecgdo de maneira remota e em tempo real. Assim, esta tese contribui para o
desenvolvimento de novos materiais luminescentes e sensores baseados em fibras dpticas,
oferecendo uma plataforma versatil para novos tipos de sensores Opticos e dispositivos
fotonicos.

Palavras-chave: vidros Oxidos; fibras Opticas; sensoriamento Optico; fotonica.



RESUME

CAPELO, R. G. Luminescent glasses, optical fibers and composites for optical sensing and
photonic applications. 2024. These (Doctorat) - Instituto de Quimica de Sdo Carlos / Ecole
Doctorale Carnot-Pasteur, Universidade de Sdo Paulo / Université de Bourgogne, Sdo Carlos,
2014,

Ce travail explore la conception, la synthese et I'application de matériaux vitreux luminescents
et de composites pour la détection optique et les technologies photoniques. La recherche se
concentre sur le développement de nouveaux matériaux optiquement actifs utilisant des
matrices de verre oxydé adaptées a la fabrication de fibres optiques, telles que les verres
tellurites et phosphates, qui sont modifiés pour améliorer leurs propriétés optiques et
thermiques. L'introduction de modificateurs de réseau, en particulier des fluorures, aboutit a
des systemes vitreux avec une transparence accrue et une stabilité chimique appropriée. Ces
matrices ont été dopées avec des ions de terres rares (TR®") et des nanoparticules, et elles ont
également servi de substrats pour la croissance de polymeéres de coordination (PC)
luminescents, permettant la production de nouveaux composites verre@PC avec un potentiel
significatif pour la détection chimique. Une approche systématique a été employée pour
caractériser ces matrices de verre a l'aide de techniques telles que la diffraction des rayons X,
la spectroscopie Raman, la résonance magnétique nucléaire a I'état solide et la spectroscopie
d’absorption, fournissant des informations sur leurs propriétés structurelles, optiques et
thermiques. La synthése de verres de phosphate optiquement actifs co-dopés avec des ions TR3*
a démontré leur capacité a promouvoir la luminescence par conversion ascendante
(upconversion), mettant en évidence leur potentiel pour les applications photoniques. La
recherche met également en avant le développement de composites verre@PC, synthétisés par
croissance in situ sur des substrats en verre et des fibres optiques. Ces composites montrent de
réponses luminescentes aux composés carbonylés comme l'acétone et le 2-pentanone,
démontrant leur potentiel pour la détection chimique. De plus, les fibres optiques revétues
permettent la transmission de signaux luminescents sur de longues distances, facilitant la
détection en temps réel et a distance des analytes. Ainsi, cette thése contribue au développement
de nouveaux matériaux luminescents et de capteurs a base de fibres optiques, offrant une
plateforme polyvalente pour des capteurs optiques innovants et des dispositifs photoniques.

Mots clés: verres d’oxyde; fibres optiques; détection optique; photonique.
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CHAPTER I:

Introduction to optically active glasses, optical fibers and lanthanide

coordination polymers
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General introduction and relevance

The development of new luminescent materials has drawn significant attention over the
past few decades due to their broad range of applications in photonics (1,2). Particularly,
luminescent materials based on rare-earth ions (RE*"), have shown promising potential in
diverse fields such as telecommunications (3,4), light-emitting devices (5), and bioimaging (6).
In this context, the incorporation of RE*" into glass matrices has been extensively explored,
owing to the numerous advantages offered by these host materials. Generally, glasses are
chemically and thermally stable, exhibit good optical transparency, and can accommodate a
wide variety of dopants, including RE**, without significantly altering their structure (7,8).
Moreover, the amorphous nature of glass allows for the homogeneous distribution of lanthanide
ions, minimizing quenching effects (9,10). These properties make glass matrices excellent
candidates for enhancing the performance of lanthanide-doped materials, particularly in
applications requiring long-term stability, such as lasers, amplifiers, and sensors.

Lanthanide-doped glasses are widely studied due to their sharp emission lines and high
quantum efficiency (8). The unique electronic structure of lanthanides, with 4f electrons
shielded by the outer 5s and 5p orbitals, minimizes interaction with the host lattice, allowing
them to retain their luminescent properties across various glass matrices (11,12). These
characteristics make lanthanide-doped glasses valuable for advanced photonic applications,
particularly when incorporated into optical fibers, where they enable the propagation and

amplification of luminescent signals over long distances (13).

Commercial optical fibers are generally based on silica glass compositions, which
feature a broad transparency window from ultraviolet (UV) to near-IR, high characteristic
temperatures, and high phonon energy (~1100 cm™). However, silica glasses also have limited
RE®* solubility compared to other oxide glasses, limiting their applications (14). Thus, other
glass matrices have been used for optical fiber production, such as tellurite (15), germanates
(16), phosphates (17), and heavy-metal oxide (HMO) glasses (18). These matrices are referred
as “soft glasses” due to their low characteristic temperatures and difference in rheological
properties comparing to silica and silicates. They present unique optical properties
advantageous for applications requiring lower processing temperatures, higher linear and
nonlinear refractive indices, lower phonon energies, and broader transparency windows in the

mid-IR (0.35 - 6 um). Additionally, incorporating fluorides and synthesizing oxyfluoride
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glasses can shift the absorption edge to higher energies, facilitating the design of lasers and
efficient emitting materials (19,20).

The most remarkable characteristic of optical fibers is their ability to guide light over
long distances with minimal loss. This property has revolutionized telecommunications,
enabling the rapid transmission of signals (21,22). Moreover, this light-guiding ability
facilitates their use in remote sensing applications, where the sensing element can be located
far from the detection system (23). The fabrication of optical fibers from lanthanide-doped
glasses has further advanced the development of fiber-optic sensors, enabling the detection of
various chemical species and physical parameters such as temperature, pressure (24,25).
Chalcogenide-based optical fibers, for example, are notable for their ability to transmit light in
the mid-infrared region, where many organic molecules and gases exhibit strong absorption
bands, making them well-suited for applications in environmental monitoring and industrial
safety (26).

Chemical sensors based on optical absorption offer faster response times, high
selectivity, and excellent detection capabilities compared to semiconductor or electrochemical
sensors, allowing for real-time detection without sample degradation (27). However, some
sensing platforms require chemosensor agents to enhance interactions with the evanescent field
and gaseous analytes, generating optical responses such as absorption or luminescence. In this
context, coordination polymers (CPs) represent a promising class of materials for applications
in gas sensing and the detection of volatile organic compounds (VOCs). Recently, luminescent
CPs containing RE®* as the metallic center (Ln-CPs) have been employed for sensing
nitroaromatic explosives, such as nitrobenzene and 2-nitrotoluene, in both aqueous and vapor
phases (28,29).

The emission mechanism of Ln-CPs typically occurs by the "antenna effect" of the
ligands, which absorb energy and assisted by vibronic coupling, transfer energy to the metal,
resulting in luminescence of the lanthanide ion (30,31). Optical sensing with these materials is
based on changes in the luminescence intensity when analytes interact with the CP, disturbing
the energy transfer from the excited state of the ligands to the emitting center. In addition, the
use of this class of compounds in sensor devices is supported by their ease of functionalization
on surfaces of different materials, along with their significant permanent porosity — a

fundamental condition for the interaction with gaseous analytes (32-34).
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Thus, the aim of this thesis was to develop new luminescent materials and optical sensors
based on “soft glass” matrices, such as tellurite, phosphate, and HMO glasses. Specifically,
systematic studies were conducted on various glass compositions with suitable properties for
optical fibers production, with the goal of developing new composites that integrate these glass
substrates with luminescent Ln-CPs. These composites were used in sensing tests, where they
were exposed to different organic analytes, and their luminescence behavior was monitored to

evaluate their performance as optical sensors.

Next, several theoretical aspects about the main topics covered in this work will be
presented, as well as key concepts and previous studies that contribute to the formulation of this
research project. This introductory chapter is organized into three main research topics: (i) glass
systems: definitions and key properties; (ii) fundamentals of optical fibers; and (iii) Ln-CPs for

optical sensing.

1. Glass systems: definitions and main properties

Glass is one of the first materials mastered by humans and was fundamental for
developing modern civilization, used both in everyday items, such as windows and bottles, and
in advanced technologies, such as displays, lasers, and optical fibers. This widespread use of
glass in modern society is even an argument for classifying current times as the Age of Glass.

However, defining what glass truly is remains a subject of considerable interest and debate.

In a recent work, Zanotto and Mauro brought the following definition: “Glass is a
nonequilibrium, non-crystalline state of matter that appears solid on a short time scale but
continuously relaxes towards the liquid state. ” (35) This may seem complex, but the essential
is to understand that glass is a material that is out of thermodynamic equilibrium and has a non-
crystalline structure, without long-range order (LRO). Furthermore, glasses also show the
phenomenon of glass transition, which is the point where a supercooled liquid passes into the
glassy state. This phenomenon occurs in a condition of rapid cooling of the melt, as represented
in Figure 1.1, which prevents the liquid structure from organizing itself in a crystalline form and
removes energy for the free movement of atoms in the system (increasing viscosity). Therefore,
the glass formation depends on the cooling rate, taking the system from the metastable
equilibrium until the glass transition region, where the structure is frozen by increasing the

viscosity and the structural relaxation time (36).
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Figure 1.1 - Schematic plot of volume versus temperature for a glass-forming material illustrating four distinct
phases: liquid, supercooled liquid, glass, and crystalline states. T, = melting point, and T4 = glass transition
temperature.

Source: reproduced from VARSHNEYA AND MAURO (37).

In contrast to crystalline materials, glasses do not have a LRO structure. However,
relatively uniform coordination polyhedral, like SiOs, AlO4, BO4, and TeO4, can be found in
the oxide glass corresponding to a short-range order (SRO). Generally, these polyhedra are
classified according to the number of bridging oxygen atoms, connecting them to neighboring
polyhedra. These structural units can influence the extent of polymerization of the 3D network

and thus define the optical, mechanical, and thermal properties of the glass matrix (36).

Although almost all elements of the periodic table can form glasses, most glasses used
in commercial and technological applications are composed of silica-based matrices as the main
component. Silicate glasses present a high chemical and thermal stability, large transparency
window and appropriate mechanical properties for fiber production (38). However,
these glasses also demand high melting temperature, which could be a manufacturing issue, in
addition to their high phonon energy and the consequent short IR transmission, with a cut-off

around 3.2 um. Thus, other families of oxide glasses have been used in several applications,
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especially for developing new optical fibers. An example of an alternative glass type are the
HMO glasses, which have lower phonon energies and characteristic temperatures than silicates,
in addition to offering better stability and milder synthesis conditions compared to other glass

families, such as fluoride and chalcogenide glasses (39).

Although HMO glasses are not typically used in large-scale production due to their
higher raw material costs, as well as lower chemical durability and mechanical strength
compared to silicate glasses, they present unique and advantageous properties in IR
transmittance. This makes them attractive as host materials for mid-IR laser sources and other
mid-IR applications (39). For a better understanding of the structural and optical properties of
glasses, concepts related to thermal stability, as well as the transparency range of this material

will be defined in the following topics.

1.1.  Thermal properties of glasses

One of the most relevant properties of glasses is their thermal stability against
crystallization. In a practical approach, this parameter reveals the working temperature range
of the glass, which can be essential information for many applications, such as the optical fibers
pulling. Although it is essential, the definition of this property is relatively simple. The first
definition was proposed by Dietzel as a modest formula, AT = Tx - Tg, where Tx is the onset
temperature of crystallization and Tg the glass transition temperature (40). Hruby, in turn,
proposed the Hs criterion, Hs = (Tx — Tq)(Tm - Tp), where Tm is the melting temperature and Tp
is the crystallization maxima temperature (41). Both formulas are commonly accepted as
thermal stability criteria, but the Tm is often above the equipment threshold temperature, making

AT the most used criterion for this purpose (42).

The characteristic temperatures of glasses are obtained by thermal analysis, which
shows physical and chemical changes that occur in the material with the increase in temperature
and allows determining the value of phase transformation temperatures, as shown in Figure 1.2.
Thermal analysis generally involves increasing the temperature of the material and recording
the variations in heat flow, which can be exothermic (heat release) or endothermic (heat
absorption) (43).
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Figure 1.2 - Typical DSC curves of glasses and their characteristic temperatures.
Source: adapted from BAIRD and TAYLOR (43).

The thermal phenomena that occur in a glass formation are attributed to its composition,
structure and the thermal history of the sample. Moreover, several phenomena are associated
with Tg, such as the drastic change in viscosity, which goes from approximately 10! poises at
the melting temperature to approximately 10'® poise in the glassy state (Figure 1.3) (44). In
addition to the cooling rate, another important process in the glass synthesis is the annealing
after obtaining the sample. This procedure is performed at temperatures up to 30°C below Tq
and assists in removing internal structural stresses caused by thermal shock. Thus, annealing
directly influences the mechanical properties of the glasses, providing greater strength by
reducing fractures and cracks in the samples (45).
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viscosity is standard of the different stages of getting a glass.
Source: reproduced from VARSHNEYA AND MAURO (37).

1.2.  Transparency window of glasses

The transparency window of materials is limited by their vibrational and electronic
absorption edges. A material is considered transparent when its molecules have fundamental
oscillation frequencies at lower energies, absorbing predominantly in the infrared (IR) region,
while transmitting light in the visible region. This characteristic transparency is observed in
glasses, which exhibit multiple vibrational absorptions, also known as multiphonon absorption,
occurring between 1 and 25 um, depending on the composition of the glass (46). In addition to
vibrational absorption, the transparency of glasses is also limited by the electronic absorptions,
which occur at higher energy wavelengths in the UV-visible region. These absorptions are

related to the electronic transitions of the atoms that make up the material.
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Thus, the transparency window is defined as the range in the electromagnetic spectrum
where the material is transparent. It is delimited by the two main factors: the band-gap frontier,
which refers to electronic absorption in the UV-visible range, and the multiphonon frontier,
which corresponds to vibrational absorption in the IR (46). These intrinsic absorptions are
dependent on the glass composition (47). Figure 1.4 shows the transmission spectra for some
traditional glass families, highlighting their transparency windows and the influence of different

compositions on these limits.

wo..n | ‘_“)

Selenide
Teluride

% Trnasmitance

10 ) 15 20
Wavelength/ nm

Figure 1.4 - lllustration of transparency window of different glass families. The insets are examples of silicate,
heavy-metal oxide, fluoride, sulfide, selenide and telluride glasses.
Source: adapted from NALIN et al. (47).

The bandgap frontier usually occurs in the UV-Visible region and corresponds to the
electronic transitions of the glass matrix. The energy of short wavelengths corresponds to the
energy gap between the conduction band and the valence band of the material. Thus, at
wavelengths of equal or higher energy than the bandgap, the glass absorbs the radiation energy,

and an electronic transition occurs between these bands (47).

In turn, the IR cut-off of glasses is primarily determined by the frequency of vibration
of the chemical bonds, known as phonon energy (39). In fact, this absorption edge is due to the
vibrations of the chemical bonds and their harmonics, that is, multiple energies of the
fundamental vibration energies of these bonds. Since atoms vibrate cooperatively in response

to the applied electric field, different vibrational modes will be seen due to the high disorder
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and connectivity of the glasses. In this sense, glasses tend to absorb a wide spectral band in the
IR region, configuring a vibrational absorption edge.

Aiming to extend the IR transmittance to longer wavelengths, larger cations and anions
should be used (48). The maximum energy of the phonons is inversely proportional to the molar

mass of the elements that constitute it, since the wavelength of a bond is expressed by the

/1=211:.c\/E
K

where c is the speed of light in vacuum, p the reduced mass of bonds and K the bond strength

following formula:

constant. Therefore, the greater the mass of the components, the more the multiphonon
absorption will be shifted to longer wavelengths. This is the main reason for chalcogenide and
HMO glasses to have greater transparency in the mid-IR and, in some cases, far-IR.

1.3.  Tellurite glasses

One of the most studied families of HMO glasses is the tellurite glasses. This glass were
first explored in the 1970s, standing out as a promising material for acoustic-optical devices,
such as light modulators. Tellurite glasses exhibit unique properties among oxide glasses,
mainly due to their glass network, which is predominantly composed of tellurium (Te) and
oxygen (O) atoms. The network features a multicoordination of tellurium atoms within oxygen
polyhedra and the presence of a non-bonding electron pair, which contributes to their unusual
linear and nonlinear optical properties (49).

From a structural perspective, the main difference between tellurite and silicate glasses
lies in the arrangement of the structural units within their glass network. This distinct
arrangement leads to lower characteristics temperatures in tellurite compared to silicate glasses.
While silicate glasses are composed of highly condensed and connected tetrahedral units [SiO4],
tellurite glasses are formed by less symmetric polyhedrons [TeOn] due to their non-bonding
electronic pairs, allowing pyramidal e trigonal bipyramid geometries. Thus, tellurite glasses
contain structural units similar to crystalline TeOz2, although these units are distorted in the glass
network, forming three polyhedral structures of TeOn (Figure 1.5): [TeO4], [TeOs+1] and [TeOzs]
(50).
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Figure 1.5 - Schematic structures of (a) trigonal bipyramid TeOs, (b) polyhedron TeOs+; and (c) trigonal pyramid
-IS-guorie: by the author.

In the TeO4 unit, the Te atom is at the center of a trigonal bipyramid, and the Te spd
orbital is occupied by a lone pair of electrons. This unit is formed by two axial and 2 equatorial
oxygen atoms. Moreover, the distance of the axial bond (Te-Oax = 2.08 A) is longer than the
equatorial bond (Te-Oeq = 1.90 A) and the third equatorial position is occupied by a lone pair

of electrons (50).

Tellurium also has an intermediate coordination value between 3 and 4. The unit is
defined as TeOs-+1, presenting an asymmetric polyhedron where one axial bond distance Te — O
is smaller, while the other is more elongated. Then, the Te atom is bonded to 3 oxygens by the
same distance as in TeOs units and to a fourth oxygen with a bonding distance greater than 2.30
A (51).

Finally, tellurium can also be coordinated to only 3 oxygens in the glass matrix. This
occurs when the fourth axial distance Te — O is longer than 2.58 A, making the interaction
between Te and O practically negligible. Thus, the TeOs unit is a trigonal pyramid structure
with bond distances of 1.88 A. In this structural unit, one of the four sp3 orbitals of Te is

occupied by the lone electron pair (51).

The formation of distorted polyhedra as structural units is responsible for a less
connected glass network in these matrices. Due to this structural characteristic, the multiphonon
absorption edge it is extended to more than 4 pum, and low glass transition and melting
temperatures are expected (52). Especially, the low phonon energy of tellurite glasses is an
attractive factor for new mid-IR lasers and amplifiers, as well as for passive fibers and optical
sensors. Simultaneously, the high electronic density of the tellurite units contributes to higher

refractive indexes (linear and non-linear), as well as a UV-visible cutoff edge in the region of
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0.35-0.40 um (over mm length scale), which are also important for photonics applications in

this spectral range (53).

The tellurite glass system most commonly utilized is based on a ternary composition of
(75-80)TeO2-(10-20)Zn0O-(5-15)Na20 (as known as TZN glasses) (52). The main properties
of TZN glass with composition 75Te02-15Zn0-10Na20O are high thermal stability against
crystallization (AT > 100 K), high linear refractive index (1.97-1.98), low phonon energy (700
cm™), in addition to a large transparency window, from 400 nm to 6 um (for glasses with
thickness of 1.4 mm) (54). Based on these suitable properties, optical fibers of TZN glasses

have been applied in fiber lasers (55), as well as efficient supercontinuum generators (56).

Tellurite and other HMO matrices are known as “soft glasses”, because of their
interesting thermal properties, such as low glass transition and melt temperatures, depending
on the composition (15). These glasses also present good stability against crystallization and
chemical corrosion, allowing the use of these matrices in optical fiber applications (57).
Moreover, the low melting temperatures (< 1000 °C) of tellurite glasses enable their melting in
glovebox-based facilities, providing a dry atmosphere for dehydration and an oxidative

environment to maintain tellurium in the Te** state (57).

Generally, HMO glasses present considerable content of hydroxyl (OH) groups in the
matrix, even when the melting is conducted under dry Oz atmosphere. As consequence, high
losses in the mid-IR window of 2.5-5 um, and non-radiative decay of RE®* dopants are caused
by OH content (59). Therefore, the main fabrication challenge for HMO glasses is to minimize
the OH group content while preventing the formation of lower-valency heavy metals. Besides
OH groups, the presence of metallic species, such as metallic tellurium, lead, and bismuth, can

also lead to undesirable absorption in the glasses, posing challenges for various applications.

A widely used strategy to reduce OH group content is the addition of fluoride in tellurite
glasses, which have recently received much attention in several works. In summary, the
dehydroxylation is promoted by the reactions of zinc fluoride in the melt process, described as
the following (60):

ZnF2+ 2 Te-OH - ZnO + 2HF + Te-O-Te (1) and
ZnF2 + H20 - ZnO + 2 HF (2)
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This strategy proved to be a good way to enhance the glass transparency window, from
UV (~300 nm) to the mid-IR (4-6 pm), while also allowing the production of stable glasses
and optical fibers containing high amounts of RE3* (61-63). Despite that, a decrease in the
mechanical and thermal stability is also expected, due to the predominant ionic character of the
matrix. As an alternative, these difficulties can be minimized when a small amount of
phosphates are introduced into a tellurite network, which tends to increase the network
connectivity and provides more stability to the glass (64,65). Thus, structural studies of
fluorotellurite and fluorophosphotellurite systems could be essential for the development of
new glasses with appropriate mechanical, thermal and optical properties for application in
photonics, mainly in optical fiber drawing.

1.4.  Phosphate glasses

Phosphate glasses have emerged as a significant class of materials for optical
applications due to their unique structural and physical properties (66). Compared to silicate
glasses, phosphate glasses have lower characteristic temperatures and higher refractive indices,
making them particularly attractive for a range of technological applications (67). A significant
advantage of phosphate glasses is their high solubility for RE* ions, which is essential for

optical and photonic applications such as lasers, amplifiers, and sensors (68,69).

Phosphate glasses present a relatively open glass 5Snetwork structure, typically
composed of polyhedra of phosphorus-oxygen bonds, designated as [POs] units (65). The
connectivity of these [PO4] units varies depending on the glass composition and is expressed as
Q" where n represents the number of bridging oxygen (BO) atoms (Figure 1.6) (65). Compared
to silica glass, the localized excess charge from P°* leads to less cross-linked structures in
phosphate glasses (70). In the pure P20s glass system, the network is primarily composed of
Q3 units, where the phosphorous is coordinated by one non-bridging oxygen (NBO) and three
BO (65). The introduction of alkali or alkaline earth oxides modifies the Q" units, in glasses
containing more than 50 mol% of P2Os (ultraphosphate), the network consists of both Q2 and
Q?® (71). With 50 mol% of P.Os (metaphosphate), Q? units dominate, while at concentrations
below 50 mol% (pyrophosphate), Q? units are converted to Q! (72). Additionally, in glasses
containing less than 33 mol% of P20s (orthophosphate) the network mainly consists of Q° units,
featuring four NBOs (72).
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Figure 1.6 — Schematic structures of Q" of phosphate glasses.
Source: reproduced from ENDO et al. (73).

Phosphate glasses are notable for their low melting temperatures and high thermal
expansion coefficients (74). However, vitreous phosphate glasses tend to exhibit high
hygroscopicity due to their P-O—P bonds, which are easily hydrolyzed and less resistant to
moisture (75,76). To address this issue, partial substitution of phosphorus with iron or
aluminum increases their suitability for applications requiring enhanced durability and

corrosion resistance (72,77).

The addition of Al2Os strengthens the phosphate glass network by allowing AI** ions to
cross-link the phosphate chains. [AlO4] and [PO4] tetrahedra form AI-O—P bonds, like the Si—
O-Si bonds in SiO2-based glass (70,78). The oxygen coordination of Al ions depends on the
glass composition and is directly influenced by the O/P molar ratio (79).

Incorporating modifiers like Al2O3 not only improves thermal stability but also reduces
the thermal expansion coefficient, which is essential for applications requiring dimensional
stability (80). The incorporation of Al2Os into the glass matrix enhances network connectivity,
resulting in a more robust structure (81). This makes aluminum-phosphate glasses particularly
valuable for applications requiring long-term stability in diverse environmental conditions, such

as biomedical devices and high-performance optical systems (82-84).

Phosphate glasses also exhibit distinctive optical properties that set them apart from
traditional silicate glasses. They typically have higher transparency in a wide spectral region,
low refractive index, and the ability to incorporate larger amounts of RE3* and transition metals
(85,86). Additionally, phosphate glasses demonstrate excellent UV transmission, making them
suitable for applications in photonics and sensing technologies. However, their typical low
refractive index can be a limitation for certain applications. To address this, phosphate glasses
are often combined with other glass-forming materials. For instance, germanium oxide (GeOz2)

iIs commonly added to increase the refractive index of the glass (87).
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Germanium-phosphate glasses are particularly remarkable for their enhancement of
several properties. The addition of GeO2 not only increases the refractive index but also
improves the mechanical strength, making these glasses more suitable for high-performance
optical applications (88,89). Their high ionic conductivity, combined with the capacity to
incorporate significant amounts of RE®* ions and metallic nanoparticles, makes germanium-
phosphate glasses promising for efficient light emission and amplification, which is desirable

in advanced photonic devices (89,90).

Finally, a key advantage of phosphate glasses is their suitability for optical fiber
fabrication (84,91). Due to their lower viscosity and softening temperatures compared to silicate
glasses, phosphate glasses offer a valuable alternative for producing optical fibers with varied
designs (17,92,93). These fibers maintain the beneficial properties of bulk phosphate glasses,
such as high solubility for RE®** and excellent UV-visible transparency, making them versatile
materials for advanced optical technologies (84,94).

1.5.  Optically active glasses

Optically active glasses have been extensively studied due to their wide range of
applications, such as light-emitting, telecommunication, and optical sensing (4,95-97). These
materials, often doped with lanthanide ions, exhibit exceptional optical properties, making them
indispensable in the development of modern solid state optical technology (98). The unique
luminescence behavior of lanthanide ions arises from their electronic structure and glasses have
been extensively used as host matrix for these dopants, due to the numerous advantages in terms
of thermal stability, chemical resistance, and homogeneous dispersion (99).

The growing global demand for energy-efficient lighting has been one of the most
relevant causes in promoting research into advanced materials designed to enhance light-
emitting performance (8,100). Traditional incandescent and fluorescent lamps have been
replaced by white light-emitting diodes (wLEDs), which are typically composed of
Y3Als012:Ce** yellow phosphor and InGaN-based blue emitting LED, encapsulated in epoxy
resin (101). However, this kind of wLEDSs has its use limited in some advanced technologies
due to the lack of sufficient red emission, poor color balance and significant re-absorption.
(102). Additionally, these wLEDs often face other drawbacks, such as resin degradation by

electrical current and photon scattering caused by the difference in refractive indices between
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their components (103). In this sense, novel optically active glasses have emerged as a
promising alternative to wLEDs, serving as hosts for phosphor materials or luminescent dopants
for light-emitting materials (8,104-106).

Lanthanide-doped glasses tend to exhibit good thermal and chemical stability, a broad
transparency range, ease of fabrication, and high dopant solubility, making them promising
candidates for light-emitting devices (99,100). The shielding effect of the outer orbitals in
lanthanide ions allows them to display stable and tunable luminescence, minimally affected by
the chemical environment. As a result, using glasses as host materials is an effective strategy
for producing stable luminescent materials (11,98). Moreover, lanthanide-doped glasses have
been widely employed in advanced applications such as optical thermometry, photovoltaic

cells, photocatalysis, and optical amplifiers (107-109).

The unique luminescence properties of lanthanide-doped glasses result from radiative
transitions between the f-f energy levels of lanthanide ions. These emissions can cover a broad
spectral range, from UV to IR, when excited by an appropriate light source (8). Three primary
mechanisms are responsible for the luminescence processes in lanthanide ions: down-shifting
(DS), quantum cutting (QC) or downconversion (DC), and upconversion (UC) (Figure 1.7(a)).
The DS process, a Stokes process, involves the absorption of high-energy photons and its re-
emission as photons with lower energies (110). In contrast, QC can lead to quantum yields
exceeding 100% by splitting a single high-energy photon into two or more lower-energy
photons, as demonstrated in early works with Pr3*-activated materials (111). Finally, UC, an
anti-Stokes process, consists in the absorption of multiple low-energy photons followed by the
emission of a higher-energy photon (112). UC can occur through various mechanisms, as
illustrated in Figure 1.7(b). Briefly, the most common types of UC process are excited state
absorption (ESA), energy transfer up-conversion (ETU), photon avalanche (PA), cooperative

energy transfer (CET).
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Figure 1.7 - (a) Schematic representation of DS, QC and UC mechanisms; red arrows represent photon excitation
and green arrows are radiative emission; the dashed line represents a non-radiative process.- (b) schemes of several
UC process ( ESA, ETU, PA, and CET); red and blue full arrows illustrate the excitation process and radiative
emission, respectively, while green dashed arrows correspond to energy transfers.

Source: reproduced from EROL et al. (8).

UC luminescence in lanthanide ions is particularly appealing to researchers for two main
reasons: it enables the generation of multiple visible photons using only a 980 nm diode laser,
and the longer excitation wavelength helps prevent the degradation of the host material that can
occur with short-wavelength UV excitation in DS processes (113). However, most lanthanide
single-doped systems have shown low efficiency in IR-to-visible UC processes, particularly
when excited in the near-IR region (114). The development of Yb®'-sensitized materials has
significantly improved UC efficiency by leveraging the high absorption cross-section of Yb®*,
which peaks around 980 nm, and its efficient energy transfer mechanism to the emitter ion. This
advancement has led to substantial improvements in UC efficiency in co-doped glasses and
optical fibers containing Yb%* as sensitizer (115-117).

One of the most studied Yb*"-sensitizer systems is the co-doping with Er®*. Erbium-
doped glasses are particularly appealing due to their emission at 1550 nm, a feature that makes
Er¥*-doped fiber amplifiers (EDFAs) widely recognized and utilized in telecommunication
systems (117). Additionally, when excited at 980 nm, Er®*-doped glasses can also emit red and

green light via UC process (118). The co-doping with Yb®" further enhances both the IR and
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UC emissions, as Yb*" has a greater absorption cross-section at 980 nm compared to Er*
(119,120). Numerous studies have explored various Er¥*/Yb** co-doped glass systems,
particularly in phosphate and tellurite glasses, for applications in optical amplification and
temperature sensing (121,122). Additionally, Tm3*/Yb®" co-doped glasses have also been
investigated for their potential to generate blue UC emission from Tm?3" (123,124). In these
systems, Yb** absorbs three 980 nm photons, followed by an ETU process that enhances the
Tm3*:3Hs—3F4 radiative transition, producing emission around 480 nm (125). This blue
emission can also occur by a two-photon ETU process in Tm3*/Nd®* co-doped glasses excited
near 800 nm (126). The ability to generate blue light is particularly relevant, as materials
emitting in the 450-500 nm wavelength range are considered promising for applications
photonics and biophotonics (127,128).

In this regard, luminescent glasses have become highly valuable for modern photonic
applications. The luminescent properties of lanthanide ions, combined with the thermal and
chemical stability of glasses, as well as their transparency and simple fabrication process, make
these materials attractive for a wide range of technologies. Particularly, optically active fibers
offer the advantage of flexibility and light transmission over long distances, making them ideal

for applications in telecommunications and remote sensing.

2. Fundamentals of optical fibers

Optical fiber research began in the late 1970s and played a revolutionary role in fields
such as telecommunications and non-linear optical devices (129,130). The fibers operate by
guiding the light by a mechanism called total internal reflection (TIR), which is only possible
if the waveguide presents a difference in the refractive index between the medium in which the
radiation will be conducted (higher index) and the surrounding medium (lowest index).

Conventional optical fibers can be described as cylindrical glass waveguides, consisting
of an internal core, of refractive index nc, surrounded by a cladding with similar composition
but with a slight lower refractive index, ns. Typically, the fibers are coated with polymers to
improve the mechanical protection and to avoid environmental degradation, as shown in Figure
1.8.



27

Plastic coating

\ Core

Light ray

\

Cladding

Figure 1.8 - Representation of conventional core-cladding optical fiber.
Source: by the author.

When light travels from a medium with a higher refractive index to other with a lower
refractive index, it results in a total reflection at the interface if the incidence angle exceeds a
critical angle (6¢) (130). This property, known as total internal reflection and represented in

Figure 1.9, is what allows light to propagate in the core of conventional optical fibers.
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Figure 1.9 - Representative scheme of the total internal reflection principle and the light propagation in an optical
fiber.
Source: by the author.

The condition for total internal reflection in an optical fiber is determined by a maximum
incidence angle at the interface between the core and the external medium. This angle defines
the fiber's acceptance cone, with the sine of the angle being referred to as the numerical aperture
(NA). The NA is a key parameter that determines the amount of light the fiber can guide through
its core. A larger NA corresponds to a wider acceptance angle, which enhances the fiber's ability

to guide light. The NA can be expressed as:

NA = \/n%2 — n?
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2.1.  Modes of propagation

The propagation of light within an optical fiber depends on the ratio of the core diameter
to the overall diameter, allowing light to propagate along one or multiple paths, known as
modes. Conventional optical fibers are categorized into three types: step-index multimode,
graded-index multimode, and single-mode fibers. Step-index fibers feature a sharp change in
refractive index at the core-cladding boundary, while graded-index fibers exhibit a gradual
change in refractive index from the core to the cladding. Single-mode fibers, typically of the
step-index type, have a small core diameter, usually around 8 — 12 um (130). Figure 1.10

illustrates these three types of fibers.
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Figure 1.10 - Representation of light propagation modes in optical fibers.
Source: by the author.

2.2.  Attenuation and optical losses
Another important parameter of optical fiber guidance is the attenuation of the
propagated signal, which can be caused by factors related to the material, such as component

purity and compositional homogeneity, in addition to phenomena related to the interaction of
light with matter.
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As discussed in section 1.2., glasses have their transparency window limited by two
intrinsic absorption bands: the electronic and vibrational edges. Consequently, wavelengths
near these edges experience significant attenuation, leading to absorption within the optical
fiber and impeding the efficient propagation of light. Furthermore, between these two bands
extrinsic absorption bands are introduced by impurities such as hydroxyl groups, carbon, and
transition metals. Hydroxyl groups, in particular, pose a significant challenge due to their strong
absorption at several key wavelengths (131). A notable example is the absorption peak at 1.4
um, which corresponds to the first overtone of O-H stretching vibrations and falls within the
near-IR region, which is critical for fiber-optic communication. Transition metals and carbon
impurities can introduce unwanted absorption in the visible and near-IR regions, further

degrading the fiber's performance (131).

In addition to absorption losses, signal losses in an optical fiber can occur due to
scattering phenomena, and the most frequent of which is known as Rayleigh scattering. This
phenomenon occurs due to scattering centers much smaller than the wavelength of the radiation.
Thus, the scattering degree depends on the size of the scattering centers and the wavelength of
the light, with the scattered intensity being inversely proportional to the wavelength raised to a
power of four: I « 1//14. Therefore, this phenomenon tends to present greater scattering
intensity for smaller wavelengths, but it also depends on the atomic and molecular dipoles
intrinsic to the material and which can be influenced by variations in the density and refractive
index of the fiber (132). An example of the optical loss curve for a conventional silica fiber is

depicted in Figure 1.11.
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Figure 1.11 - Optical loss curve for a silica optical fiber with several factors of attenuation.
Source: reproduced from DING et al. (132).

Finally, a last signal loss situation in optical guidance occurs when the fibers are bent or
there are geometric defects at the core-cladding interface. In these situations, called curvature
loss, the guidance condition changes, and some modes leave the total internal reflection

condition and are refracted to the cladding, representing another optical loss factor (132).

Optical transmission loss is normally evaluated by optical attenuation measurements by
the cut-back method (133). This method consists of measurements of the output intensity (I) of
the coupled signal in different optical paths, keeping the input intensity constant (lo). After the
first intensity measurement I1 relative to the length L1, the fiber is cut n times, resulting in Ln
sizes, each with an output In value. The fiber is always cut at the end opposite the light source
coupling in order to not change the alignment. In this way, the fiber will have a length Ln smaller
than L1 and the fiber output intensity will be measured, with intensities In. The fiber attenuation,

in dB/m, is determined by the following formula:

(dB)_ 10 | I,
“\m) "L, -1, 51,
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2.3.  Designs for optical fibers sensors

The sensing of gases or in solution analytes by optical fiber sensors is based on the
interaction between the target species and the light conducted by the fiber. This interaction is
often based on an intrinsic phenomenon in multimode optical fibers known as evanescence
(134). In these fibers, electromagnetic waves propagate through the core, but part of the
radiation is also directed toward the cladding. This portion of radiation that propagates around
the core is called the evanescent field or light. If an optical fiber does not have a coating, the
evanescent light, when leaving the core, is directed to a region outside the fiber, and can interact

with species present in the surroundings.

In this sense, the use of fibers that favor the interaction between the evanescent field of
the guided light and the analyte is suitable. In traditional core-cladding fibers, the evanescent
field travels to the fiber cladding, but a small percentage of this radiation spreads to the
surroundings. However, some optical fiber designs facilitate the propagation of the evanescent
field to the external environment. Optical fibers of the TOF (Tapered Optical Fiber) type
(Figure 1.12(a)), for example, present a tapering in the sensing region, reducing the dimensions
of both the cladding and core. Therefore, the smaller diameter of the fiber facilitates the
extension of the evanescent field to the surroundings and its consequent interaction with the
sample (135). TOF fibers are manufactured from a taper region that will be used to contact the
analyte. The most common technique for causing this funneling is to stretch the optical fiber
while it is heated with an oscillating flame torch. The diameter of the tapered region (p) varies

with the elongation distance (z) and can be predicted by the expression:

P = poexp(-z/2Lo),

where po is the initial fiber diameter and Lo is the flame oscillation length.
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A) TOF (Tapered Optical Fiber)
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Figure 1.12 - Examples of optical fiber designs for sensors: (a) TOF type fibers; (b) fibers with exposed core.
Source: by the author.

In Figure 1.12(b), the simple removal of the cladding covering the core in the sensing
region induces the propagation of the evanescent field to the surroundings of the fiber. This
fiber design increases the evanescent field interaction with the analytes, also enabling the
functionalization of the fiber core with luminescent molecules, metallic films, nanoparticles, or
even quantum dots, as demonstrated by Ding et al. (136), for the quantification of NO with QDs
of CdS and CdTe, with issuance characteristic in the visible region, around 550 nm.

The exposure of the fiber core can be done by the controlled removal of the cladding in
a specific region of the fiber in contact with the analyte. Generally, the removal is achieved
through physical wear or chemical etching of the cladding. Chemical removal is often more
convenient, using a solvent suitable for the composition of optical fiber. The most common
agents for the glasses used in this project are acidic solutions, such as HF, HCI, H2SOa4 solution
or piranha solution (H202/H2SO4) (137). It is important to highlight that the fiber immersion
time in the solution must be strictly controlled for the method's reproducibility and the

verification and control of the wear must be done with the aid of an optical microscope (138).



33

3. Luminescent coordination polymers for optical sensing

Coordination polymers (CPs) are hybrid materials that combine inorganic and organic
components, forming a coordination network extending in 1, 2, or 3 dimensions (139). CPs
exhibit self-assembly through interactions involving metal ions or clusters and organic linkers
via coordinate bonds, as well as secondary interactions such as hydrogen bonding, n—r stacking,
and van der Waals forces (140). This variety of interactions allows CPs to adopt a wide range
of structures, which can be tailored by selecting different metal ions and organic ligands (141).
Although CPs do not necessarily exhibit a crystalline structure, they often share common
features such as high surface area, permanent porosity, adsorption capacities, and tunable
optical properties (139). As a result, the interest on CPs is based on their high potential for
several applications, such as gas storage (142,143), heterogeneous catalysis (144,145),
chemical sensing (146-148), drug delivery (149,150), and bioimaging (151,152).

In recent years, CPs containing lanthanide ions (Ln-CPs) have attracted great attention
because of their potential as multifunctional luminescent materials (153). The luminescence of
Ln-CPs typically arises through the so-called antenna effect, in which the organic ligand is
excited by a photon absorption and the energy is transferred to the lanthanide ion (154). In some
cases, guest molecules, such as solvent molecules trapped within the frameworks, can also
contribute to the emission properties of CPs (148). Over the past decade, numerous Ln-CPs
have been developed and employed in sensing application for detecting different chemical
species, including metal ions (155,156), organic solvents (157,158), explosives (159), as well

as for temperature sensing (160).

Metal-organic frameworks (MOFs) are a subset of CPs and consist of organic ligands
coordinated to metallic cations, forming a network that extends in three dimensions (3D) and it
can be crystalline or amorphous in nature (161). A representation can be seen in Figure 1.13,
showing the coordinated bonds between organic compounds and inorganic clusters or metallic
cations, which form a regular structure that is tridimensional repeated (162). One of the most
remarkable properties of MOFs is their high intrinsic porosity, which can reach up to 90% free
volume. Additionally, they exhibit high specific areas, low density (around 0.8 g.cm™ %) and
good thermal stability (400-500 °C) (162).
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Figure 1.13 — Scheme for representation of a MOF.
Source: reproduced from SARACI et al. (163).

MOFs synthesis is based on the reticular chemistry, an area responsible for the design
of new ordered network materials with predicted structures (161). By examining the geometry
and connections of the building blocks required to create a specific network structure, it
becomes possible to replicate that structure across multiple building blocks. These blocks can
be adjusted to maintain consistent geometry and connectivity, independent of their size
(164). Then, the building blocks can be combined to form secondary building units (SBUSs) that

assemble into a three-dimensional (3D) structure (161).

As a rule, MOFs have a well-defined chemical structure and strong metal-ligand bond,
giving them high crystallinity and permanent porosity. This last property facilitates the process
of adsorption/release of guest molecules in the cavities of the material, without the structural
collapse of the network. Due to this characteristic, MOFs were initially classified into four
categories, as can be seen in Figure 1.14 (165). Briefly, the first generation MOFs presented
unstable network after the release of the host molecule, causing the structural collapse; in the
second generation MOFs, the structure is more rigid and stable upon exit and resorption of the
host molecule, maintaining its structural integrity; in turn, the networks of the third generation
are dynamic and exhibit structural flexibility, changing reversibly with the presence of host
molecules, but maintaining the topology, phase and porosity of the material; finally, the fourth
generation MOFs can undergo post-synthetic modification without changing the topology of

the network, aiming at the specific molecular recognition of a molecule of interest (165).
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4™ generation MOFs are capable of withstanding post-synthetic modifications, including changes at (1) metal
nodes, (2) organic ligands, and (3) vacant spaces.

Source: reproduced from LIU et al. (165).

Currently, the literature features numerous well-established methods for synthesizing
MOFs, utilizing a variety of s, p, d, and f-block metals with diverse coordination numbers,
geometries, and oxidation states. Nonetheless, there is still considerable potential for further
exploration in this field. A particular subset of MOFs that holds interest both from a
fundamental synthetic viewpoint and for applications are those synthesized from lanthanide
ions, called Ln-MOFs (163).

3.1. Lanthanide metal-organic frameworks (Ln-MOFs)

Ln-MOFs typically form unusual topologies and diverse lattice structures and exhibit
luminescence phenomenon. Unlike s-, p-, and d-block metal ions, f-block metal ions display
high coordination numbers and multiple coordination modes, enabling the formation of
structures that are not achievable with other types of metal ions. Additionally, lanthanide ions
have an oxidation state of +3 (generally the more stable) and electronic configuration [Xe]4f".
The 4f level is shielded by the outermost layers (5s and 5p), resulting in a low crystalline field

influence. Due to these characteristics, the luminescence of lanthanide ions occurs by intra-
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configurational f-f transitions, conferring unique spectroscopic characteristics, with fine and
well-defined emission bands (166).

A notable class of organic ligands used to construct Ln-MOFs is multi-carboxylate
ligands, valued for their strong coordination with metallic centers and photoluminescent
properties (167,168). Specifically, benzenedicarboxylate (BDC) and benzenetricarboxylate
(BTC) ligands have been widely explored in Eu**-based coordination polymers (CPs) (169-
172). In these systems, the carboxylate groups can be fully or partially deprotonated, enabling
them to coordinate with lanthanide ions. As a result, these ligands can link the metal centers in
various orientations, generating multidimensional (2D and 3D) structures (167). Additionally,
pyromellitic acid (1,2,4,5-benzenetetracarboxylic acid, H4B4C) has also been employed in Ln-
MOFs, primarily for its ability to efficiently transfer energy to RE®* ions. Since the T: energy
level of HaB4C is near to the °Do level of Eu®, this combination is particularly attractive for

designing Ln-CPs with high quantum yields (173,174).

Based on the work by Liu et al. (175), the crystal structure of Ln-MOFs combining Eu®*
and BTC ligands (forming EuBTC MOF) is characterized as monoclinic, belonging to the space
group Cc. The asymmetric unit of this compound features a central europium atom that exhibits
nine coordination sites, being surrounded by six oxygen atoms from water molecules and three
oxygen atoms from the carboxylate groups of the HsBTC ligands, as shown in Figure 1.15(a).
This coordination results in a tricapped trigonal prismatic geometry (175). The ligands display
different coordination modes: one carboxylate group acts as unidentate, another as bidentate,
while each ligand also contains a free carboxylate group (Figure 1.15(b)). The structural
arrangement reveals parallel one-dimensional ribbon-like molecular motifs extending along the
a-axis, with the phenyl groups of the ligands superimposing along the c-axis (Figure 1.15(c)).
Additionally, the structure is stabilized by noncovalent interactions, including hydrogen
bonding and 7-n stacking, which contribute to the formation of a three-dimensional network
structure (Figure 1.15(d)) (175). This detailed structural understanding of EuBTC is crucial for
its potential applications in various fields, including chemical sensing and gas storage
(171,172,174).
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Figure 1.15 - (a) The asymmetric unit of EUBTC; (b) coordination modes of the carboxylate groups; (c) 1D
ribbonlike structure; (d) perspective view of the packing of the EUBTC. Atoms: Eu - blue, O - red, C — gray.
Source: reproduced from LIU et al. (175).

For lantanide-B4C MOFs, the structures are characterized by a three-dimensional (3D)
framework formed through complex coordination interactions (176,177). The europium centers
(Eu*") adopt a distorted monocapped square anti-prism, where each Eu*" is nine-coordinated
(EuOsy) by oxygen atoms from pyromellitic acid ligands, as shown in Figure 1.16(a) (178). These
ligands exhibit multiple coordination modes, including tridentate-bridging-chelating and
monodentate-chelating, connecting the europium centers into one-dimensional (1D) chains
(Figures 1.16(b) and 1.16(c)) (179,176). These chains are further linked via oxocarboxylate
bridges from B4C ligands, forming 2D layers (Figure 1.16(d)) and the final 3D architecture is
reinforced through strong hydrogen bonding between non-coordinated and coordinated oxygen
atoms, completing the structure (176).
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Figure 1.16 — (a) Coordination sphere of Eu®* in [Eu(B4C)]» (top) and asymmetric unit (bottom); (b) coordination
mode of the B4C carboxylate; (c) chains formed by edge-connected EuOq polyhedra; and (d) [Eu(B4C)]n structure
along the a axis and the b axis (EuOg polyhedra: blue, oxygen: red, carbon: grey; H-bonds: dotted red line).
Source: adapted from AMIAUD et al. (178).

Given their unique properties, Ln-MOFs based on polycarboxylate ligands exhibit
considerable potential for application in photoluminescent chemical sensing. In this work, the
compositions EuBTC and EuB4C were synthesized as coatings on different glass substrates.
These composites were exposed to various organic analytes, and their photoluminescent
behavior was meticulously evaluated. The detailed results of this assessment will be discussed
in Chapter VII.

3.2. Luminescence mechanisms and sensing activity

The luminescence in Ln-CPs generally originates from charge transfer processes,
including metal-centered luminescence (MC), metal-to-ligand charge transfer (MLCT), ligand-
to-metal charge transfer (LMCT), ligand-ligand charge transfer (LLCT) and metal-to-metal
charge transfer (MMCT) (180). Direct photoexcitation of lanthanide ions is challenging due to
their low transition probabilities and narrow absorption cross-section. This issue can be
addressed by indirectly exciting the lanthanide ions through a coordinated organic
ligand(181,182). This concept allows organic ligands, which do not exhibit forbidden
transitions, to absorb light efficiently. If the energy levels of the excited ligand is near to those
of the excited 4f states of the lanthanide, the energy transfer can occur from the ligand to the

metal, leading to characteristic 4f-emissions (182).

This luminescence sensitization process, known as the antenna effect, is particularly
relevant in Ln-CPs (183). In these materials, organic ligands can be excited from their ground

state (So) to the first excited singlet state (S1) upon absorbing light at an appropriate wavelength.
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The excited molecule can then return to its ground state through either radiative or non-radiative
processes. The transition from S: to the triplet excited state (T1) is referred to as intersystem
crossing (ISC) (180). Among these pathways, the radiative process leads to molecular
luminescence, appearing as either fluorescence (Si— So) or phosphorescence (T1— So) (184).
If the T1energy level of the ligand is well aligned with an energy level of the coordinated Ln**
ion, energy can be efficiently transferred to the metal ion (Figure 1.17(a)) (182). According to
an empirical rule, the antenna effect occurs when the energy gap between the ligand's Si1and Tz
states exceeds 5000 cm™', and the energy gap between the T1 state and the °Do state of the
lanthanide ion is higher than 3000 cm™ (185). For example, the ligand H4B4C has an Si1 energy
level at 39,841 cm™ and a T1energy level at 20,790 cm™. Since the energy difference between
H4B4C T state and the °Do level of Eu®* is 3290 cm ™!, HaB4C is an effective sensitizer for Eu3*
(173). Additionally, luminescence can occur through mixed contributions, typically involving
a combination of metal-centered (MC), ligand-centered (LC), and charge-transfer (CT)
luminescence, with the latter being directly influenced by guest molecules (Figure 1.17(b))
(186).
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Figure 1.17 — (a) Jablonski diagram for energy transfer in Ln-CPs; S = singlet states, T = triplet states; 1C = internal
conversion, ISC = intersystem crossing (both are non-radiative processes). (b) Energy transfer process in Ln-
CPs with additional pathways for luminescence in the presence of guest molecules.

Source: (a) reproduced from STEEMERS et al. (185); (b) reproduced from LIU et al. (186).

In recent years, numerous studies have focused on the use of luminescent Ln-CPs as
chemical sensors. The optical sensing is based on changes in the luminescence intensity or
energy, which is disturbed when the analytes interact with the material, modifying the electron
transfer from the excited state of the ligands to the emitting center. In the case of sensing of
nitroaromatics, for example, their lower energy empty orbitals (LUMOSs), in general, have lower
energies than the conduction band of Ln-MOFs, facilitating electron transfer and, consequently,

causing luminescence suppression (187). However, a variety of sensing mechanisms are



40

possible, often based on complexation between donor—acceptor species (186). The interaction
with analytes can modulate the HOMO and LUMO energy levels of Ln-CPs, which may
influence both the energy and intensity of the luminescence (188). Additionally, the analyte can
serve as an efficient photon absorber, transferring the absorbed excitation energy to the
luminescent sensing agent and thereby enhancing their emission (188). This process is
particularly interesting for lanthanide-based sensors, as their spin-forbidden f—f transitions are
difficult to excite directly (186).

Compared to traditional analytical techniques like chromatography, optical absorption,
and electrochemistry, luminescence-based sensors offer several advantages, including simpler
sample preparation, lower detection limits, the ability to detect signals visually, and suitability
for real-time applications. Luminescent sensors based on Ln-CPs enable the detection of
analytes that affect the antenna effect through measurable luminescence changes (189).
Furthermore, the relatively easy functionalization on the surface of different materials and the
high degree of permanent porosity in these compounds make them ideal for sensor devices, as
they facilitate efficient interaction with target species. (32,33,190).
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1. Proposal and objectives

The research project aims to develop innovative optically active materials and optical
fiber-based sensors for detection of environmentally, industrially, and medically relevant
analytes. By utilizing oxide glass matrices, such as tellurite and phosphate glasses, the project
seeks to exploit the unique optical properties of these materials, including their broad
transmission windows (from UV to mid-IR), low characteristic temperatures, high refractive

indices, and their capability to dissolve rare earth ions effectively.

A key aspect of the project is the systematic characterization of the glass matrices using
techniques such as X-ray diffraction (XRD), differential scanning calorimetry (DSC), Fourier-
transform infrared spectroscopy (FT-IR), absorption spectroscopy, Raman spectroscopy, solid-
state nuclear magnetic resonance (NMR), and refractive index measurements. These techniques
provide comprehensive insights into the optical, thermal, and structural properties of the
glasses, enabling the evaluation of their suitability for optical fiber drawing, which is critical

for their potential use in various technological applications.

The fabrication process begins with characterized glass materials, which are processed
in a fiber-pulling tower to create core-shell fibers with diameters ranging from 125 uym to 1 mm.
A key performance metric in this stage is optical loss characterization, which evaluates the
fiber's ability to guide light across different wavelengths. This process will also explore

optically active fibers, which are crucial for applications like optical amplifiers and sensors.

In the development of new chemical sensors, the project focuses on modifying and
functionalizing the surfaces of the glass and fibers with luminescent coordination polymers
(CPs), particularly lanthanide-based metal-organic frameworks (Ln-MOFs). This
functionalization allows enhanced interaction between the chemosensor and analytes within the

sensor region, leading to improved chemical sensing through luminescence measurements.

The main goal of this project is to develop new remote optical sensors by investigating
the luminescent properties of optically active glass materials and composites. This objective

will be achieved by focusing on the following specific aims:

1. Conducting a systematic study of oxide glass matrices, mainly those based on tellurite
and phosphate glasses, combined with other network modifiers, such as Na.O, ZnO,
ZnF2, GeO2, and Al:Os, to evaluate their suitability for optical fiber production. These

studies will focus on the thermal, optical, and structural properties of the glasses, aiming



59

to produce fibers with effective light guidance in the visible and near-IR regions.
Additionally, optically active glasses from these matrices will be studied to assess

dopant solubility and luminescence efficiency.

2. Fabricating optical fibers with different diameters and compositions to optimize light

guidance in the visible and near-IR regions.

3. Modifying the surfaces of the glasses and fibers’ tips to promote the in situ growth of
Ln-CPs, followed by analysis of their structural, morphological, and luminescent
properties. The luminescence behavior is monitored upon exposure to various organic

analytes to evaluate their potential for chemical sensing via the "antenna effect."”

4. Developing methods for detecting, monitoring, and quantifying relevant analytes using
glass@Ln-CPs composites and fiber-based optical sensors. The analytes of interest
include carbonyl compounds such as acetone and 2-pentanone, which are commonly

considered biomarkers for several diseases.

By achieving these objectives, the project will contribute to the advancement of fiber-
optic technology and luminescent sensing applications, positioning these devices for
widespread use in remote sensing and optical detection systems. This project has the potential
to drive significant advancements in the field of photonic materials, contributing to the scientific
and technological progress of glass science and optical sensors. By integrating advanced glass
matrices with luminescent coordination polymers (Ln-CPs), the research seeks to expand the
frontiers of optical fiber technology, creating a new class of highly sensitive, selective, and

remote sensors.

2. Work Plan and Execution Schedule

The execution schedule of the research project, for a period of 48 months, is presented

according to the work timeline in the Table I1.1.
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Table 11.1 - Schedule of activities conducted during the PhD. Periods highlighted in yellow correspond to work
performed at LaMIV/IQSC-USP, in blue at ICB/uB, and in purple at GSOLFA/UCM.

) o Semesters
Main activities

1 2 3 4 5 6 7 8
Literature review update X X X X X X X X
Synthesis and characterization of glasses X X X X X
In situ growth of Ln-CPs on glass substrates X X X X X X
Synthesis of preforms for optical fibers X X
Production and characterization of optical fibers X X
Coating of Ln-CPs on fiber tips and luminescence X X X
measurements
Sensing tests on bulk samples X X
Sensing tests on coated optical fibers X
Writing of scientific articles X X X X X
Writing of doctoral thesis X X

The work was conducted across three different laboratories in different countries. The
initial two years of the project were carried out at the Laboratory of Inorganic and Glass
Materials (LaMIV) at IQSC-USP. During this period, the focus was on studying various glass
matrices, performing general characterizations, and producing optically active glasses. The next
phase took place at the Laboratory Interdisciplinary Carnot de Bourgogne (ICB), at uB, where
the previously studied glass compositions were used to manufacture single-index optical fibers.
This 12-month period concentrated on the optical characterization of the fibers, including
studies on optically active fibers and the application of luminescent coatings at the tips of these
waveguides. Subsequently, the final phase involved a research internship at the Chemical
Optosensors and Applied Photochemistry Group (GSOLFA) at Universidad Complutense de
Madrid, under the supervision of Prof. Guillermo Orellana. This stage focused on applying the
developed composite materials as chemical sensors for small organic molecules. After
completing the experimental work over seven semesters, the final months were dedicated to

preparing the thesis manuscript.
3. Dissemination of results

The results obtained throughout this PhD project have been organized into five distinct
manuscripts. Of these, four have already been published in scientific journals, and the final
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manuscript is in the last stages of preparation for submission. These manuscripts form the basis

of the following five chapters of this thesis and can be grouped and interrelated as follows:

a.

Systematic studies on TeO»-based glasses

This section focuses on the synthesis and comprehensive characterization of new glass

matrices containing TeO: as the major component. Two distinct studies, presented in Chapters

Il and 1V, systematically analyze the structural, thermal, and optical properties of different

subclasses of tellurite glasses. The goal of these studies is to evaluate the suitability of these

glass systems for use as substrates for luminescent films and optical fiber applications. A brief

summary of each chapter is provided below:

Chapter I11: Synthesis and structural characterization of a new fluorophosphotellurite
glass system - Ternary systems composed of fluorophosphotellurite glasses were
synthesized by combining TeO2, NaPOs, and NaF to form two different series of
compositions. The samples were analyzed using advanced techniques such as solid-state
NMR and Raman spectroscopy, which enabled the proposal of a structural model for
this glass system. Additionally, thermal and optical characterizations provided a
comprehensive understanding of how the properties varied with composition. This
allowed for the identification of compositions with high potential for photonics

applications.

Chapter 1V: Exploring the influence of ZnF2 on zinc-tellurite glass: unveiling changes
in oh content, structure, and optical properties - This chapter explores zinc-tellurite
glasses modified by adding ZnF2 to achieve a wider transparency window, extending
from UV to mid-IR. The various compositions were characterized in terms of their
structural, thermal, and optical properties, with the addition of small amounts of Eu®* as
a structural probe. As a result, stable zinc-tellurite glasses were obtained, showing an
absorption edge shifted to shorter wavelengths and a significant reduction in hydroxyl
content in the matrix. In addition, these matrices presented high potential for fiber
drawing and optical fibers were produced and optically characterized, as presented at

the supplementary section of this chapter.
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Optically active phosphate glasses

Chapters V and VI explore optically active glasses containing RE®*, materials of great

interest for various multifunctional applications. Different families of phosphate glasses were

used as host materials for luminescent dopants. These glasses had previously been reported in

the literature, and the impact of dopants on the structure and properties of the original undoped

matrices was also evaluated. Additionally, optically active optical fibers were produced and

analyzed for their optical and luminescent properties, aligned with the specific objectives

described in Section 1 of this chapter. These two chapters can be summarized as follows:

C.

Chapter V: Effect of silver nanoparticles on the visible upconversion emission of
Er3*/Yb3* co-doped SbhPO4-GeO:2 glasses — This chapter investigates the influence of
silver nanoparticles (Ag-NPs) on the visible upconversion emission in Er¥*/Yb**-co-
doped SbPO4-GeO2 glasses. Controlled heat treatment was employed to obtain and
regulate the size of the nanoparticles, and their effect on Er®* emission was analyzed,
revealing a significant enhancement in luminescence. Complementary characterizations
provided insights into how the glass properties changed with the addition of dopants.
The study highlights that these optically active germanium-phosphate glasses have great
potential for applications in data storage and solid-state light-emitting devices.

Chapter VI: Blue upconversion emission of Nd3*/Tm3*/Yb3%* triply doped
aluminophosphate optical fibers - This chapter focuses on the development of optically
active optical fibers, capitalizing on the intrinsic properties of aluminophosphate
glasses. These glasses exhibit good transparency in the UV-visible region, high RE®*
solubility, and excellent fiber-drawing capability. Various doped glass bulks were
synthesized, and their photoluminescence behavior was evaluated. Subsequently, triply
doped optical fibers were produced, and blue upconversion was measured through the
fiber, demonstrating the strong potential of these materials for fiber-based photonic

applications.
Luminescent composites for chemical sensing

To achieve the scientific goals outlined in the project, this section shifts its focus to the

development and application of luminescent composites for chemical sensing, specifically

using lanthanide coordination polymers (Ln-CPs) as active sensing materials. This chapter

presents a study on the in situ growth of Ln-CPs on oxide glasses and optical fibers from the
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previous chapters, selecting those with appropriate optical properties and evaluating their
substrate adhesion. Given the thermal stability of the studied matrices, zinc-tellurite and
aluminum-phosphate glasses, as reported in Chapters VI and V11, were chosen as substrates for
the in situ growth of Ln-CPs, as well as their respective optical fibers. Thus, Chapter VII
introduces the synthesis of new glass@Ln-CP composites aimed at enhancing the performance
of optical sensors in the detection of chemical analytes, highlighting their potential for advanced

chemical sensing applications.

e Chapter VII: In situ Growth of Lanthanide Coordination Polymers on Oxide Glass and
Optical Fibers: A Promising Material for Chemical Sensing - In this chapter, the
synthesis and coating process of Ln-CPs directly onto tellurite and phosphate glass
substrates are detailed. By employing polycarboxylic acids as ligands in the CPs,
luminescent films with strong adhesion to the glass surfaces were achieved. The optical
fibers coated with these Ln-CPs displayed remarkable potential for use in remote
sensing applications. The sensitivity of these coatings was particularly notable when
exposed to carbonyl organic compounds, where a significant luminescent response was

observed even at low concentrations, demonstrating their efficacy in chemical sensing.
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CHAPTER IlII:

Synthesis and structural characterization of a new fluorophosphotellurite

glass system
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Reprinted with permission from R. G. Capelo, J. M. Gerdes, U. Rehful3, L. D. Silva, M. R,
Hansen, L. van Willen, H. Eckert and D. Manzani, Structural characterization of a new
fluorophosphotellurite glass system, Dalton Trans., 2023, 52,
2227. doi.org/10.1039/D2DT03292A. Copyright 2023 Royal Society of Chemistry.

Abstract

While phosphotellurite glasses have superior properties over SiOz2-based glasses for many
applications in optoelectronics and photonics devices, their high hydroxyl content limits their
use in the mid-infrared range. This drawback can be overcome by fluoride addition to the
formulation. In this work, we report the preparation, optical, and structural characterization of
new glasses in the ternary system yTeO2 — (1-y[xNaF — (1-x)NaPO3)] (y =0.6, 0.8; 0 <x < 1)
obtained by the traditional melting—quenching method. Differential scanning calorimetry
(DSC) reveals high thermal stability against crystallization, with Tx—Tg varying from 80 to 130
°C, depending on fluoride/phosphate ratios. Raman spectroscopy suggests that the network
connectivity increases with increasing phosphate concentration. °Te, 22Na, 3'P, and °F NMR
spectroscopy provides detailed structural information about Te-O—P, Te—F, Te-O-Te, P-O-P,
and P—F linkages and the charge compensation mechanism for the sodium ions. The present
study is the first comprehensive structural characterization of a fluorophosphotellurite glass

system.
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While phosphotellurite glasses have superior properties over SiO,-based glasses for many applications in
optoelectronics and photonic devices, their high hydroxyl content limits their use in the mid-infrared
range. This drawback can be overcome by fluoride addition to the formulation. In this work, we report the
preparation, optical, and structural characterization of new glasses in the ternary system TeO,-xNaF-
NaPOs3 having the compositions 0.8TeO,-0.2[xNaF-(1 — x)NaPO3] and 0.6TeO,-0.4[xNaF-(1 — x)NaPO3]
(0 < x £ 1) obtained by the traditional melt-quenching method and labeled as T8NNx and T6NNXx,
respectively. Differential scanning calorimetry (DSC) reveals high thermal stability against crystallization,
with T,-T4 varying from 80 to 130 °C, depending on fluoride/phosphate ratios. Raman spectroscopy
suggests that the network connectivity increases with increasing phosphate concentration. *2°Te, 2*Na,
3p, and *°F NMR spectroscopy provides detailed structural information about Te~O—P, Te—F, Te-O-Te,
P-O-P, and P-F linkages and the charge compensation mechanism for the sodium ions. The present
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1. Introduction

Tellurium oxide (TeO,) - based glasses have received consider-
able attention in photonics due to their wide transmission
range (~350 nm to 6 pm), good thermal stability against crys-
tallization, appreciable solubility of lanthanide ions, good
mechanical strength and corrosion resistance, relatively low
phonon energy among oxide glasses (~800 em™"), and high
linear and nonlinear refractive indexes."™ Therefore, tellurite
glasses are attractive candidates for optoelectronics and photo-
nic devices, such as optical fiber amplifiers, thermal lenses,
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study is the first comprehensive structural characterization of a fluorophosphotellurite glass system.

optical sensing, luminescent displays and devices, and energy
conversion.® ">

TeO, is generally considered a conditional glass former:
while it can be obtained in its amorphous form by very fast
melt quenching, the addition of a glass modifier or intermedi-
ate oxide is required for the formation of stable glasses. Still,
glasses based on TeO, as a single network former component
have poor thermal, mechanical, and crystallization stabilities.
However, these properties can be considerably improved if
additional network formers are included in the glass formu-
lation. Beyond this benefit, the combination of several
network formers usually offers the possibility of fine-tuning
physical property combinations to specific technological
demands. In this regard, phosphotellurite glasses have
recently emerged as very promising infrared laser host
materials,"* ' even though the improvement in stability and
mechanical properties is bought at an expense of decreases in
emission lifetimes and intensities. Another significant draw-
back of phosphotellurite glasses obtained by the conventional
melt-quenching method is their relatively high content of
hydroxyl groups, requiring additional measures for obtaining
“dry” glasses. As previously shown the addition of small
amounts of metal fluoride to the batch is a simple way of
avoiding hydroxyl group formation.?*** In addition, incorpor-
ating larger amounts of fluoride precursors could also
enhance the optical properties of the resulting fluorophospho-
tellurite glasses, including wider transmission windows

Dalton Trans., 2023, 52, 2227-2242 | 2227
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ranging from UV (~300 nm) to the mid-IR range (4-7 pm),
higher rare-earth solubility, and lower phonon energies. In
this way, enhanced optical performance of fluorotellurite
glasses®® can be combined in an ideal way with the
improved mechanical and chemical stability of the glasses,
resulting from the presence of the phosphate network former.
However, as relatively few studies have been published on
fluorophosphotellurite glasses***¢3® this remains a wide-open
field of investigation.

In this paper, we report the glass formation, structural,
thermal, and optical properties of two series of glasses in the
ternary TeO,-NaPO3;-NaF system. To develop and improve our
understanding of the composition-structure-property
relations in these glasses, we report their characterization by
differential scanning calorimetry (DSC), Raman spectroscopy,
UV-vis and mid-IR absorption, and solid-state nuclear mag-
netic resonance (NMR). NMR in particular has been quite
instrumental in supplying detailed structural information
about the short- and medium range order in glasses, based on
an analysis of internal magnetic and electric interactions of
the nuclei with their local environments.*® A substantial body
of work already exists, both on fluorophosphate*® and
phosphotellurite**™** glasses, whereas to date, the structural
characterization of ternary fluorophosphotellurite glasses has
been rather limited.** In this work, we will expand on these
studies, by investigating the effect of the fluoride/phosphate
ratio on the macroscopic and structural properties in this
system.

2. Experimental
2.1 Sample preparation and characterization

Fluorophosphotellurite glass samples were obtained in two
sets of compositional series with respect to TeO, content:
series TSNN10x, corresponding to 0.8TeO,-0.2[xNaF-(1 — x)
NaPO;| (samples T8NNO to T8NN10) and series T6NN10x
corresponding to 0.6TeO,-0.4[xNaF-(1 — x)NaPO;] (samples
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T6NNO to T6NN10) compositions with 0 < x < 1, as summar-
ized in Table 1. The commercially available raw materials TeO,
(Prichem, 99.99%), NaPO; (Aldrich, 96%), and NaF (Aldrich,
>99%) were used. Bulk glass samples of about 5 g mass were
obtained by the traditional melt-quenching method at
ambient atmosphere in a covered gold crucible. Depending on
the composition, samples were melted between 720 to 800 °C
for 40 min in a muffle furnace to ensure complete elimination
of adsorbed gases and good homogenization. The liquids were
cast into a stainless-steel mold preheated at 20 °C below the
glass transition temperature, T,, and annealed at the same
temperature for 2 h before they were slowly cooled to room
temperature. The bulk glass pieces were cut and polished for
optical characterizations.

Differential scanning calorimetry (DSC) was conducted on
powdered samples (particle size < 20 pm) using a NETZSCH
DSC 449 F3 Jupiter thermal analyzer to identify the glass tran-
sition onset temperature, Ty, the onset and peak crystallization
temperatures, 7x and Tp, and the liquidus temperature, 77,
using platinum crucibles in air atmosphere. Each composition
was heated from room temperature up to the corresponding
liquidus or melting temperatures using a heating rate of 10 °C
min™,

Optical absorption spectra were recorded in a Cary 500
(Varian) Double-beam spectrophotometer from 300 to 800 nm,
and in a Perkin-Elmer FTIR Spectrum 2000 instrument in the
wavelength region of 1 to 7 pm on polished glass pieces of
1.7 mm thickness. Raman spectra were recorded at room
temperature from 50 to 1500 cm™" using a LabRAM HR micro-
Raman Horiba Jobin Yvon spectrometer equipped with a HeNe
laser (632.8 nm) delivering 17 mW power.

2.2 Solid-state NMR

Solid-state '**Te NMR experiments were performed at room

temperature on static samples in a Bruker AVANCE-III
300 MHz spectrometer (operating frequency 94.3 MHz), using
the wideband uniform rate smooth truncation (WURST) pulse

Table 1 Glass sample labels, molar compositions, characteristics temperatures (Tg, Ty, Tp, T), glass stability against crystallization parameters (K,
Ku. Kw and AT) data obtained for the TENN and T8NN powder glass samples series. Estimated errors for the characteristic temperatures are +2 °C

Molar composition (mol%)

Characteristic temperatures (°C)

Glass stability parameters

Samples label TeO, NaPO; NaF Ty . Tpy Tp, Ty KL Ky Kw AT (°C)
T8NNO 80 20 0 322 387 404 452 650 0.435 0.245 0.089 65
T8NN1 18 2 314 383 398 447 658 0.432 0.251 0.091 69
T8NN2 16 4 308 383 401 443 658 0.434 0.272 0.099 75
T8NN3 14 6 301 367 380 407 663 0.424 0.223 0.084 66
T8NN4 12 8 295 356 366 450 667 0.417 0.194 0.076 61
T8NN5 10 10 288 373 390 — 665 0.431 0.292 0.109 85
T8NN10 0 20 240 289 293 311 621 0.399 0.145 0.059 49
T6NNO 60 40 0 318 455 460 — 663 0.476 0.654 0.152 137
T6NN1 36 4 313 407 442 —_— 657 0.449 0.375 0.138 94
T6NN2 32 8 301 391 412 432 640 0.447 0.363 0.122 90
T6NN3 28 12 290 377 390 410 612 0.449 0.371 0.114 87
T6NN4 24 16 278 361 374 390 596 0.447 0.357 0.111 83
T6NNS 20 20 274 371 383 397 596 0.455 0.432 0.126 97
T6NN10 0 40 — 289 298 307 542 — — — —
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sequence,” ¥’ combined with the Carr-Purcell-Meiboom-Gill
(CPMG)***® echo train acquisition scheme. The advantage of
the WURST-CPMG over the traditional CPMG pulse sequence
is that the excitation bandwidth of the WURST pulses is broad
enough so that the full spectrum can be excited (and refo-
cused) in a single experiment, without the need of changing
the carrier frequency, as it is conventionally done in CPMG
experiments. WURST-20 excitation and refocusing pulses of
100 ps were used for an excitation bandwidth of 1 MHz, corres-
ponding to R = 10 kHz ps™' *° with a recycle delay of 60 s. The
spikelet separation was set to 4.5 kHz and 300 CPMG loops
were accumulated in each scan. The WURST-CPMG spectra
were obtained in two different ways: (i) by fast Fourier trans-
formation of the whole echo train, resulting in spikelet pat-
terns and (ii) by fast Fourier transformation of the sum of the
individual echoes, resulting in an envelope spectrum. The
advantage of the second method is that the signal-to-noise
ratio is greatly improved. Chemical shifts are reported relative
to Te(CH;), at 0 ppm, referenced with Te(OH), solution (1 M)
as secondary reference at 713 ppm.

Solid state *'P NMR studies were carried out at 121.5 MHz
on a Bruker Avance III spectrometer equipped with a 4 mm
probe which was operated at spinning frequencies up to 10.0
kHz. MAS-NMR spectra were recorded using 90° pulses of
4.1 ps length and a relaxation delay of 60 s using a saturation
comb. In addition, double-quantum (DQ) filtered spectra
were measured using the 1-D refocused INADEQUATE
sequence.”'”* This experiment results in the selective detec-
tion of only those *'P nuclei that are involved in at least one P-
O-P linkage and therefore give rise to the excitation of a
double quantum coherence through indirect *'P-*'P spin-spin
coupling. In contrast, the signals of the other network former
units not involved in P-O-P linkages, such as P° and P",p.
(Where m = n) are suppressed by this pulse sequence.
Experimental conditions were spinning frequency 10.0 kHz, x/
2 pulse length 4.1 ps, and relaxation delay 60 s. The mixing
time for DQ coherence creation was 8.3 ms, corresponding to a
value of the indirect spin-spin coupling constant */(*'P-*'P) of
30 Hz, which is a typical value for P-O-P linkages in phos-
phate glasses. Chemical shifts were referenced against an
external 85% H;PO, standard. *'P NMR line shape analysis
and deconvolutions were done using the DMFIT* and
ssNake® routines. *’Na MAS-NMR spectra were carried out at
79.4 MHz on a Bruker Avance III spectrometer equipped with a
4 mm probe, which was operated at a spinning speed of 10.0
kHz. MAS NMR spectra were recorded using short pulses of
0.8 ps length and a relaxation delay of 3.5 s. Chemical shifts
are referenced to an aqueous 1 M NaCl solution.

'F MAS NMR spectra were recorded on a Bruker DSX 200
spectrometer (Larmor frequency for '°F of 188.33 MHz) in
2.5 mm rotors spinning at 25.0 kHz, using a rotor-synchro-
nized Hahn-Echo sequence with 2 rotor cycles for the echo for-
mation to remove the probe background signal. Different evol-
ution times were tested. The values used in the experiments
do not influence the relative intensities of the resolved spectral
components, indicating similar spin-spin relaxation times.

This journal is © The Royal Society of Chemistry 2023
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90° pulses of 2.33 ps length and relaxation delays of 5 s were
used. Chemical shifts are reported relative to CFCI; using solid
AlF; as a secondary reference (—172 ppm). '’F{*'P} rotational
echo double resonance (REDOR) measurements were carried
out on a Varian VNMR spectrometer system at 11.7 T in
1.6 mm rotors spinning at 30.0 kHz, using the standard pulse
sequence of Gullion and Schaefer.>® In these experiments, the
7 pulse length was 6.3 ps.

The static '°F NMR free-induction decays (FID) for quantifi-
cation of the fluorine content were recorded on a Benchtop
Bruker Minispec mq20 system operating at 18.82 MHz using
10 mm sample tubes filled with 0.5-1 g sample mass. 90°
pulses of 2.66 ps length were used and recycle delays between
2-35 s were optimized for each sample based on saturation
recovery experiments.

3. Results and discussion
3.1 Physical properties

The glasses from both series were obtained as optically homo-
geneous bulk samples, except for the TENN10 samples, which
easily crystallized under the same quenching conditions. All
samples, particularly those of the T8 series are yellowish in
color. Comparing the UV-vis absorption spectra of fluoride-
free TENNO and TSNNO samples a small shift of the absorption
edge is observed towards shorter wavelengths in the sample
with the lower concentration of tellurium oxide. As observed in
Fig. 1, the same trend is seen for the whole set of F-containing
samples as well. Replacement of phosphate by fluoride does
not significantly impact the location of the absorption edge
but tends to decrease transparency in the interval of ~350 nm
to ~400 nm. Photos of the studied glass samples are presented
in Fig. S1.1 From the photos no obvious anomaly is apparent.
Using the obtained absorption spectra, the band gap energy
between valence and conduction bands was calculated with
eqn (1) considering the glass system presents a direct allowed
transition.”®

a(hv) = B(hv — Ey)'/? (1)

In eqn (1), a(hv) is the absorption coefficient determined in
Fig. 1, B is a constant which defines as the band tailing, E, is
the band gap energy in eV, and Av is the incident photon
energy. The E, of the T6 and T8 glass samples were estimated
by extrapolating linear fits (Tauc’s plots) onto the abscissa
([(ehv]* = 0) (Fig. S21). As expected, the same behavior was
observed in the series T6 and T8, in which the band gap
energy varied from 3.44 eV (T8NNO) to 3.49 eV (T8NN5), and
from 3.59 (T6NNO) to 3.63 eV (T6NNS5), respectively, with
respect to NaF addition. This behavior indicates a slight
increase of the glass network ionic character upon replace-
ment of the NaPO; component by NaF.

The addition of fluoride into oxide melts is a powerful
chemical strategy to remove OH from the glass network,
making the glasses more suitable for applications in the infra-
red spectral range, where OH absorption may interfere. Fig. 2
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Fig. 1 UV-vis absorption spectra of glass samples in the series T8 (a) and T6 (b).
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Fig. 2 Mid-infrared absorption spectra of glasses from (a) the T8 series and (b) the T6 series as a function of replacement of NaPOs by NaF.

shows the normalized mid-infrared absorption spectra of the
samples from set T8 and T6. The spectra of the T8 series are
composed of two bands at 3.4 and 5.2 pm (Fig. 2(a)), while in
the T6 series bands at 3.4 and 4.4 pm are observed (Fig. 2(b)).
The OH absorption bands depend on the OH bond strength in
the glass: the absorption band at ~3.4 pum is assigned to
weakly bound and free OH groups in the glass matrix whereas
the absorption peaks at ~4.4 and ~5.2 pm are assigned to OH
groups strongly connected with tellurite units, forming term-
inal Te-OH bonds.””

Fig. 2 also reveals that with increasing NaF for NaPO; sub-
stitution the OH absorption band intensities are clearly
reduced. The probable melt reaction of the fluorine that pro-
motes the dehydroxylation of the melt can be written as OH™ +
F~ — HF + 0>"." The higher TeO, content samples from the
T8 series show a broad multiphonon absorption edge extended
up to ~6.0 pm but disrupted due to the presence of absorption
bands assigned to the stretching vibrations of the OH groups.
The T8NN10 sample showed a typical multiphonon absorption
edge of tellurite and fluoride glasses without the vibration

2230 | Dalton Trans., 2023, 52, 2227-2242

band at ~5.2 pm. Substitution of NaPO; by NaF slightly shifts
this multiphonon edge towards higher wavelengths and
greatly reduces the intensity of the OH bands at 3.4 and
5.2 pm. For T8NNS5, a large edge shift is observed in compari-
son to T8NN4, and a very low-OH fluorophosphotellurite
glass is obtained with the widest transmittance window
extending to ~7.0 pm. In the phosphate-richer samples of the
T6 series the transparency window in the mid-IR is limited to
~5.0 pm due to the higher intensity of the OH absorption
band. Nevertheless, as observed for the T8 series, the multi-
phonon edge is shifted towards higher frequencies and
the OH absorption bands at 3.4 pm and 4.4 pm are decreased
as also reported in the literature.”® The dehydroxylation pro-
moted by the addition of NaF in both sets of samples is
accompanied by fluorine loss which was investigated by '°F
NMR and corresponds to an average loss of 5-10% as dis-
cussed below.

Fig. S3t presents the DSC curves. Some samples show two
separate crystallization events. Values of Ty, Tk, Tp1, Tp2, and Ty,
are summarized in Table 1. Table 1 also lists the various glass

This journal is © The Royal Society of Chemistry 2023
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stability parameters defined by Hruby, Ky;,>® Weinberg, Ky,”’
and Lu and Liu, K;;.°°

(Tx - Tg)

(TL - TX) '

Tx

w =

Ky

No such values could be listed for the T6NN10 sample,
owing to its high crystallization tendency.

Table 1 reveals no difference between Ty, values of the fluor-
ide-free samples TSNNO and T6NNO. On the other hand, Fig. 3
shows that successive substitution of the NaPO; component by
NaF leads to a monotonic decrease of Ty, from 314 °C to
288 °C, and from 313 °C to 274 °C for the series T8 and T6,
respectively. In principle, composition-related trends in the
value of the glass transition temperature reflect changes in the
network connectivity and/or rigidity. A possible structural
explanation may invoke the depolymerization of the network,
i.e. the breakage of P-O-P, P-O-Te, and Te-O-Te linkages with
the formation of Te-F and P-F terminal bonds. Finally, Table 1
shows that an increase of phosphate content tends to enhance
AT and glass stability for both series, even though in the case
of the TSNN5 sample, a non-monotonic behavior is observed,
and deeper investigations are necessary to understand this
trend deviation. The lowest AT and glass stability parameters
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for the TSNN10 sample can be attributed to a highly depoly-
merized fluorotellurite glass network due to the formation of
Te-F terminal linkages. This issue will be addressed below
based on the NMR results.

In order to improve the understanding of the mixed glass
network modification by the replacement of NaPO; with NaF,
Raman spectra of both sets of glass samples and the raw
materials were recorded as shown in Fig. 4. In general, in tell-
urite glasses the glass network is mainly formed by three dis-
tinct types of [TeO,] polyhedra, whose quantitative distribution
depends on the network modifier content.®’® Glasses with
high TeO, contents are mainly composed of highly connected
pseudo-trigonal bipyramidal [TeO,] units. The addition of
glass modifier compounds usually leads to the conversion of
[TeO,] to [TeOs,1] units, in which one of the axial Te-O lin-
kages is elongated. At high content of modifiers, a less con-
nected network is formed predominated by [TeOj;]
units.>>*"%” In turn, the phosphate glass network may be
composed of up to four different types of [PO,] polyhedra. In
mixed network former systems, these are denominated by
the P",x terminology, where n is the number of bridging
O atoms connecting to other network formers while m
denotes the number of these linkages connecting the
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Fig. 3 Glass transition temperature (T,) and the thermal stability parameter AT behavior of the T8 series (a) and the T6 series (b) of samples, and the
behavior of the glass stability parameters K, Ky, and Ky for glass samples from series T8 (c) and T6 (d).
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Fig. 4 Raman spectra of reference materials and glasses of (a) the T8 and (b) the T6 series.

phosphate polyhedron with the specific network former
species X;*® this reference also states the relationship to the Q"
terminology used for single-network former phosphate
glasses.®’

Fig. 4 also includes Raman spectra of the model com-
pounds TeO, and NaPO;. The structure of crystalline a-TeO, is
based on linear chains of TeO,;, units arranged in a trigonal
bipyramidal crystal system (paratellurite). The Raman spectra
of paratellurite present four intense bands at 119, 147, 430,
and 670 cm™', assigned to the symmetric and asymmetric
Te-O stretching in a three-dimensional network. Sodium meta-
phosphate is constituted by linear chains of metaphosphate
[P(0),0,,]” (P%p) units and the two most intense bands at
~710 and 1160 cm ™" are assigned to the symmetric stretching
vibrations of P-O-P linkages, and the symmetric stretching
vibration of the terminal P-O bonds belonging to the various
Q* (P?,p) units. The two weak bands centered at ~1010 and
~1270 cm ™" are related to the symmetric P-O stretching mode
in Q' tetrahedra (chain end members and hydrolysis reaction
products), and to the asymmetric P-O stretching of Q> units,
respectively.®’

The Raman spectra observed in the glasses are composed
of broadened, superimposed components, which makes it
difficult to follow the structural modifications caused by the
substitution of NaPO; by NaF. Fig. S41 shows some tentative
deconvolutions of the spectra, suggesting four principal contri-
butions within the spectral region from 550 to 900 cm™.
The maximum near 660 cm™" is attributed to a combination
band involving vibrations of neutral TeO, and TeOs,; units,””

whereas scattering intensity near and above 750 cm™' can

2232 | Dalton Trans., 2023, 52, 2227-2242

be assigned to anionic TeOj.;, and TeO; units. The latter
contribution to the overall scattering intensity appears to be
higher in the samples from the T6 series than in those from
the T8 series, suggesting that the T6 glasses present a higher
degree of modification of the network former component
TeO,. For either series, successive replacement of the NaPO;
by the NaF component has no effect on the relative intensity of
the 750 cm™' band suggesting no significant changes in
average coordination number of the Te species and/or the
number of non-bridging O atoms. Comparison of the spectra
of the T6 and the T8 series further suggests a feature near
620 cm™' which may be attributable to the stretching
vibrations of bridging oxygen atoms belonging to P-O-Te lin-
kages, as this band is more visible in the glasses with higher
phosphorus concentrations. A second component from P-O-P
stretching would be expected as well, even though the NMR
results discussed below suggest that this contribution is
minor. Inspection of the phosphate free samples TSNN10 and
T6NN10, and comparison with crystalline TeO, suggests
further that part the scattering intensity in this region also
originates from stretching motions of Te-based network
former units, presumably of the TeO, type.

Fig. 5 shows vertically expanded partial spectra in the
900-1250 cm™' region, and a tentative deconvolution is
included in Fig. S4.1 Three separate bands are visible, which
can be assigned to the O-P-O stretching modes in Q° (P*r)
units (960 cm™), in Q"' (P*11e1p) Units (1050 em™), and in Q*
(P*,p) units (1160 cm™"), respectively; a similar distinction is
possible for the T8 glasses. We note that our assignment
implies that all the phosphate species are considered mono-

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Raman spectra observed in the 900-1250 cm™ spectral region and suggested peak assignments.

anionic as in NaPO; and the main spectroscopic differen-
tiation arises from the number of P-O-P vs. P-O-Te linkages
present. Owing to different scattering cross-sections of these
units involved, quantification is not possible. Nevertheless, we
can note interesting trends in relative band intensities: the
bands at 1160 cm™" have a lower relative intensity for glasses
of the T8 series, suggesting fewer Q* (P%,p) units than present
in the T6 glasses. This is expected from the lower phosphate
content of the former. Secondly, we can note that with increas-
ing NaF content x there is a tendency of the number of P-O-P
linkages to decrease and the fraction of Q° (P?yr.) units to
become more prominent. This latter effect can be studied
more quantitatively using *'P solid state NMR as discussed in
the next section.

3.3. Solid-state *'P NMR

Fig. 6 shows the *'P MAS-NMR spectra obtained without and
with homonuclear double-quantum filtering. The latter experi-
ment utilizes J-based double quantum coherences to selec-
tively detect only those *'P nuclei that are involved in P-O-P
linking. It is evident that the *'P NMR chemical shifts of those
nuclei that are involved in P-O-P linkages give rise to a com-
ponent at lower frequencies than the main resonance. Using
the parameters of this line shape in the T6 series and the iso-
tropic shift measured for this species in the T8 series as con-
straints for the complete *'P MAS-NMR line shape analysis we
arrive at the peak deconvolutions shown in Fig. 7 and listed in
Table 2. As expected, the contribution of the component
involved in P-O-P linkages (i.e., of P’jre;p and of P%p)
increases from the T8 series to the T6 series for all the
samples (0 < x < 0.5). Furthermore, there is a tendency that
the ratio of P*p 1p/P*,1e units decreases with increasing NaF
content, confirming the trend seen in the Raman spectra. This
result is expected, as the P/Te ratio decreases with increasing

This journal is © The Royal Society of Chemistry 2023

x, decreasing the statistical probability of P-O-P linkage
formation.

Note that the information from the Raman spectra and that
from solid-state NMR complement each other: while not quan-
titative, Raman spectroscopy offers a superior differentiation
regarding next-nearest neighbor connectivity in the network,
while DQ-filtered NMR and constrained peak fitting allow the
quantification of the P*,y. species. On the other hand, separ-
ate resonances arising from Py ;p and P?,, units cannot be
resolved (unlike the situation in the Raman spectra). Still,
Table 2 indicates a distinct chemical shift trend towards lower
values with increasing phosphate content (decreasing x)
suggesting an increasing contribution of the P2, units in this
direction for both the T6 and the T8 series as expected.

3.4 ?*Na MAS-NMR

Fig. 8 sumarizes the **Na MAS-NMR spectra. They show
central transition line shapes dominated by nuclear electric
quadrupolar interactions, which can be described by second-
order perturbation theory. The asymmetrically broadened line
shapes arise from a wide distribution of local electric field gra-
dients, which is typical for the intrinsic disorder in the glassy
state. Mathematically this line shape can be simulated by the
Czjzek model,”® which is implemented in the DMfit program
via the CZ-simple module. Table 3 summarizes the average iso-
tropic chemical shifts and nuclear electric quadrupole coup-
ling constants extracted from these fits. The isotropic chemical
shifts show a monotonic dependence on F content, shifting
from —2.7 ppm in T6NNO to 1.1 ppm in T6NN10; very similar
increments are observed in the T8 series. The chemical shifts
measured in these glasses are quite different from the values
between +5 and +10 ppm in sodium tellurite glasses.”" For
sample T6NN10, the presence of an additional narrow signal
at 6.7 ppm may indicate the precipitation of NaF (5, =
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Fig. 6 Regular (black) and DQ-filtered (red) **P MAS-NMR spectra of the samples under study.

7.2 ppm),”* consistent with '°F NMR results reported below.
All these results illustrate that the sodium cations interact
dominantly with phosphate and fluoride species. In agreement
with the Raman data the >*Na MAS-NMR data do not give any
evidence that the substitution of the NaPO; by the NaF com-
ponent creates any additional tellurium species bound to non-
bridging-oxygen atoms.

3.5 'F NMR and "’F{*'P} REDOR

Fig. 9 shows experimental FID intensities (l.p) measured at a
low magnetic field (v, = 18.82 MHz) of the T6 and T8 glasses
compared to theoretical values for various external references.
The theoretically expected '°F NMR intensities (Iieo) are calcu-
lated based on the nominal mass content in the T6 and T8

2234 | Dalton Trans., 2023, 52, 2227-2242

series; the inset in Fig. 9 shows the ratio Iex/Ineo as a function
of NaF content, x. While lower fluorine concentrations tend to
be overestimated due to the background signal of the probe
head, for the other glasses the intensities expected from the
batch contents are reproduced within a deviation of about
5-10%. Different reference samples were used to estimate the
systematic error from the different FID decay rates due to
homonuclear dipole-dipole interactions of different strengths
in the reference compounds NaF, Na,PO;F, and Teflon. This
error is estimated to about 5% of the total signal intensity.
Thus, the maximum loss of fluorine is estimated to be not
larger than 10% in the samples with medium to high fluorine
content. In glasses with low F concentrations the quantifi-
cation is obstructed by the background signal.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Deconvolution results from 3P MAS NMR of the T8 and
T6 glass series (Fig. 7). Estimated errors are +0.5 ppm for the peak posi-
tions (5is0) and +2% for the area percentages

P2 rep & PPop Pore
Sample Siso/PPM Area/% Siso/PPM Area/%
T6NNO -13.3 44 -8.7 56
T6NN1 -=12.9 42 -8.1 58
T6NN2 -11.8 41 -7.3 59
T6NN3 -11.1 38 -6.5 62
T6NN4 -9.9 21 -6 79
T6NNS -9.2 10 -5.6 90
T8NNO -13.8 41 -9 59
T8NN1 —-13.4 25 -9 75
T8NN2 -12.6 24 -8.4 76
T8NN3 -=12.7 24 -8 76
T8NN4 -11.9 11 -7.9 89
T8NN5 -11.5 21 -7.2 79

Fig. 10 shows the high field "’F MAS-NMR data. The spectra
show a very broad resonance with a maximum near —60 ppm.
The line shapes are distinctly asymmetric, suggesting the pres-
ence of multiple components. In general, the '’F chemical
shifts measured in this system are much more positive than
those measured in other types of fluorophosphate glasses con-
taining group-12 and 13 elements.®®*”>7> On the other hand,
some of such previously measured fluorophosphate glasses
had also shown weak signals in the —70 ppm region, which
could be assigned to P-bonded fluorine species based on *°F
{’'P} REDOR data and the comparison with crystalline
Na,PO,F.°®7*7 For the present glasses Fig. 11 illustrates an
analogous comparison of '’F{*'P} REDOR data for some repre-
sentative glasses. Also included are two-spin simulations
based on some effective '’F-*'P internuclear distances. While

This journal is © The Royal Society of Chemistry 2023

for Na,PO;F the simulation of the REDOR curve produces a P-
F distance of 1.69 A (dipolar coupling constant of 9500 Hz) in
reasonable agreement with the crystallographic distance
(1.64-1.66 A), the dipolar dephasing is much weaker in the
glasses, corresponding to effective distances near 2.7 to 3.8 A
if a two-spin interaction is assumed. Based on these values we
can conclude that P-F bonds do not occur in these glasses to
any appreciable extent. We therefore attribute the principal
resonance signal with a maximum near —60 to —70 ppm to
Te-bonded F species. This assignment is supported by the lit-
erature value of &, (*°F) = —27 ppm in a toluene solution of
TeF,.”° The signal shape observed in the glasses indicates,
however, a wide chemical shift distribution. While we have
given a tentative deconvolution into three components in
Fig. S5 and Table S3,f there are many ways in which these
spectra can be simulated. For this reason, the data in Fig. 10
are shown without any simulation effort and only the center of
gravity of the resonance is reported in Table 4, which shows no
clear trend. We speculate that the fluoride species, in addition
to being Te-bonded, experience a broad range of local environ-
ments with different spatial proximities to sodium ions
affecting their chemical shifts. These additional interactions
may result in low-frequency signal displacements of different
magnitudes, producing the wide chemical shift distribution
that is experimentally observed. This hypothesis could, in prin-
ciple, be tested by '’F{**Na} REDOR or REAPDOR experiments.
From such experiments, to be reported later, we expect to
observe a strong correlation of the '°F isotropic chemical shifts
with the strength of the '°F-**Na magnetic dipole-dipole coup-
lings. Furthermore, those experiments would be useful for
developing some constraints for spectral deconvolutions.
Finally, glasses from both series with the highest F contents
show a sharp component near —220 ppm, signifying partial
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Table 3 23Na MAS NMR line shape parameters in the glasses under
study

Sample label (8iso)/ppm (0.5) (|Cql)/MHZ (£0.1)

T6NNO -2.7 2.4
T6NN1 -2 2.3
T6NN2 =2 2.4
T6NN3 -1.7 2.3
T6NN4 -1 2.4
T6NNS -0.9 2.4
T6NN10 1.1 2.2
T8NNO -2.8 2.3
T8NN1 -2.4 2.3
T8NN2 -2.1 2.3
T8NN3 -1.7 2.4
T8NN4 -1.3 2.3
T8NN5 -1 2.4
T8NN10 0 2.3

crystallization of NaF which likely can be attributed to a limit
of fluorine incorporation. For ground samples that did not
show this resonance initially, exposure to the ambient atmo-
sphere the NaF signal emerged over time (days to months).
Thus, we conclude that NaF crystallization is promoted by the
interaction of the powders with atmospheric humidity.

3.6 Static '>*Te NMR

2>Te NMR spectra, obtained in the static mode by the
WCPMG method, are shown in Fig. 12. The data are typical of
the effect of the chemical shift anisotropy, characterized by a
distribution of principal components. The spectra are rather
similar but distinctly dependent on the fluoride content,
which is consistent with the formation of Te-F linkages. As

2236 | Dalton Trans., 2023, 52, 2227-2242
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Fig. 9 '°F FID intensities measured at a low magnetic field (0.47 T)
compared to theoretical values calculated from reference compounds,
see text for details. Statistical errors are represented by the symbol sizes,
possible systematic errors are discussed in the text. The solid black line
denotes the identity. The inset in the lower right-hand corner shows the
ratio lexp/ltheo @s a function of NaF content, x.

indicated by Table 4 in both series the average isotropic chemi-
cal shift as deduced from the center of gravity tends to
increase monotonically with increasing F/P ratio. The spectra
of the phosphate-free samples TSNN10 and T6NN10 show pro-

This journal is © The Royal Society of Chemistry 2023
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two-spin simulations based on scenarios with different dipolar interaction strengths. The data confirm the absence of P—F bonding.

nounced spectral intensity near 1800-2000 ppm suggesting
that this feature could arise from F-bonded tellurium species.
No influence of '°F decoupling on the lineshapes, could be
noted. Fig. S6 and Table S4f show tentative simulations in
terms of single set of chemical shift tensor values convoluted
with Gaussian broadening functions to account for a distri-
bution of tensor values; however, these only provide a rough
approximation to the line shape. Most likely there are multiple
species arising from different Te-O vs. Te-F bonding configur-
ations characterized by distinct isotropic chemical shifts. To
resolve such species, ultra-fast MAS experiments will be
required (~100 kHz at moderately low magnetic field
strengths), supported by spectral editing experiments exploit-

This journal is © The Royal Society of Chemistry 2023

ing direct or indirect **Te-'°F spin-spin interactions. Such
experiments are currently under consideration in our
laboratories.

4. Discussion

Based on the results outlined above, a preliminary structural
model can be formulated, as summarized schematically by
Fig. 13. In the F-free glasses the principal building units are
the Q* and the Te,* units, which can be randomly linked via
Te-O-P linkages. In this manner three distinct P> environ-
ments are formed, which contribute to the *'P MAS-NMR line

Dalton Trans., 2023, 52, 2227-2242 | 2237
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Table 4 Center of gravity dcc of the '°F and *2°Te resonances attributed
to the glassy state for the samples under study
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shape, namely P?,p, P*;1.1p, and P?,p. units. As the latter are
not detected by the double quantum filtering method, suitable
fitting constraints to the MAS-NMR line shape can be devel-

19 125,
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Fig. 12 Static >Te NMR spectra of the samples under study. Envelope representations are stacked on top of the respective spikelet spektrum

obtained from the CPMG acquisition mode.
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Fig. 13 Structural scheme of yTeO,~(1 — y)[xNaF-(1 — x)NaPOs] glasses exemplarily depicted for the compositions 80TeO,-20NaPOs (y = 0.2, x =
0, top) and 80TeO,-10NaPO3—-10NaF (y = 0.2, x = 0.5, bottom). Network former units with different local environments and connectivity are

denoted with different colors.

increasing x, the P%,re units become more dominant in both
the T8 and the T6 series as the NaF/NaPO; ratio is increased,
see Fig. 7. The structural effect of NaF for NaPO; substitution
can be summarized by the following models involving depoly-
merization of Te-O-Te, Te-O-P, and P-O-P linkages by the
hypothetical melt reactions:

3/20Te-0-TeO; ), + NaF —;/, OTe-O Na' + F-TeO;,, (1)

Na® 7(0),(0),/, P — O — TeO;, + NaF —
Na® ~(0),(0), ,P— O Na* +F — TeO;,

(2)

Na' (0),(0);/, P — O — TeO;, + NaF —
7(0),(0),,P —F+Na" O™ —TeO;,, (3)

Na' ~(0),(0),,P — O — P(0,/,) 0" Na* + NaF —

Na* ~(0),(0), ,P — F+Na* ~0 — P(0;/,)0” Na*

(4)

In this model, reaction (1) involves breakage of a Te-O-Te
linkage forming a Te-F bond and a non-bridging O atom
linked to Te. Reaction (2) involves breakage of a Te-O-P
linkage with formation of a Te-F bond and a non-bridging
O-atom linked to Phosphorus, which would then become a P*
unit. In reaction (3) the P-O-Te linkage would be broken with
formation of a P-F bond and an additional non-bridging
oxygen atom linked to tellurium, while reaction (4) implies
breakage of a P-O-P linkage forming a P-F bond and a P’
unit. The solid-state NMR results suggest that reactions (1) and
(2) dominate, while the noticeable absence of P-F bonding
detected by the 'F{*'P} REDOR experiments shown in Fig. 11
suggest that reactions (3) and (4) play only a minor role. Fig. 13

This journal is © The Royal Society of Chemistry 2023

shows a structural scheme exemplarily depicted for the glass
compositions 80Te0,-20NaPO; and 80TeO,-10NaPO;-10NaF.
Network former units with different local environments and
connectivity are denoted with different colors. Based on this
preliminary working hypothesis the development of a compre-
hensive structural model will involve the quantification of
these different network former units and a clarification of the
structural role of the sodium ions.

At the present stage, the experimental evidence for Te-F
bonding is only indirect and qualitative and is mainly based
on the '°F isotropic chemical shifts. In principle further spec-
troscopic evidence for Te-F bonding can be obtained by
125Te/*F double resonance experiments, which are, however,
rather challenging. Measurements with direct '>*Te detection
such as *°Te{'’F} REDOR experiments are complicated by the
large width of the '**Te NMR signals and long spin-lattice
relaxation times. In this regard an indirect detection method
involving heteronuclear ***Te-'°F double quantum coherences
by the HQMC method, as first demonstrated under MAS con-
ditions in various inorganic solids featuring nuclei with low
natural abundances’”’ appears more promising, particularly
considering the large 'J(***Te-"°F) coupling constants found in
the literature.”® Such experiments are currently under con-
sideration in our laboratories and will be subject of a forth-
coming study.

5. Conclusions

To summarize, we have prepared new fluorophosphotellurite
glasses in the ternary system TeO,-NaF-NaPO; having the
compositions 0.8Te0,-0.2[xNaF—-(1 — x)NaPO;] and 0.6TeO,-
0.4[xNaF-(1 — x)NaPO;] (0 < x < 1) and characterized their
physical, optical and vibrational properties. Detailed structural
information regarding the network-forming units and their

Dalton Trans., 2023, 52, 2227-2242 | 2239
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connectivity has been obtained from Raman spectroscopy and
multinuclear solid-state NMR, using a variety of interaction-
selective spectral editing approaches. The fluoride-free glasses
can be understood, to a first approximation, in terms of a
network comprised of randomly connected TeO,,, and P(O,/,)
(0,)” (metaphosphate-P> type) units with P-O-P, P-O-Te, and
Te-O-Te linkages. On the other hand, replacement of the
NaPO; by the NaF component results in partial network depo-
lymerization reducing P-O-P connectivity without the for-
mation of P-F bonds. Both '**Te and '°F NMR suggest the for-
mation of new tellurium species characterized by Te-F
bonding. The further spectroscopic characterization of these
units and additional experiments clarifying the structural role
of the sodium ions in these glasses by more advanced NMR
studies are in progress, aiming at the development of a com-
prehensive structural model to be presented in a future
contribution.
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Figure S1. Photographs of the T6 and T8 set of glass samples.
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Table S3. Isotropic chemical shifts and fractional area in percent of the integral as obtained from the
tentative fits to the *°F MAS NMR spectra to three distinct components.

Component 1 Component 2 Component 3
Sample 6/ppm Area/% &/ppm  Area/% 6/ ppm Area/ %
T6NN1 -25.1 27 -65.0 65 -131.2 8
T6NN2 -23.5 19 -63.9 79 -147 2
T6NN3 -18.7 14 -59.8 84 -136.3 2
T6NN4 -24.6 14 -59.7 85 -135.1 1
T6NN5 -30.3 14 -59.9 82 -129 4
T6NN10 14.6 21 -58.1 79
T8NN1 -25.2 23 -73.4 66 -149.7 11
T8NN2 -21.0 24 -61.2 67 -163 9
T8NN3 -30.8 24 -58.4 69 -129.3 7
T8NN4 -31.4 24 -55.5 69 -129.1 7
T8NN5 -24.5 24 -49.2 72 -133.7 4
T8NN10 -36.1 24 -52.5 71 -126.8 5
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Figure S6. Static *Te NMR spectra of the samples under study. Dashed curves illustrate tentative fits

assuming single Te-sites with the chemical shift tensor values listed in Table S4.
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Table S4. Tentative 1*>Te NMR lineshape fitting parameters for the glasses under study. Tensor
elements are listed in the Haeberlen convention as well as principal axis values. The respective
linebroadening paramter (Ib) accounts for Gaussian type broadening of the resonance.

Sample Siso/PPM  Baniso /PPM 1 611 /ppm  dx/ppm b33 /ppm  Ib/kHz
T8NNO 1536 -854 0.52 2185 1740 682 27.2
T8NN1 1527 -848 0.54 2180 1722 679 30.6
T8NN2 1532 -839 0.53 2172 1729 693 30.9
T8NN3 1538 -834 0.54 2180 1729 704 30.3
T8NN4 1544 -828 0.53 2177 1739 716 30.9
T8NNS 1554 -820 0.51 2173 1755 734 32.1
T8NN10 1585 -790 0.48 2170 1790 795 334
TENNO 1494 -878 0.59 2192 1674 616 29.4
TENN1 1506 -870 0.59 2197 1684 636 30.7
TGNN2 1513 -880 0.59 2193 1693 633 31.1
T6NN3 1526 -871 0.59 2218 1704 655 31
TENN4 1530 -884 0.58 2228 1716 646 29.5
TGNNS 1545 -879 0.57 2235 1734 666 30.7
TE6NN10 1604 -795 0.36 2145 1858 809 40.1
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CHAPTER IV:

Exploring the influence of ZnF, on zinc-tellurite glass: unveiling changes in

OH content, structure, and optical properties
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Reprinted with permission from R. G. Capelo, R. S. Baltieri, M Oliveira Jr and D. Manzani,
Exploring the Influence of ZnF;on Zinc-Tellurite Glass: Unveiling Changes in OH
Content, Structure, and Optical Properties. ACS Omega, 2023, 8, 38, 35266-
35274. https://doi.org/10.1021/acsomega.3c05010. Copyright 2023 American Chemical
Society.

Abstract

Tellurite glasses have garnered considerable interest as optical host materials due to their
advantageous properties, including low processing temperature, high resistance to corrosion
and crystallization, and excellent solubility for rare earth ions. However, their applicability in
the infrared (IR) region is limited by the absorption of species with distinct vibrations. The
incorporation of fluorides has emerged as a promising approach to reduce hydroxyl (OH)
absorption during the precursor melting process. In this study, we investigated the influence of
ZnF2 on a glass matrix composed of TeO2-Zn0O-Na20, resulting in notable changes in the glass
structure and optical properties, with Eu* serving as an environmental optical probe. The
samples underwent comprehensive structural, thermal, and optical characterization. Structural
analyses encompassed °F and 1?Te nuclear magnetic resonance (NMR), with the latter being
complemented by mathematical simulations, and these findings were consistent with
observations from Raman scattering. The main findings indicate an enhancement in thermal
stability, modifications in the Te-O connectivity, and a reduction in emission intensity
attributed to the effects of ligand polarizability and symmetry changes around Eus*.
Additionally, the fluorotellurite matrices exhibited a shift in the absorption edge toward higher
energies, accompanied by a decrease in mid-IR absorptions, thereby expanding the
transparency window. As a result, these glass matrices hold substantial potential for
applications across various regions of the electromagnetic spectrum, including optical fiber

drawing and the development of solid-state emitting materials.
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ABSTRACT: Tellurite glasses have garnered considerable interest
as optical host materials due to their advantageous properties,
including low processing temperature, high resistance to corrosion
and crystallization, and excellent solubility for rare earth ions.
However, their applicability in the infrared (IR) region is limited
by the absorption of species with distinct vibrations. The I
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incorporation of fluorides has emerged as a promising approach ] & /
to reduce hydroxyl (OH) absorption during the precursor melting 1 A "
ul — /
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process. In this study, we investigated the influence of ZnF, on a  u, w
glass matrix composed of TeO,-ZnO-Na,O, resulting in notable =Pl a—®
changes in the glass structure and optical properties, with Eu®* : \@
serving as an environmental optical probe. The samples underwent

comprehensive structural, thermal, and optical characterization.

Structural analyses encompassed '’F and 'Te nuclear magnetic resonance (NMR), with the latter being complemented by
mathematical simulations, and these findings were consistent with observations from Raman scattering. The main findings indicate
an enhancement in thermal stability, modifications in the Te—O connectivity, and a reduction in emission intensity attributed to the
effects of ligand polarizability and symmetry changes around Eu®*. Additionally, the fluorotellurite matrices exhibited a shift in the
absorption edge toward higher energies, accompanied by a decrease in mid-IR absorptions, thereby expanding the transparency
window. As a result, these glass matrices hold substantial potential for applications across various regions of the electromagnetic
spectrum, including optical fiber drawing and the development of solid-state emitting materials.
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1. INTRODUCTION

Tellurite glasses, based on TeO,, have been widely used as an
alternative to traditional SiO,-based glasses in various
photonics applications.' ™ Their unique structural and optical

received significant attention in research due to their potential
to reduce the OH™ content by reacting with Te—OH bonds
and water within the matrix.”'> Although it is expected to
decrease thermal and mechanical stability, this approach proves

properties make them excellent host materials for optical fiber
amplifiers, optical sensors, biosensors, energy converters,
emitter devices, and several other applications.*”” Tellurite
glasses generally present high stability against crystallization
and corrosion, low phonon energy, and low melt and glass
transition temperatures compared to other traditional glass
matrices.”® Moreover, according to their composition, this
glass class also shows a highly linear and nonlinear refractive
index, a broad optical window, and high solubility for
photoluminescent rare earth ions (RE**).”"

In general, TeO, is combined with alkali-based, alkaline
earth, and transition metal oxides to form stable glasses.“ For
instance, in recent years, several studies on TeO,-ZnO-Na,O
ternary glasses (TZN) have been performed for fiber optics
drawing due to their interesting nonlinear properties and
suitable glass stability.'”~'* However, the transparency window
in the infrared region is commonly limited to 3 ym for these
glasses due to the OH-group content and their strong
absorption, which limits their use in some applications.” In
this context, the addition of fluoride ions in tellurite glasses has

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

35266

effective to increase the glass transparency range from UV
(~300 nm) to the mid-IR (4—6 um), as well as enabling the
production of stable glasses and optical fibers with high
concentrations of RE*.”"*"”

Désévedavy and co-authors® have conducted a comprehen-
sive examination of dehydration processes and their impact on
the quality of optical fiber transmission. Undesirable OH
absorption, which can originate from either H,O or terminal
groups, can have two primary sources: (1) the raw materials
and (2) the glass synthesis process. Manufacturers rarely
provide information concerning the former source of OH
content, as it greatly depends on their specific synthesis
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methods. Nevertheless, this issue can be addressed through
heat treatment of the oxides. However, as demonstrated by
Dorofeev and co-authors,” the use of low O, pressure during
this TeO, treatment may lead to tellurium reduction,
necessitating specific conditions for consideration. In order
to achieve better results, some research groups have chosen to
prepare their own chemicals.”’ The second source of OH
content arises during the fusion process and can result from
reactions occurring within the melt or the furnace atmosphere.
Specific reactions during the melting process can be induced
by the addition of solid chemicals, such as alkali fluorides.
Alternatively, control of the furnace atmosphere with reactive
agents like F, and Cl, gases can also achieve the desired
outcome, albeit requiring a more complex system. While the
addition of alkali fluorides offers a simpler approach, it can
significantly alter the structure of the glass matrix, a topic that
is seldom discussed.

In summary, various methods have been explored to
enhance the mid-infrared (mid-IR) quality of tellurite glasses,
ranging from the addition of solid chemicals during the initial
stages to controlling the atmosphere during preliminary heat
treatment and glass melting in the synthesis process.
Contamination from metals with 3d electrons is typically not
visually apparent in tellurite glasses, as the electronic
absorption edge of tellurite occurs at longer wavelengths
than the electronic absorption of these metals.

Furthermore, the choice of crucibles” plays a significant role
in the color of tellurite glasses when working with this type of
glass. Common crucibles like platinum or corundum (Al O5),
can have a significant impact on the optical and structural
properties. Although Pt or Al do not facilitate redox reactions
with TeO,, even during the melting of precursors, some
authors have demonstrated that Pt can dissolve in the process,
resulting in a yellowish coloration in the glass, unlike the
completely transparent appearance achieved with Au crucibles.
Considering the conditions required to achieve high mid-IR
quality in tellurite-based glasses using desiccant chemicals like
alkali fluorides, this study aims to investigate the observed
changes in structural behavior when employing zinc fluoride
(ZnF,). Au crucibles were utilized to obtain fully transparent
bulk glasses, and subsequently, a more detailed exploration of
rare earth (RE) element doping is conducted.

Europium (Eu’*) stands out as one of the most captivating
and extensively researched RE*, primarily due to its myriad
applications in lasers and optical communication. Additionally,
its luminescence properties exhibit remarkable sensitivity to
environmental factors, rendering it an invaluable spectroscopic

22-25 5 7 o
probe. The °D, — ’F, emission, referred to as
hypersensitive, is strictly forbidden in sites with inversion
centers;® therefore, any distortion caused by the environment
around the ion increases the emission intensity. As an electric
dipole transition, the hypersensitive emission of Eu** relies on
the establishment of a vector within the ion, necessitating
interaction with ligands. The magnitude of this vector
decreases as the ion gets closer to a center of symmetry,
leading to a reduction in emission intensity.27 In contrast, for
the emission involving ’F;, which is a magnetic dipole
transition, it is generally unaffected by the environment and
can be used to calibrate all other emissions based on the total
integrated intensity of the band. As several authors have
enlightened,””** factors beyond symmetry also influence the
emission of most RE*", especially Eu®*, such as polarizability
and shape of ligands, which must be considered before drawing

any conclusion. The ratio of Dy — ’F, to D, — ’F,
integrated intensity peak (electric to magnetic intensity ratio,
EMIR) can be very helpful in understanding changes in Eu**
emissions. In most oxide glasses, EMIR values typically fall
within the range of 3—7, while for fluorides, they are generally
in the range of 0.9—1.3.”

By these means, this study investigated how the addition of
fluorine in tellurite glasses alters their optical properties and
structural characteristics, with Eu®* serving as a luminescent
probe. In order to obtain additional information on structural
behavior, we conducted Raman spectroscopy, '’F nuclear
magnetic resonance, and differential scanning calorimetry.

2. EXPERIMENTAL SECTION

2.1. Materials. Tellurium dioxide (TeO,, Prichem,
99.99%), zinc oxide (ZnO, Alfa Aesar, 99%), anhydrous zinc
fluoride (ZnF,, Sigma-Aldrich, 99%), sodium carbonate
(Na,CO;, Sigma-Aldrich, 99.5%), and europium oxide
(Eu,05, Lumtec, 99.9%) were used as received from the
companies.

2.2. Glass Synthesis and Characterization. Undoped
and Eu**-doped samples were prepared using the conventional
melt-quenching method with compositions of TeO,—~ZnO—
ZnF,—Na,0 and TeO,—ZnO—ZnF,—Na,0:Eu,0;, labeled as
indicated in Table 1. Each batch was heated in a furnace at 750

Table 1. Sample Labels and Molar Concentrations

molar compositions (mol %)

sample labels TeO, ZnO ZnF, Na,O Eu,0;
TZN 75 15 0 10

TZNF5 75 10 S 10

TZNF10 75 S 10 10

TZNF15 75 0 15 10

TZNF20 70 0 20 10

TZNF30 62 0 30 8

TZN-Eu 75 15 0 10 0.5
TZNF5-Eu 75 10 S 10 0.5
TZNF10-Eu 75 S 10 10 0.5
TZNF15-Eu 75 0 15 10 0.5
TZNF20-Eu 70 0 20 10 0.5

°C for 20 min, then poured into a preheated brass mold,
annealed for 120 min at 250 °C, and finally cooled at a rate of
10 °C/min down to room temperature. The samples were cut
and polished for the measurements. For the samples containing
20 and 30% of ZnF,, the concentrations of TeO, and Na,O
were also reduced. Additionally, samples doped with 0.5 mol %
of Eu,0; for TZN and TZNFx (x = §, 10, 15, and 20 mol %)
were prepared.

2.3. Differential Scanning Calorimetry. The DSC
curves of the glass samples were recorded in a calorimeter
DSC 404 F3 Pegasus, Netzsch, to identify the characteristic
glass transition temperature (T, +2 K), the onset temperature
of crystallization (T,, +2 K), and thermal stability parameter
(AT = T, — Ty, +4 K) of the obtained glasses. Each bulk glass
sample (~10 mg) was placed in an alumina crucible and
heated from 100 to S50 °C at a heating rate of 10 K min™"
under a nitrogen atmosphere (20 mL min™").

2.4. Absorption Spectroscopy. The absorption spectra of
the glass samples in both the UV—Visible and near-infrared
(NIR) regions were measured at room temperature using a
dual-beam spectrometer (Varian Cary 500) over the 300—900
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nm range with a spectral resolution of 1.0 nm. To calculate the
indirect optical band gap values, experimental absorbance data
were utilized, and the samples had a thickness of approximately
1.7 mm.

2.5. Raman Spectroscopy. The Raman spectra were
recorded over the 50—1500 cm™ range with a spectral
resolution of 1 cm™ using a LabRAM HR micro-Raman
(Horiba Jobin Yvon) equipped with a continuous HeNe laser
emitting at 632.8 nm and delivering a power of 17 mW at
room temperature.

2.6. Solid-State NMR. "F MAS and '™Te static NMR
spectra were recorded in an Agilent DD2 spectrometer
operating at 5.64 T (corresponding to 'H Larmor frequency
of 240 MHz). '°F spectra were acquired using 1.6 mm rotors
spinning at 38 kHz with a DEPTH pulse sequence for
background suppression,”® a 90° pulse-length of 1.5 us,
relaxation delays of 300 s, and up to 160 scans for noise
average. '°F chemical shifts are reported relative to CFCly
using solid AlF; as a secondary reference (—172 ppm). Static
'23Te NMR spectra were obtained using the wideband-uniform
rate-smooth truncation (WURST) scheme,"** combined with
the Carr—Purcell-Meiboom—Gill (CPMG) pulse sequence.
Identical WURST-80 excitation and refocusing pulses were
used, with pulse lengths set to 50.0 us and the excitation
bandwidth set to 500 kHz, recycle delay of 50 s, spikelet
separation of 1 and S kHz (for crystalline @-TeO, and the
glasses, respectively), and 128 Meiboom—Gill loops. The
WURST-CPMG spectra presented here were obtained by fast
Fourier transformation of the sum of the individual CPMG-
echoes, resulting in an envelope spectrum. The advantage of
this second method is that the signal-to-noise ratio is greatly
improved. '®Te Chemical shifts are reported relative to
Te(CH,), using the isotropic shift of @-TeO, (1469 ppm) as
secondary standard.*

2.7. Photoluminescence Spectra. The emission spectra
of the Eu**-doped glass samples within the visible spectral
range (550—750 nm) were acquired in a Horiba Fluorolog-3
spectrofluorometer using the front face acquisition mode. A
350 W Xenon arc lamp served as the excitation source,
emitting at 394 nm. Detection was performed using a
photodiode detector, PPD-850. To ensure accuracy, the
emission spectra were corrected for the detection and optical
spectral response of the spectrofluorometer.

3. RESULTS AND DISCUSSION

The glasses used in this study were optically homogeneous
bulk samples with a colorless appearance, as depicted in the
inset of Figure 1. A noticeable shift of the absorption edge
toward higher energies was observed in samples containing
ZnF, compared to the fluoride-free TZN sample. Figure 1
shows that the TZN sample exhibited an absorption edge at
around 375 nm, corresponding to a band gap energy of 3.4 eV.
Even with a lower ZnF, content (S5 mol %), the sample
exhibited a blue shift of more than 10 nm (or 0.13 eV),
resulting in enhanced transparency. This trend continued as
the fluoride concentration increased, ultimately reaching 330
nm (with a band gap energy of 3.8 V) for the TZNF30
sample. Detailed band gap energy values are presented in
Figure S1 and Table S in the Supporting Information (SI).
In addition to shifting the electronic absorption edge and
enhancing transparency in the UV region, the incorporation of
fluorides into oxide glasses proves to be an effective strategy for
reducing the OH content within the glass network, thereby
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Figure 1. UV—vis absorption spectra carried out from 325 to 450 nm.

making them more suitable for infrared (IR) applications.
Figure 2 illustrates the transparency window of the glass
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Figure 2. TZN, TZNF15, and TZNF30 transparency windows were
obtained from the UV to mid-IR range. Inset: photograph of the
synthesized glass samples.

samples from UV to the mid-infrared range. Within the mid-IR
region, two prominent bands at 3.4 and 4.4 ym are associated
with free OH groups and H,O content, respectively.’ It is
evident that these bands significantly diminish as the
concentration of ZnF, increases. The dehydroxylation process
is facilitated by the reactions of ZnF, during the meltin;

process, which can be described by the following equations.”

ZnE, + 2[Te-OH] — ZnO + 2HF + [Te—O-Te] (1)
and

2ZnE, + H,0 — ZnO + 2HF @)
Therefore, while the extension of the multiphonon absorption
edge is not considerably enhanced in this series, samples with

higher ZnF, content exhibit a significant reduction in the OH
band at 3.4 and 4.4 pum. This behavior not only confirms the
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effectiveness of fluoride addition as an efficient strategy for
producing oxide glasses with low OH content but also
highlights the promising potential of these matrices as host
materials for mid-IR lasers and optical amplifiers. Moreover,
when combined with the favorable characteristics of tellurite
glasses, including good thermal stability and high RE*
solubility, these fluoride-modified glasses become even more
suitable for such applications.**~**

The DSC curves were recorded for TZN, TZNFS, TZNF15,
TZNF20, and TZNF30 samples and are presented in Figure 3.
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>
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T T T T T T T
200 250 300 350 400 450 500
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Figure 3. DSC curves for the samples TZN, TZNFS, TZNF1S,
TZNF20, and TZNF30.

The characteristic temperatures, including the glass transition
(Ty) and the onset of crystallization (T,), were estimated in
accordance with the method described by ref 34 with an
associated error of +2 °C. A decrease in the characteristic
temperatures can be observed as the fluoride content amount
increases, which is attributed to the glass network depolyme-
rization and softening.'® The addition of ZnF, increases the
ionic character of the matrix by replacing covalent bonds and
making the glass structure less connected, lowering the T,
values.” An increase in the thermal stability against
arystallization (AT = T, — T,) for the samples with 5, 15,
and 20 mol % of ZnF, in comparison to the TZN sample is
also observed, as can be seen in Table 2. This behavior is
important to evaluate the suitability of the matrices for optical
fiber fabrication, as a larger AT is desirable to expand the
working temperature range without inducing crystallization.*®
Once a glass with AT > 100 °C is considered stable to be
drawing as a fiber, it can be inferred that our tellurite and
fluorotellurite glasses are thermically suitable for optical fiber
production, with the exception of the TZNF30 sample, which

Table 2. Characteristic Temperatures (Tg, T, Ty, and sz)
and Thermal Stability against Crystallization (AT = T, —

Tg) Obtained from DSC Measures

samples T.(2C€) T (°C) T, (8C) T, (°C) AT(2C)
TZN 285 404 472 119
TZNFS 271 400 439 129
TZNF15 250 377 397 127
TZNF20 247 369 397 406 122
TZNF30 243 330 347 406 87

presents a higher tendency for devitrification and a thermal
stability of 87 °C.

Particularly for the TZNF20 sample, a broad crystallization
peak consisting of two distinct components is observed. It
appears that these components become more separated as the
ZnF, content increases to 30 mol % in the TZNF30 sample. In
the DSC curve of TZNF30, two distinct crystallization peaks
are observed, occurring at T, = 347 °C (TZNF30-TP,) and
T,, = 406 °C (TZNF30-T,,). To gain insights into this
crystallization behavior, two bulk pieces of the TZNF30
sample were subjected to heat treatment at T, and T, for 30
min, followed by XRD analysis to identify the crystallized
phases. XRD results for both portions of the sample (Figure
S2) indicate the predominant formation of y-TeO, at T, and
a-TeO, at T}, along with some degree of mixing of the phase
Zn,Te;0q in both portions. While these results may not have
immediate practical implications, they contribute valuable
insights into the structural and thermal behavior of this glass
system, suggesting that the addition of ZnF, enhances the
tendency for the formation of crystalline TeO, through
network depolymerization.

Raman spectroscopy provides additional insight into the
structural changes induced by the addition of ZnF,. Typically,
tellurite glasses exhibit characteristic bands in the range of
400—900 cm™". More specifically, Raman modes between 400
and 500 cm™ are associated with bonds in Te—O—Te bridging
configurations, while the bands in the higher frequency region
correspond to tellurite structural units and the presence of
non-bridging oxygen (NBO).*' In this study, the focus is on
the range of 550—900 cm™, referred to as the T region, which
allows us to describe the structural behavior of the glass
network in relation to fluoride content. In Figure 4, the Raman
spectra of all samples are presented, exhibiting distinguishable
variations in band intensities. To facilitate understanding, the
T region (550—900 cm™) was deconvoluted into four
Gaussian peaks, yielding a high correlation coefficient (R2)
of > 0.995 across all samples, as shown in Figure S3a—d. The
identified vibrational modes labeled T1, T2, T3, and T4
correspond to specific structural units within the tellurite
matrix. The T1 band, centered at 610 cm™, is assigned to the
antisymmetric stretching of the [TeO,] units, forming a
continuous network.*®*” At 660 cm™!, the T2 band is
associated with the antisymmetric vibrations of Te—O—Te
bonds, involving two nonequivalent Te—O bonds.*® Addition-
ally, this band is influenced by the presence of [TeOs,,] units,
which exhibit a structural deformation with one elongated Te—
O bond.*® Hence, these bands can serve as indicators of
network connectivity in the glass structure. Finally, the bands
observed around 715 and 775 cm™, labeled as T3 and T4,
respectively, can be attributed to the stretching modes of non-
bridging oxygen (NBO) in the TeOj; and TeOs,; units. These
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Figure 4. Raman spectra for all undoped glass systems.

bands have been linked to lower coordination [TeOs] units,
indicating depolymerization of the glass network."®

The integrated areas of each deconvoluted Raman band
were normalized to the total intensity and are presented in
Figure 5. To provide a semi-quantitative description of the
influence of fluoride content on the glass network, the T1 and
T2 bands were combined, as were the T3 and T4 bands. Table
S2 presents the attribution, position, and relative area of each
Raman band. This approach was employed to better
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Figure 5. Percentage of characteristic tellurite Raman band intensities
grouped as T1 + T2 and T3 + T4.

characterize the network connectivity, where higher intensities
of T1 and T2 indicate a more connected glass structure, while
increased T3 and T4 intensities suggest a more open structural
arrangement. As depicted in Figure S, the incorporation of
ZnF, into the glass composition leads to higher percentage
values of T3 and T4 intensities, indicating an increased content
of NBOs and the prevalence of [TeO,] units in the glass
network.” Specifically, this increase is most pronounced for
the TZNF10 and TZNF30 samples, highlighting significant
differences in their structural and optical properties when the
fluoride content exceeds 10 mol %. FTIR measurements
(Figure S4) were also conducted on the powdered samples;
however, no additional insights into the structural behavior
could be Provided as a complement to the Raman
analysis.**™*

3.1. F and '®Te Solid-State NMR Spectroscopy.
Figure 6 displays the high-field '’F MAS—NMR data, revealing
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Figure 6. '""F MAS—NMR spectra of the fluorotellurite samples with
each fit component from tentative deconvolutions in black and gray.

two broad resonance bands at approximately —40 ppm and
—170 ppm. The asymmetric line shapes suggest the presence
of multiple components. Subsequent deconvolution of each
broad peak was performed, and the results are summarized in
Table 3. The first band is divided into two components
centered around —23 ppm (T1) and —49 ppm (T2),
respectively, with the former being more prominent. These
chemical shift values are consistent with literature values for
Te-bonded F species, previously assigned to &, (*F) = —27
ppm in a toluene solution of TeF, and &, (*°F) = —45 ppm
for TeFsCL*** Components Z1 and Z2, on the other hand,
indicate the involvement of fluorine atoms in an alkaline
medium and the presence of Zn—F interactions.”” ™"’
Component Z2 can be attributed to a mixed ZnF,/NaF
environment, with a chemical shift around —204 ppm
consistent with the reference value for ZnF, and in proximity
to the characteristic shift of NaF (=220 ppm)."**’ The
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Table 3. Isotropic Chemical Shifts and Fractional Area in Percent of the Integral, as Obtained from the Tentative Fits to the

”F MAS—NMR Spectra to Four Distinct Components

component 1 component 2

component 3 component 4

sample & 'F (+0.5 ppm) area (+0.5%) & "F (£0.5 ppm)
TZNFS =214 50.7 -51.8
TZNF10 -23.8 59.0 —47.9
TZNF15 -=25.5 60.0 —48.7
TZNF30 —=20.2 49.4 —46.0

area (+0.5%) & "F (+0.5 ppm)

23.2
222
27.9
27.3

area (+0.5%) & 'F (0.5 ppm) area (+0.5%)

—156.3 13.1 202.6 13.0
-157.0 7.9 204.6 10.8
—157.8 23 208.9 9.8
—158.3 2.9 204.4 20.4

calculated area of each deconvoluted component suggests a
trend of increasing Te—F interactions with the fluorine
content, attributable to the high TeO, molar concentration
(75 mol %). Additionally, for the TZNF30 sample, an increase
in the area of component Z2 is observed, which aligns with the
higher amount of ZnF,. These '’F NMR data support the
results obtained from Raman spectroscopy and contribute to a
better understanding of the glass structure in this system by
highlighting the replacement of NBOs through the creation of
terminal Te—F bonds.

Qualitative information about Te structural units can be
provided by '*Te NMR. Due to the low abundance (~7%)
and high chemical shift anisotropy, combined with the intrinsic
disorder of glasses, high-resolution '*Te NMR is usually not
practical in glass systems. Therefore, we have obtained static
WURST-CPMG '#Te NMR spectra for selected composi-
tions, which are shown in Figure 7. As indicated by Raman

r T T T T
3000 2500 2000 1500 1000

125Te-5 (ppm)

Figure 7. WURST-CPMG '»Te NMR spectra for glass samples
TZN, TZNFS, and TZNF30 (black solid curves). The plot shows
Fourier-transformed spectra from the sum of the individual echoes in
the CPMG FID. Red dashed curves are simulations considering
distributions of static CSA powder patterns. 125Te Chemical shifts
are referenced to Te(CHj),.

data, the glass structure is formed by a mixture of distinct types
of [TeO,] units. As a result, the NMR spectra are
characterized by the superposition of resonances from distinct
species. The resonance of each species, in its turn, is
characterized by broad and anisotropic powder patterns
resulting from distributions of chemical shift anisotropy
parameters. Due to this strong overlap, the '*Te spectra in
Figure 7 do not provide site-selective information. To have
qualitative information about the '*Te spectra, we have
performed simulations considering a statistical distribution of

35271

powder patterns with uncorrelated Gaussian distributions of
the three principal values of the chemical shift tensor. This
approach was employed recently by us for the study of heavy-
metal oxide tellurium-phosphate glasses.”” The best-fit
simulations are shown in Figure 7. These simulations need
to be treated as a simple mathematical tool to explore the
characteristics of the average '>Te NMR line shapes, and the
simulation parameters are displayed in Table 4. The observed
isotropic shifts agree with those previously observed for
fluorophosphotellurite glasses containing similar concentra-
tions of network modifier species.*” The simulations show very
minor variations in >Te NMR line shapes as a function of
fluorine concentration. Remarkably, the width of the
distribution in J,, becomes narrower for increasing ZnF,
concentration. We can understand this narrower distribution
of chemical shift parameters as the preferential formation of a
certain type of Te structural unity. This agrees with the Raman
results, which show that there is a tendency for the preferential
formation of anionic TeO;-like units with increasing F content.

3.2. Eu** as a Structural Probe for Structural
Elucidation. To further elucidate the structural changes
induced by the addition of ZnF,, TZN and TZNF samples
doped with Eu** were prepared, utilizing europium emission as
a luminescent probe. Figure 8 illustrates the luminescence
spectra of Eu** incorporated in the tellurite glass samples. To
enhance the visualization of changes in the intensity of the *D,
— F, hypersensitive transition, known to be dependent on the
symmetry degree around Eu®, the spectra were normalized to
the emission intensity of the D, — ’F; transition. The
observed decrease in band intensity for the ] = 2 emission with
increasing fluoride content clearly indicates that the presence
of fluoride induces changes in the Eu®" environment.
Hypersensitive emission relies on the interaction with the
dipole vector of ligands in the first coordination sphere and the
distortion of the symmetric center. These changes suggest that
Eu’" preferentially binds with fluoride, a poorly polarizable
ligand, even at low concentrations. Additionally, the addition
of fluoride may bring the Eu®* site closer to a centrosymmetric
environment, resulting in a decrease in emission intensity, as
demonstrated by the calculated EMIR (Europium Maximum
Intensity Ratio). Furthermore, the analysis of the ratio between
the integrated intensity of the non-normalized ] = 2 and 1
transitions confirms the initial observation. The obtained
values were 3.0, 2.8, 2.4, and 1.8 for TZN-Eu, TZNFS-Eu,
TZNF10-Eu, and TZNF15-Eu, respectively, as shown in the
inset of Figure 8. While the ratio of TZN falls within the
expected range for oxide glasses, the addition of fluoride
decreases the ratio to a minimum of 1.8, which is very close to
that of fluoride glass matrices.”” Consequently, the values of
EMIR indicate that the D, — ’F, transition is always
dominant in these matrices, and the lower the fluoride content,
the closer the site approaches a centrosymmetric environment
expected for Eu®*.
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Table 4. Parameters Obtained from the Simulation of '*Te Spectra Considering the Sum of Chemical Shift Anisotropy
Powder Patterns with an Uncorrelated Normal Distribution of Principal Tensor Values”

samples I E0)) 6,(£10) 8,,(+20) 5..(£10)
TZN 1540 2150 1760 745
TZNES 1589 2150 1800 850
TZNE30 1522 2100 1820 730
a-TeO, 1469 2070 1596 742

AS,(£50) A3,,(£50) A5..(+50) A(+£10)
100 300 600 200
50 200 500 210
50 200 200 250
35

“9, is the average value for the chemical shift principal values and Ad,is the width of the distribution for each parameter. An isotropic line
broadening parameter was also used (A) in the simulations. The center of gravity of the experimental spectrum, 8, is also shown. All values are

given in ppm, relative to Te(CH;),.
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Figure 8. Photoluminescence spectra of fluorotellurite samples doped
with Eu®.

Furthermore, it might be expected that the emissions of
TZNF15-Eu and TZNF20-Eu would exhibit an inversion in
intensity as the fluoride content increases. However, it should
be noted that TZNF20-Eu demonstrates a significant decrease
in TeO, content compared to the TZNFIS-Eu sample.
Therefore, a direct comparison of the two emissions must
consider the structural changes that may have occurred
between them. The results suggest that, despite the higher
fluoride concentration, modifications induced in the matric
structure have led to the Eu®* occupying sites with enhanced
emission symmetry. As discussed, the emission is influenced
not only by the polarizability of fluoride but also by the
symmetry of the europium ion’s site, which is likely closer to a
group with an inversion center for TZNFS-Eu, TZNF10-Eu,
and TZNF15-Eu. The €, and Q, parameters were calculated
using Judd—Ofelt from Emission Spectra (JOES) software’'
and are presented in Table 5. This software simplifies the JO
parameter calculations by inputting the Eu®* emission spectra
and indicating the emission range for each specific electronic
transition. The refractive index values (n = 1.96) used for the
calculations were obtained from matrices with similar
compositions reported in the literature, such as 75TeO,-
15Zn0-10Na, O, which is identical to the TZN in this study,
and 70TeO,-10Zn0-20ZnF,, to account for the presence of
ZnE, 1852

The €, parameter has been associated with the covalence of
the glass matrix and the symmetry around Eu*, while the Q,
parameter has been linked to the rigidity and viscosity of the
glassy network.””** However, it should be noted that further
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Table S. Calculated Judd—Ofelt Parameters Q, and , and
Comparison with the Literature

Q, [107% Q, [107%

n cm?] cm?] references
TZN-Eu 1.96 5.496 4.043 this work
TZNFS-Eu 1.96 4.846 3.323 this work
TZNF10-Eu 1.96 4.201 2.922 this work
TZNF15-Eu 1.96 3.177 2.350 this work
TZNF20-Eu 1.96 3.357 2.570 this work
Te0,-Li,CO, 2.40 11.06 458 27
Te0,-Li,0-K,0-ZnF, 1.9 377 2.10 53
P,0,~MgO-ZnSO; 175 14.40 126 54
$iO, (nanofiber) 1.45 327 2.80 s
(Yo,Gdo),05 1.65 1.30 1.20 56

research is needed to fully understand the Q, parameter. In
Table S, both experimental parameters €, and €, exhibit a
decrease as the fluoride concentration increases. This trend
aligns with the findings from EMIR calculations and reinforces
the notion that the addition of fluoride to the matrix modifies
europium emission by altering properties such as network
connectivity and the character of ionic/covalent bonds. The
decrease in €, indicative of a less rigid matrix, is consistent
with the observed decrease in Tj. It is important to mention
that caution is advised when interpreting small changes in the
experimental parameters €2, and €, as there may be an error
margin of up to 20%. Nevertheless, these results are in line
with the conclusions drawn from other characterization
techniques, including DSC, Raman, and NMR data.

4. CONCLUSIONS

The structural and optical properties of tellurite and
fluorotellurite glasses were thoroughly examined in this
study. The results demonstrate that the incorporation of
fluoride induces significant changes in tellurite glasses, leading
to a less covalently connected matrix, particularly affecting the
[TeO;] domains and enhancing the thermal stability against
crystallization. Moreover, the Raman results obtained in this
study are consistent with those obtained from the solid-state
nuclear magnetic resonance (NMR) of '®Te and '’F. The
addition of fluoride expands the transparency range of
fluorotellurite glasses, both in the ultraviolet and infrared
regions, resulting in a notable shift in the electronic edge and a
significant reduction in OH band absorption. Furthermore, the
investigation of luminescence behavior using Eu** as a
spectroscopic probe reveals a strong interaction between
fluoride and the emitting ion. This interaction also influences
the glass matrix, affecting the coordination environment and
modifying the emission through changes in ligand polarizability

and symmetry. Despite a decrease in emission intensity with
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increasing fluoride concentration, the emission intensity
remains higher than in matrices containing solely fluorides,
with the dominant process being the *D, — ’F, transition.
Hence, these findings suggest that substituting ZnO with ZnF,
in this glass system enhances its optical transmission while
preserving thermal stability. Such properties are advantageous
for applications involving luminescent glasses and the
fabrication of optical fibers with low OH content.
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Figure S1. Bandgap energy curves calculated by Plot Tauc method.

Table S1. Bandgap energy values calculated for all undoped glass samples.

Samples Bandgap Energy (eV)
TZN 3.43

TZNF5 3.56

TZNF10 3.60

TZNF15 3.61

TZNF20 3.65

TZNF30 3.76
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Figure S2. XRD diffractograms of TZNF30 sample treated at Tpl = 347 °C and Tp2 = 406 °C and
the diffraction patterns of a-TeOz, y--TeOz and Zn2TesOs phases.
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Figure S3. Representative Raman deconvoluted bands between 550 to 900 cm™! (tellurite
bands) for the (a) TZN, (b) TZNF10, (c) TZNF20, and (d) TZNF30 samples.

Table S2. Raman deconvoluted bands area in percent of the integral as obtained from the

deconvolution of each Raman spectra.

Area (£0.5%)

Sample 11 g10cmt)  T2(660cmY) T3 (715cm?) T4 (755 cmY)

TZN 5.6 411 347 186
TZNF5 6.7 38.0 35.6 19.6
TZNF10 9.8 26.5 56.5 7.2
TZNF15 9.5 25.7 57.6 7.1
TZNF20 7.0 28.2 52.3 12,5
TZNF30 2.7 28.9 59.3 9.1
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CHAPTER V:

Effect of silver nanoparticles on the visible upconversion emission of
Er¥*/Yb®" co-doped SbPO4-GeO; glasses
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Reprinted with permission from R. G. Capelo, T. I. Rubio, G. L. Calder6n, D. A. Moraes, E.
Marega Jr, M. Nalin and D. Manzani, Effect of silver nanoparticles on the visible
upconversion emission of Er¥*/Yb® co-doped SbPOs-GeO; glasses. Optical Materials,
2023, 135, 113234. https://doi.org/10.1016/j.optmat.2022.113234. Copyright 2022 Elsevier.

Abstract

Rare earth-doped glasses are largely studied for developing new and efficient photonic devices.
The influence of localized electric fields from the LSPR of metallic nanoparticles (MNP) on
the rare-earth luminescent properties is a matter of study. This work describes the effect of Ag-
MNP on the visible-upconversion emission of Er®*/Yb3*-co-doped SbPQs-GeO: glass. Ag-
MNP was obtained with an average size of ~5 nm and a LSPR absorption band at 520 nm. A
significant enhancement of the red emission (~650 nm) of Er®* as a function of Ag-MNPs
content was observed. It showed silver nanocluster emission through excitation at infrared via
energy transfer from Er®* to the Ag nanoclusters. Photoluminescence spectroscopy revealed
that longer heat treatment times increase the red emission and enhance the rapid depopulation
of “For2 level, reducing the lifetime by 57% due to the LSPR of Ag-MNPs in the vicinity of the
Er¥* and Yb®".
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ARTICLE INFO ABSTRACT

Keywords:
Antimony-phosphogermanate glass
Upconversion emission

Metallic nanoparticle
Localized-surface plasmon resonance

Rare earth-doped glasses are largely studied for developing new and efficient photonic devices. The influence of
localized electric fields from the LSPR of metallic nanoparticles (MNP) on the rare-earth luminescent properties is
a matter of study. This work describes the effect of Ag-MNP on the visible-upconversion emission of Er®*/yb>*-
co-doped SbPO4-GeO; glass. Ag-MNP was obtained with an average size of ~5 nm and a LSPR absorption band at
520 nm. A significant enhancement of the red emission (~650 nm) of Er*" as a function of Ag-MNPs content was

observed. It showed silver nanocluster emission through excitation at infrared via energy transfer from Er’* to
the Ag nanoclusters. Photoluminescence spectroscopy revealed that longer heat treatment times increase the red
emission and enhance the rapid depopulation of *Fg, level, reducing the lifetime by 57% due to the LSPR of Ag-
MNPs in the vicinity of the Er** and Yb®*.

1. Introduction

Among the luminescent rare-earth ions (RE®"), Er®’ plays an
important role owing to their emission centered at 1550 nm, particularly
important for optical amplification in integrated telecom systems [1].
Moreover, under 980 nm excitation, depending on their concentration,
Er’*-doped glasses also present visible emissions in green and red re-
gions mainly through energy transfer upconversion (ETU) and
excited-state absorption (ESA) mechanisms. These processes can be
enhanced by co-doping with Yb®*, which has a larger absorption
cross-section at infrared and may effectively transfer energy to Er>*
beyond itself [2,3]. These emissions provide important applications in
many areas, from high-density optical storage, optoelectronic devices
for medical, photovoltaics, energy conversion, and optical amplifiers
waveguides applications [4-7]. Furthermore, the addition of metallic
nanoparticles (MNPs) may affect the upconversion (UC) luminescence
by the presence of localized surface plasmon resonance (LSPR) and
metal electronic bands. The LSPR consists of an optical phenomenon
that occurs by the collective oscillation of the surface free electrons of
the MNP contained in the conduction band, generating a localized

electromagnetic field that enables the particles to act as a “nano-
antenna”, which perturbates the radiative and non-radiative decay rates
of some RE>* mostly mediated by local field effects (LFE), reflecting on
their luminescence properties [8-11].

Silver MNPs have attracted considerable attention due to their
tunable LSPR absorption from UV to the visible region, which usually
can vary between 350 and 600 nm depending on the nanoparticle size
and shape [12]. The coupling of f-f absorptions of RE>* and LSPR bands
from MNP can be resonant in energy leading to distortions in the energy
transfer mechanisms involved in the UC luminescence processes [13].
Recently, Er®*/Yb®"-codoped glasses containing metallic silver nano-
particles (Ag-MNPs) have been studied regarding their luminescence
properties and the enhancement of the UC emission intensities associ-
ated with LFE of the LSPR [14,15]. However, large amounts of Ag-MNP
may reduce the luminescence intensities due to the light absorption by
the MNPS and the energy transfer from RE>* excited states to the metal
electronic band [16]. Since the luminescence behavior is a function of
the MNP concentration, size, and shape, new glass systems doped with
RE3* containing metallic nanoparticles have been the subject of several
studies aimed at the development of improved materials for photonics

* Corresponding author. University of Sao Paulo, Sao Carlos Institute of Chemistry — IQSC. Department of Chemistry and Molecular Physics, Sao Carlos, SP, Brazil.
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[17-20].

Previous studies were carried out with the aim of broadening
infrared emissions of Er’" doped oxide glass in phosphate [21],
boron-germanate [22], and tellurite [23], mainly for optical amplifica-
tion. However, the interest in the UC emissions at the visible range is a
growing field and has been extensively exploited for applications in
energy conversion, photovoltaics, and solid-state lasers [24]. While
silica-based glasses have good thermal stability, the drawbacks regard
high phonon energy and low RE** solubility [25]. The choice of the
glass composition is crucial for the development of RE®" doped
advanced photonic materials containing MNP since each composition
presents a specific network that reflects on their viscosity and ions
mobilities for a homogeneous MNP precipitation [26].

Phosphate glasses are enabling materials for laser technologies,
sensing, and optical transmission based on their large transparency
window from visible to near-infrared, low melting point, and high
thermal stability against crystallization [27,28]. Specifically,
antimony-phosphate glass has been used as photonic material due to its
high linear and nonlinear refractive indexes [29], large transparency
window from UV (350 nm) to NIR (4 pm) [30], low glass transition (Tg)
and softening temperatures, which allow the design of optical fibers. On
the other hand, glasses containing high concentrations of antimony are
not good hosts for RE* and are usually present in combination with
other oxides, such as GeO,, which helps to increase the RE®* solubility
[31,32]. Meanwhile, germanate glasses have been increasingly studied
due to their great properties regarding thermal stability, appreciating
RE3* solubility, wide infrared transparency up to 5 pm, and chemical
durability [31], which make them an attractive alternative for infrared
optical fiber production [33]. Thus, the combination of
antimony-phosphate and germanate-based glasses is an interesting
alternative for optical and luminescent materials containing RE>" due to
the resulted in low phonon energy, visible transparency, and thermally
stable glass matrix [34].

In this sense, the aim of this work lies to study the effect of Ag-MNP
on the UC photoluminescence properties of an Er**/Yb3" co-doped
SbPO4-GeO, binary glass system. Due to the low RE*" solubility in
antimony-phosphate-based glasses, new strategies must be devised to
overcome this limitation and improve the luminescence efficiency even
at low concentrations of Er>*/Yb®" by precipitating Ag-MNP into the
glass matrix, as proposed here. The glass samples containing Ag-MNP
were investigated through transmission electron microscopy (TEM),
UV-Vis-NIR absorption, and photoluminescence (excitation, emission,
and lifetime) to understand the effect of Ag-MNP on the Er¥*/Yb%t UC
mechanisms.

2. Experimental part

The glass sample was synthesized by the conventional melt-
quenching method. The starting materials were germanium oxide,
GeOy (Alfa Aesar 99.999% pure), antimony orthophosphate, SbPO4
(prepared as described in Ref. [29]), and AgCl (Aldrich, 99%), while
RE3* were supplied using ytterbium oxide, Ybz03 (Lumintech, 99.9%
pure) and erbium oxide, Er,O3 (Lumintech, 99.99% pure). The raw
materials were stoichiometrically weighted with the molar composition
of 98.5[40SbP04-60Ge0,]:1AgCl:0.2Yb503:0.3Er,03, grounded in an
agate mortar and loaded into a Pt/Au crucible. The batch was melted at
1100 °C for 40 min under air, ensuring complete elimination of adsorbed
gases and good homogenization. Then, the melt was cast in a preheated
stainless-steel mold at 20 °C below T, and annealed at this temperature
for 2 h before slowly cooling to room temperature to minimize residual
internal stress. The obtained samples were optically polished and cut
into 6 pieces. Each one was submitted to heat treatment (HT) above the
glass transition temperature at 442 °C for different times of 1, 2, 4, 8,
and 24 h to promote the formation of Ag-MNP. The samples were labeled
as SGO (without HT), SG1, SG2, SG4, SG8 and SG24. The Er**/Yb3"*
co-doped sample without Ag was also synthesized with a molar
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composition of 99.5[40SbP04-60Ge02]:0.2Yb203/0.3Er203 and labeled
as S4G6.

Characteristic temperatures (Tg for glass transition and Ty for the
onset of crystallization) of the SGO sample were obtained using differ-
ential scanning calorimetry (DSC) at 300 and 800 °C under N, at a
heating rate of 10 °C/min, using a NETZSCH equipment DSC 404 F3. To
investigate the size and distribution of Ag-MNPs, a transmission electron
microscopy (TEM) - Jeol-JEM-2100 operating at an accelerating voltage
of 200 kV was used for the powdered samples redispersed in acetone and
dropped and dried on the copper grid before analysis. UV-Vis-NIR ab-
sorption spectra were recorded in the wavelength range of 300-1600 nm
on the optically polished glass pieces using a Perkin Elmer spectropho-
tometer model Lambda 1050. Photoluminescence spectroscopy was
performed by using a Horiba iHR320 Photoluminescence Micro-
spectrometer, in which the laser spot diameter operating at 980 nm was
maintained at 10 pm for all measurements. The emission and excited-
state lifetime measurements were recorded by a Horiba Jobyn Yvon
spectrofluorimeter model Fluorolog FL1057, with a CW laser operating
at 980 nm and a pulsed Xe lamp. The signals were measured by a
photodiode detector model PPD-850 in the visible, and by a Hamamatsu
photomultiplier in the infrared.

3. Results and discussion

In order to define the HT temperature and time conditions, the glass
transition (Tg) and the onset crystallization (Ty) temperatures were ob-
tained via DSC analysis for S4G6 and SGO samples as shown in Fig. 1.
The addition of 1 mol% of AgCl led to a slight decrease in glass transition
temperature from 412 °C (S4G6) to 402 °C (SGO0), and the shifting of the
crystallization peak to lower temperature, from 588 °C to 500 °C,
resulting in a decrease in thermal stability against crystallization, AT =
(Tx — Ty), from ~200 °C for S4G6, as previously reported in Ref. [34], to
~ 100 °C for SGO sample. As observed, AgCl increases the crystallization
tendency by acting as a nucleation agent through the probable forma-
tion of nanoclusters of Ag),’ orAg® [35,36].

Based on the SGO thermogram, a few attempts of HT conditions were
tried and the optimal temperature to allow control of the HT process was
defined at Ty + 40 °C, i.e., at 442 °C. Above this HT temperature, the
glass rapidly crystallizes instead to allow the control of nucleation and
growth of only silver nanoparticles on an appropriate time scale.

SGO sample was obtained as a transparent and optically homoge-
neous bulk to the naked eye and became purplish-colored after heat
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Fig. 1. DSC curves for S4G6 and SGO samples.
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treatment, as shown in the inset of Fig. 2(a). These changes in color are
attributed to the LSPR band associated with the increases in particle size
of metallic Ag0 nanoparticles [35,37]. As observed, the Ag0 LSPR band
increase in intensity as a function of HT time, reducing the transparency
in the visible due to the purplish color of the samples (see inset pictures
in Fig. 2). The spontaneous redox reaction: Sb>* + 2Ag*— Sb>* +
ZAgO/EO =1.02 V, AG = - 197 kJ, acts as a driving force in the initial
step of nanoparticles formation, enabling follow the nucleation, for-
mation of nanoclusters, and growth of the MNPs [38]. The absence of
the LSPR band for the SGO sample is a consequence of only ionic silver
being dissolved into the glass matrix, which may agglomerate as silver
cations of m ions Ag},” as further discussed [35,39]. Following the in-
crease of HT time, the broad LSPR band centered at ~520 nm increases
in intensity due to the increasing amount of Ag-MNP formed in the
vitreous matrix [40]. In addition to the LSPR band, the absorption
curves clearly evidenced the insertion of Er*" and Yb®" in the glass due
to the presence of f-f absorptions from Er>" ground state *I;5/» to their
excited states 4G9/2 (364 nm), 4Gu s2 (377 nm), "F7/2 (487 nm), ZH“ /2
(520 nm), *S3/2 (544 nm), *Fg/2 (650 nm), as shown in Fig. 2(a) and from
their ground state to the *I1; /5 (980 nm) level in the near-infrared range
(Fig. 2(b)), overlapped with the absorption from Yb®* ground state %F;/,
to their excited level 2F5/2 (~975 nm) [41]. It is worth saying that
co-doping with Yb3* is a well-known route used to enhance the visible
photoluminescence of Er®* through efficient UC mechanisms involving
the absorption of two infrared photons and emission of a single visible
one by erbium ion due to the larger absorption cross-section of Yb>"
[42].

To evaluate the effect of Ag-MNPs on the luminescent properties, UC
spectroscopy was performed. The spectra obtained for the samples under
excitation of 980 nm (100 mW) in the range of 400-700 nm are plotted
in Fig. 3(a). As observed, the red emission intensity centered at 650 nm
increases with the increment of the heat treatment time. This increment
may be attributed to the enhancement of the local electric field (LEF)
induced by the Ag-MNPs that increase in size and quantity proportion-
ally to heat treatment time. The LSPR generated in the vicinity of the
Er’* enhances the red emission yield, assigned to the transition *Fg/5 —
411 5/2, by several orders [43]. This emission is predominant for all
samples compared to the green emissions centered at 525 and 545 nm
assigned to the ZH” /2 —>4115/2 and 453/2 — 4115/2 transitions, respec-
tively. The low green emission can be understood by the energy transfer
of the excited state electrons at 2H11 ,2 and 483/2 levels of Er’* to the
Ag-MNP band due to the resonant energy of the LSPR absorption and
those excited levels of Er®*. For a better understanding and makes the
discussion clearer, the region between 500 and 640 nm from Fig. 3(a)
was expanded and is shown in Fig. 3(b). This progressive energy transfer
that results in the increase of red emission intensity is followed by the
decrease of the broad and low-intensity emission band centered at 580
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nm, which was already assigned to the presence of charged silver
nanocluster species by Fares and coauthors, and discussed below for our
case [35]. As the HT time increases, the charged silver nanoclusters
decrease in concentration to form metallic silver nanoparticles, resulting
in a decrease of ionic clusters-silver emission, as described when Fig. 5 is
discussed, and an increase of Er>* red emission through depopulation of
the 2H11/2 and 453/2 states by the nanoparticles LEF [44,45].

The formation of Ag-MNP under HT was supported by TEM analysis
as shown in Fig. 4 for SG1 (Fig. 4(a) and (b)) and SG8 (Fig. 4(c) and (d))
samples. It is clearly seen that for both SG1 and SG8 samples, Ag-MNP
have a quite large variation in diameter appearing as a set of quasi-
spherical dark spots homogeneously distributed across the glass ma-
trix. The average diameter of 2.5 + 0.8 nm and 4.7 + 1.5 nm, were
obtained from a log distribution with a R of 0.92 and 0.99, respectively,
as shown in Fig. 4(c) and (d). The quantity and size of the MNPs in SG8
are greater than in SG1 due to the longer HT time which increases. This
fact is expected since the mobility of ions and clusters tend to be smaller
within the glass network when compared to the diffusion of similar
species in colloidal media. In the glass, the increase of the HT time in-
creases the effectiveness in the nucleation and growth of Ag-MNPs [38].

Fig. 5 depicts the photoluminescence excitation (PLE) and emission
spectra of the SGO and HT samples. The excitation spectra (Fig. 5(a))
exhibit one broad band centered at 280 nm assigned to the electronic
transition of small Ag nanoclusters [46,47], which progressively de-
creases in intensity in the function of HT time when the emission
centered at 580 nm was monitored. Like the PLE, the emission band
observed in the spectra of Fig. 5(b) under excitation at 280 nm, also
decreases in intensity after HT time increase. Combining the results and
photoluminescence spectra of SGO and HT samples, we can relate the
quenching of Ag nanocluster emission with the increase of Ag-MNP
amount as a function of HT, as indicated by the evolution of the
Ag-MNP size by the TEM. As expected, the HT aggregates the Ag
nanoclusters in larger non-luminescent Ag-MNP. The formation of
Ag-MNP led to cease of the nanocluster’s emission, which is assigned to
the small size compared to the Fermi wavelength in Ag*, Ag3", and AgY,
molecular species, responsible for the observed emission band [48,49].
From our best knowledge, it is the first time that an Ag emission is
observed through excitation at 980 nm, as shown in Fig. 3(b), via an
effective energy transfer from Er*t (2H11 ,2 and 483/2 excited energy
levels) to the molecular-like Ag nanoclusters conduction bands.

Since the SG24 glass exhibits the most intense emission, the UC
spectra of this sample at different excitation power are plotted in Fig. 6
(a). Additionally, even at large excitation power values, the green
emissions present very low intensity and are weakly detected. For a
better understanding of the UC process, the integrated area of the *S3 /5
- 4115/2 and 4Fg/z - 4115/2 bands as a function of the excitation power, in
a log-log scale, are shown in Fig. 6(b). These two bands were chosen
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Fig. 2. Absorption spectra in the (a) UV-Visible, and (b) near-infrared ranges of SG0, SG1, SG2, SG4, SG8 and SG24 samples. Inset: digital picture of the samples.
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because their intensity values are large enough for analysis. The UC
emission intensity depends on the incident excitation power as IxI,,
where n is the number of infrared photons involved in the population
inversion process for a UC emission band. Therefore, a linear fitting (R
> 0.99) was performed and revealed that the value of the slopes, i.e., n,
for the bands centered at 544 and 656 nm are 1.78 and 1.54, respec-
tively, and as n must be an integer, we can conclude that there are two
980 nm photons involved in these transitions. Whereas the Er®*: 2Hy; 5
and 453/2 levels are close in energy, we can assume that two 980 nm
photons are involved in the 2Hj; 2= 4115/2 transition.

Fig. 7 shows the simplified energy level diagram of the UC process in
these glasses with Ag-MNPs based on the quadratic dependence on
pumping power. Under 980 nm excitation, Er’* excited states Hj, /25
453/2, and 4F9/2, responsible for the green (525 nm and 545 nm), and red
(650 nm) emissions, are populated through different paths added to the
contributions by direct absorption of Er>*. The larger absorption cross-
section of Yb>* at 980 nm compared to Er>* makes the ETU mechanisms
preferable to populate the ?Hyy /5 and *Ss/, levels by energy transfer
from excited states Yb®* (2F5/2 level) to the Er®* Cny s2 level), emitting
at 525 and 545 nm, respectively, after the absorption of two infrared
photons, when radiatively decays to the Er’* ground state (*I;5,2 level).
The red emission arising from the 4I-‘g/z - 4115/2 transition is obtained by
two possible paths: (i) the 1115 level is populated via ET from the Yb%*:
2F5/2 - 2F7/2 emission or direct excitation with a 980 nm photon,
excited via excited-state absorption (ESA) to the Erd': 4F7,2, and then
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Fig. 5. Photoluminescence spectra of SGO and heat-treated samples: (a) excitation spectra monitoring the emission at 580 nm from 250 to 340 nm, and (b) emission

spectra under 280 nm excitation with a Xe lamp in the range of 550-620 nm.



112

R.G. Capelo et al. Optical Materials 135 (2023) 113234
a) S b)
— 220 MW 4 4
——200mW Fop = Lispn
———180 mW
4 —160mW
—— 140 mW 10° 4
" " .’—"-“"ﬂ/"-"
S 3 :
- 3 £
< : oy @ 1.5410.05@ 656 nm
= | £ @ 1.78 +0.07 @ 544 nm
2 24 2 g
Z’ i 7] §
€ -J
14 e\ 10*
T T T T T
Wovelétigth (i) 140 160 180 200 220
Log excitation power (mW)
0 P
T T r r T T T
500 525 550 575 600 625 650 675 700

Wavelength (nm)

Fig. 6. (a) Visible emission spectra of SG24 sample in function of power excitation from 140 to 220 mW. Inset: emission in the range of 500-600 nm. (b) The log-log

plot of the integrated emission intensity as a function of the excitation power.

25
i ET
’ BN BT
e S
20 - J #% S
2
4 Hy » N
1S5 T
.l_" il . o |
£ 154 'Fop .
515 9
= i
=)
4
S <l gl
wil %
2 b =] 5 s
2 10 e 4 *Fsn
L ~
e ~
58] 7
il s
5
nlala ™ B a
1 BIER [& 2 s
b sis|=s gy >
=1=Il= = x e
_ 3|85 g8 & -8
- "15/2 1[:._,/2 [ —
Er** Yb** Ag NPs

Fig. 7. Simplified energy level diagram with the possible transition pathways
for the Er®*/Yb*" co-doped SbPO4-GeO, glasses with Ag-MNP. Vertical dashed
lines indicate non-radiative decays.

non-radiatively relax through consecutive phonon-assisted decays to-
wards the emissive 4F9/2 energy level, and (ii) through ETU where Uiy /2
level is populated via ground state absorption, and from this level decays
non-radiatively to the *I3/, level, followed by absorption of a second
980 nm infrared photon, responsible to excite the electrons to the *Fo s
level, emitting red light when decays to 5/, state of Er3*. Since the
2H11/2 =¥ 4115/2 and 253/2 e 4 4]15/2 transitions in E!’3+ are in resonance
with the LSPR, there is an ET process toward Ag-MNP responsible for the
reabsorption of green emitted radiation from Er®,

The depopulation of the Er®* exciting levels led to the enhancement
of red emission intensity in the function of an increase in size and
amount of the Ag MNP, the lifetime decays were measured. Fig. 8(a)
presents the normalized lifetime curves on the logarithmic scale of the
“Fg/y — 1155 transition. These curves were fitted by using a double

exponential decay function and the lifetime was computed using the
standard expression reported elsewhere [50]. The lifetime behavior as a
function of the HT time is shown in Fig. 8(b) indicating an enhancement
of the rapid depopulation rate which may be attributed to LEF effects of
Ag MNPs [51], accompanied by an increment of the integrated area.
These effects are greatly observed for HT times greater than 2 h, being
the maximum value corresponding to the sample SGO with a lifetime of
~37.8 ps, which reduces to the minimum value for the sample SG24 with
a lifetime of ~16.2 ps.

Several research have been explored the study of Er’* infrared
emission (4113/2 - 4115/2 transition at 1550 nm) enhancement in the
presence of metallic nanoparticles in glass matrixes [52-54]. In our case,
under 980 nm with P = 15 mW, there is no variation in the line shape
and luminescence intensity with the increment of the HT time, as can be
seen in Fig. 9. However, the SG24 sample exhibits a change in the line
shape, increment in the full width at half maximum (FWHM), and a
slight emission enhancement, due to the modification in the LEF induced
by the presence of Ag MNPs, modifying the Stark levels of the Er®*: *I;35
excited state [55,56].

4. Conclusions

In conclusion, silver nanoparticles were successfully precipitated
through the HT process in a glass system based on SbPO4-GeO2 co-doped
with Er®* and Yb**. The influence of heat treatment time on the for-
mation of Ag-MNP was investigated by TEM and the presence of LSPR
absorption band centered at 520 nm which supports the presence of Ag-
MNPs in our vitreous matrix. Under excitation at 980 nm, there is a
significant enhancement of Er>* up-conversion emission at 656 nm (*Fg,
2 = 4115/2) with the increment of the heat treatment, and a relative
decrease in emission intensity at 522 and 544 nm (2H11 /2= 4115/2 and
483/5 — 1159, respectively) due to the absorption of the Ag-MNPs and a
non-radiative decay to the 4F9,2 excited state. The increase of HT time
decreases the emission of molecular Ag nanoclusters, responsible for the
low-intense and broad emission centered at 580 nm. It was demon-
strated an Ag emission through excitation at the infrared (980 nm) via
energy transfer from Er®* to the molecular-like Ag nanoclusters con-
duction bands. By photoluminescence spectroscopy at different excita-
tion power, was determined that the value of the slopes for the 656 nm
emission is 1.54, indicating that there are two 980 nm photons involved
in this transition. Furthermore, the lifetime measurements suggest that a
rapid depopulation rate is enhanced with the HT time, which can be
attributed to the enhancement of LEF of Ag-MNPs. Thus, due to the
intense red emission by excitation at IR, substantial thermal stability,
and large transparency window, this new Ag-doped antimony-germa-
nium-phosphate glass has great potential for many applications in
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photonics as high-capacity data storage devices, photodynamic therapy,
and solid-state light-emitting material.
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Abstract

Glasses containing rare-earth ions (RE®*) for upconversion (UC) luminescence have been
widely explored in several photonic applications. Materials containing Tm** present an intense
blue emission when excited in the near-infrared range, allowing them to be used as solid-state
lasers and other emitter devices. Tm** are generally combined with other RE®** to improve the
UC efficiency; however, increasing the number of dopants can be an issue for their solubility
in the glass matrix and for fiber drawing. In this work, alkali-aluminum—phosphate glasses, a
host matrix with high RE®*" solubility and fiber-drawing ability, were produced containing
different amounts of Tm**, Nd**, and Yb®', as well as the respective tridoped optical fibers.
Glass samples containing RE3* were excited at 808 and 980 nm to evaluate the mechanism
involved in the luminescence process. In addition, triply doped optical fibers were excited at
788 and 980 nm, and a bright blue luminescence was observed at both wavelengths. Thus, due
to the intense UC emission measured on RE®* triply doped optical fibers with low optical loss,

the developed material presents great potential for fiber-based photonic applications.
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Glasses containing rare-earth ions (RE**) for upconversion (UC) luminescence have been widely explored in several
photonic applications. Materials containing Tm** present an intense blue emission when excited in the near-infrared range, allowing
them to be used as solid-state lasers and other emitter devices. Tm>* are generally combined with other RE* to improve the UC
efficiency; however, increasing the number of dopants can be an issue for their solubility in the glass matrix and for fiber drawing. In
this work, alkali—aluminum—phosphate glasses, a host matrix with high RE** solubility and fiber-drawing ability, were produced
containing different amounts of Tm?*, Nd*, and Yb**, as well as the respective tridoped optical fibers. Glass samples containing RE**
were excited at 808 and 980 nm to evaluate the mechanism involved in the luminescence process. In addition, triply doped optical
fibers were excited at 788 and 980 nm, and a bright blue luminescence was observed at both wavelengths. Thus, due to the intense
UC emission measured on RE* triply doped optical fibers with low optical loss, the developed material presents great potential for
fiber-based photonic applications.

. blue upconversion, rare-earth luminescence, aluminophosphate glasses, optically active optical fibers, photonics

ion in several ET processes, including the transfer from Nd**
to: Trmd*,

The sensitization process involves multi-ion interactions,
where sensitizer species are excited and transfer energy to the
emitter ion. In the case of Tm’" blue emission, systems
codoped with Yb** have been extensively investigated under a
980 nm excitation.'”'* However, in various applications, there
is interest in promoting visible emission by employing a

Near-infrared (NIR) to visible (Vis) UC luminescence from
RE*"-doped glasses has garnered much attention due to their
diverse range of applications, such as solid-state lasers, optical
data storage, biomedical diagnostics and treatments, thermal
sensors, multicolor displays, among others."™® Tm* is
commonly used as an activator for UC emission, owing to

their 'Gy — ’Hy transition, which yields strong blue different excitation source to avoid overlap with the vibrational
luminescence.”® However, due to Tm*"s narrow absorption overtone of the O—H bonds of the water molecules, located
cross section, these ions are generally combined with other around 970 nm."® The high absorption coefficient from the
RE* to enhance the efficiency of the radiative process.”'’ In

this sense, one potential method for sensitizing the Tm*" UC Received:  August 7, 2024 Lo
process involves the use of Nd**, which possesses many energy Revised:  November 18, 2024

levels close to that of Tm®, allowing energy transfer (ET) \ccepted: November 19, 2024

between them. Moreover, the most common sensitizer for UC ‘ublished: November 25, 2024

in RE-doped materials is Yb**, mainly due to its intrinsic high

absorption cross section at 980 nm. Yb** also serves as a bridge

© 2024 The Authors. Published b
American Chemical Societ; https://doi.org/10.1021/acsaom.4c00348
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water in this range (0.48 cm™' at 980 nm) can induce

undesired heating effects, limiting the use of 980 nm laser
sources in water-rich environments.'®'” Therefore, as an
alternative for Tm*" UC excitation, sources operating at 808
nm have been considered due to their well-established
technology in manufacturing high-performance and low-cost
diode laser, as well as their lower absorption by water
molecules, which can be contained in the host matrix.'”'® This
strategy typically involves significant Nd** absorption at
around 800 nm, where the absorption by water is 20 times
lower than that at 980 nm, followed by energy transfer to the
emitter ion. Nevertheless, the incorporation of Yb*" in these
systems can significantly enhance the UC efficiency due to
highly efficient ET from excited Nd** to Yb*, followed by a
second transfer to Tm**.'""""** Consequently, Yb** plays a
crucial role in these systems, serving as an energy-transfer
bridge between the donor (Nd**) and an acceptor ion
(Tm>*).!

The selection of an appropriate host material is essential for
designing an efficient UC emitter device. In particular, the
development of photonic glasses has emerged as a relevant
topic of focus in laser research, particularly for the potential
application of new RE*-based fiber lasers in solid-state
devices.””™** Among the various glass matrices, phosphate
glasses have attracted considerable interest due to their suitable
optical properties, especially the good transparency across the
UV—vis—NIR spectrum.”>*° Moreover, the addition of metal
oxide tends to improve the chemical and thermal stabilities of
phosphate glasses. The introduction of Al,O;, for example,
facilitates cross-links between [PO,] tetrahedra within the glass
network, thereby enhancing resistance to aqueous and
moisture environments and improving their durability.””**
Furthermore, the addition of alkaline-metal oxides such as
Na,O and K,O enhances the solubility of RE** within the
matrix, enabling the use of high dopant concentrations.””*’
This, coupled with a reduction in the glass synthesis melt
temperature, results in more favorable characteristics for
processes such as fiber drawing or shaping, in general.”**'~**

In this sense, this work focuses on the synthesis and
luminescence studies of aluminum-phosphate glasses and
optical fibers doped with varying concentrations of Tm®,
Nd*, and Yb* to investigate blue UC luminescence under an
excitation wavelength of 788 and 980 nm. The glass samples
containing RE®* were analyzed through UV—vis—NIR
absorption and photoluminescence measurements. These
data aim to understand the effect of Nd** and Yb**
concentrations and the excitation wavelength on the
mechanisms of Tm*" blue emission and evaluate the potential
of this material for applications in solid-state lasers and fiber-
based emitter devices.

2. EXPERIMENTAL SECTION

The glass bulks and optical fiber precursors were synthesized by the
conventional melt-quenching method. The starting materials were
H;PO, (85 w/w%, 1.7 g/mL), Na,CO; (99.9%), K,CO; (99.9%),
and ALO; (Aldrich, 99.99%), while RE* were supplied using
ytterbium oxide, Yb,O; (Lumintech, 99.9% pure), neodymium oxide,
Nd,O; (Lumintech, 99.99% pure), and thulium oxide, Tm,O,
(Lumintech, 99.9% pure). The raw materials were stoichiometrically
weighted with a molar composition of 45P,0;—20Na,0—20K,0—
15A1,0;, labeled as PNKA, and different amounts of dopants were
added to the basic glass composition, as described in Table 1. The
powder reagents were placed in a Teflon beaker and heated to 300 °C
on a hot plate. The slow addition of H;PO, followed, and the mixture

2502

Table 1. Label and Nominal Molar Concentrations of the
Synthesized Doped Glass Samples

dopant molar concentrations

(mol %)
sample label Tm,0; Nd,0, Yb,0, T, (°C)
PNKA - 400
Tm0.2 02 406
Tm0.2-Nd0.5 02 0.5 415
Tm0.2-Nd0.5-Yb1 0.2 0.5 1.0 408

was heated overnight at the same temperature. Subsequently, the
mixture was transferred into a Pt crucible and melted at 1100 °C for
60 min under room atmosphere to ensure complete elimination of
adsorbed gases and achieve homogenization. The molten material was
then casted into a preheated stainless-steel mold at 360 °C and
annealed at 400 °C for § h before slowly cooling to room temperature
to minimize residual internal stress. Finally, the obtained samples were
cut and optically polished for the luminescence measurements.

The PNKA glass preform, measuring S cm in length and 16 mm in
diameter, was prepared using the same procedure described above but
cast in a cylindrical mold. Subsequently, the preform was drawn into
the fiber under a helium gas flow using a commercial Control
Interface Limited drawing tower at around 715 °C, with a feeding rate
of 1.0 mm/min. The resulting single-index fiber exhibited diameters
ranging between 125 and 200 um depending on the drawing
parameters.

The characteristic temperatures of undoped PNKA glass were
measured by using differential thermal analysis (DTA) at a heating
rate of 10 °C/min under a N, atmosphere. The refractive index of the
PNKA glass was measured at different wavelengths using a variable
angle spectroscopic ellipsometer (VASE) from J. A. WOOLLAM with
a standard configuration of a rotating polarizer. A Xe light source was
employed for emission with light guided to the monochromator (HS-
190 model) via a ZrF, optical fiber. Measurements were conducted
within the range of 0.4—2.50 ym while maintaining a constant
incidence angle.”*

UV—vis—NIR absorption spectra were recorded in the wavelength
range of 300—1200 nm on optically polished glass pieces using a
PerkinElmer spectrophotometer model Lambda 1050. Optical losses
in single-index PNKA fibers were assessed using the cutback method
on samples measuring 2—3 m in length. A 100 W external halogen
lamp emitting within the spectral range of 0.5—5.2 ym was effectively
coupled into the fiber using a mirror objective. The resulting output
signal was recorded using a portable spectrometer operational within
the wavelength range of 380—900 nm. Additionally, attenuation
measurements within the 380—500 nm range were performed utilizing
light-emitting diodes (LEDs) with tunable emission peaks around 405
and 420 nm.

Photoluminescence measurements on glass bulks were conducted
in a Horiba Jobin Yvon Fluorolog-3 FL-1050 Spectrofluorometer,
coupling an 808 nm laser as the excitation source, operating in a
power range from 150 to 300 mW. In addition, glass bulks were
excited at 980 nm using a Horiba iHR320 Photoluminescence
Microspectrometer, with the laser spot diameter being maintained at
10 pm and the source power varying from 100 to 200 mW.
Furthermore, UC luminescence on optical fibers was measured using
a Thor Laboratories ITC400S laser diode for the excitation at 788 nm
and Thor Laboratories CLD 1015 for excitation at 980 nm, both
operating at 25 °C. To collect the signal, an IFG multimode fiber with
a core diameter of 400 y#m and a 0.30 numerical aperture was used to
measure the luminescence in transmission mode, along with a
portable spectrometer operating in the range between 380 and 900
nm. Additionally, a 725 nm cutoff long-pass filter was used to remove
the excitation light.

https://doi.org/10.1021/acsaom.4c00348
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The dependence of the blue UC intensity of the Nd0.5/
TmO0.2 sample on excitation power is presented in the inset of
Figure 4a for source power ranging from 170 to 300 mW. The
UC emission intensity is proportional to the incident excitation
power as I « I,.", where n represents the number of photons
involved in the process for a UC emission band. By using the
integrated areas of the band centered at 480 nm, linear fitting
(R* > 0.99) of the log—log plot was performed, resulting in an
n value of 1.94 + 0.11, indicating that two photons are
involved in the process. The mechanism can be described by
two ground-state absorptions (GSAs) of Tm*": *Hg — *H, and
Nd**: *Iy/, — *Fs),, followed by an energy transfer (ET) from
*F,/, of Nd** to the *H, excited state of Tm*"."> Then, this
excited-state absorption (ESA) leads to the electron excitation
to 'G, of Tm?', suggesting a two-photon mechanism, as
depicted in Figure 4b.

In the triply doped system, other mechanisms can happen,
including energy-transfer upconversion (ETU). In this case,
Nd** serves as a sensitizer, absorbing an 808 nm photon, while
Yb** acts as a bridge in the ET process between Nd** and
Tm?®, as already reported by Gouveia-Neto et al. in germanate
glasses."® This enhances the efficiency of the process and
contributes to the increased blue emission intensity. The
dependence of the blue UC intensity on the excitation power
was examined under an 808 nm excitation, with the source
power varying between 170 and 300 mW, as shown in Figure
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Figure S. (a) UC spectra of the triply doped glass bulk (Tmo0.2-
Nd0.5-Yb1 sample) excited at 808 nm under different power values;
inset: the log—log plot of the integrated blue emission intensity as a
function of the excitation power; (b) UC spectra of Tm0.2-Nd0.5-
Yb1 excited at 980 nm under different power values; inset: the log—log
plot of the integrated blue emission intensity as a function of the
excitation power (the point obtained for 180 mW was excluded of the
slope calculation).

This analysis resulted in an n value of 1.96 + 0.11, which
reveals that two photons participate in the ETU mechanism
when an 808 nm excitation is used.

UC luminescence for the triply doped system was also
investigated under a 980 nm excitation (Figure Sb). Here,
direct absorption by Yb** occurs, followed by energy transfer
to the emitter ions. As expected, only samples containing Yb**
(Tm0.2-Ybl and Tm0.2-Nd0.5-Yb1) exhibited UC activity
(see Figure S2). Under this excitation, a red UC emission
centered at 650 nm was observed, likely related to the Tm?*:
'G, — °F, transition. Luminescence intensity was measured by
using different excitation powers from 110 to 200 mW, and a
log—log plot determined the number of photons involved. For
a 980 nm excitation, the calculated slope from linear fitting (R*
> 0.99) showed a different value compared to an 808 nm
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excitation, as shown in the inset of Figure 7. Here (n = 2.71 +
0.06), it can be inferred that three photons from the excitation
source are required for the UC pathway.

The UC mechanism proposed for the Nd**/Yb**/Tm?*-
codoped PNKA glasses under an 808 nm excitation is depicted
in Figure 6a. Initially, both Nd** and Tm>* are excited by an
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Figure 6. (a) Simplified energy-level diagram with the possible
transition pathways for Nd**/Tm?**/Yb** triply doped PNKA glasses.
ET, energy transfer; GSA, ground-state absorption; (b) simplified
energy-level diagram with the proposed UC mechanism for the Nd**/
Tm*'/Yb*-tridoped PNKA glass under a 980 nm excitation.

808 nm radiation, corresponding to the Nd*": *I,,, — *F;),
and Tm*": *Hy — ’F, transitions. The Nd**:*F;, excited state
promptly relaxes to the next-lower *F;, state due to
multiphonon relaxation, followed by an ET from Nd** to
Yb** through the transitions Nd**: *F;,, — *I,;,, and Yb*":
’Fg;, — ’Fy),. Afterward, the energy is transferred to the
electron in the *H, excited state of Tm®, promoting it to the
'G, level. Finally, the Tm*": 'G, — *Hg radiative transition
occurs, leading to a notably intense blue UC luminescence at
around 480 nm. As previously reported in several
works,' ' *7'”?! the Yb** plays a critical role in this kind of
system, acting as a “bridging ion” between Nd** and Tm?*
under excitation at around 800 nm.

The properties of the host matrix can considerably influence
the emission efficiency. Phosphate glasses often exhibit
relatively high phonon energy (~1200 cm™), which can
facilitate nonradiative relaxation and reduce luminescence
efficiency in RE* ions."” However, glass matrices with
relatively high phonon energy can also be advantageous for
codoped systems, as they facilitate energy transfer between
dopant ions, particularly in systems where Yb*" serves as a
sensitizer.”*~* For the Yb** 2F;,— *F,, transition at 980 nm
(10204 cm™), used for Tm>** sensitization, nine phonons are
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required for complete nonradiative relaxation. Since the
number of required phonons is larger than four, the
contribution of nonradiative transitions becomes negligible in
this process.**

To further elucidate the Yb** — Tm?* UC energy-transfer
pathway under a 980 nm excitation, an energy-level diagram is
proposed in Figure 6b. Initially, Tm>* ions are excited from the
ground state to the *Hy level via energy transfer (ET1) from
Yb*, followed by a rapid relaxation to the 3F, level. Next, most
Tm?" progress to the °F, ; levels with Yb** assistance (ET2)
before further relaxing to the *H, metastable state. From the
H, level, Tm*" are promoted to the 'G, level via another
energy transfer (ET3) from Yb*'. Finally, the excited Tm®" at
the 'G, state emit 480 nm blue and 650 nm red lights as they
return to the ground state *Hg and the 3F, level, respectively.
Additionally, Nd** contributes to two side bands in the spectra
through the *Gy;, — *Io, and *G,;, — %3, transitions,
resulting in emissions at 475 and 660 nm, respectively. These
Nd** emissions are also depicted in Figure 6b, where Nd** ions
are initially excited from their ground state to the *F;), level
through ET4 from the Tm>*: °H, level. These Nd** ions then
rapidly relax to the *Fs, level, which can also be populated via
ETS from the Yb*: *Fg , level. Subsequently, further excitation
of Nd** ions occurs from the *Fy, level to the Gy, level via
ET6 from Yb* ions. The Nd** ions at the Gy, level then
radiate to the ground state, resulting in an intense blue
emission of 475 nm. Furthermore, the 660 nm red emission
occurs due to the population of the *G,), level via
multiphonon relaxation from the Gy, level, followed by a
radiative decay to the 1,3, level.'>*°

2 RI

3.3. blue

UC on Triply Doped Optical Fibers

PNKA optical fibers were evaluated for optical losses within
the range of 380—825 nm. As depicted in Figure 7, the PNKA
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Figure 7. Optical loss curve of the PNKA optical fiber (diameter =
160 pm) using three different light sources: white lamp (gray line),
420 nm (blue), and 405 nm (pink) light-emitting diodes (LEDs).

fiber demonstrates a signal attenuation of less than 5 dB/m
across the entire analyzed range. A slight increase in
attenuation is observed between 600 and 750 nm, which is
commonly seen in tellurite and phosphate fibers and is
attributed to the presence of Pt** ions originating from the
platinum crucible utilized.""*”** Besides the relatively low
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refractive index of around 1.5 (see Figure S3), this
comparatively low level of optical loss for an unclad single-
index fiber indicates its suitability as a host material for blue
UC applications.*”*” Due to the high solubility of RE** in this
glass matrix, only short fiber lengths are required for efficient
UC measurements. Therefore, a 15 cm fiber was used in the
UC measurements, resulting in a total loss of 0.3 dB.

With the aim of creating a compact system, small-
femtometer fiber-coupled diodes are used in this section to
excite the phosphate optical fiber. The optical fiber was excited
at different wavelengths from 776 to 795 nm, and the optimum
excitation wavelength was defined as 788 nm, aiming to
achieve maximum intensity for blue UC (see Figure S$4).
Figure 8a shows the emission spectra of the PNKA optical fiber
doped with Tm**/Nd*"/Yb** as a function of excitation power.

400
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300 o 330 mW
P L=15¢cm 470 mW
e ——610mW
o 250 740 mW
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2 200 -
2
= 150
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Figure 8. UC spectra of the PNKA optical fiber triply doped with
Tm?*/Nd*/Yb** under a 788 nm excitation under different powers;
inset: picture of the fiber emitting blue UC luminescence.

The red emission centered at 650 nm was observed under
this experimental condition as well as in the measurements on
bulks excited at 980 nm. As aforementioned, this emission
occurs by a radiative decay to a nongrounded state,
representing a competitor transition to the blue emission
pathway (see Figure 6a). Nevertheless, the blue UC emission is
significantly more intense than the red UC emission in the
fiber’s measurements, observable even to the naked eyes (see
the inset of Figure 8), indicating the potential of Tm**/Nd**/
Yb* triply doped aluminum-phosphate fiber for blue laser
applications. It is worth noting that the blue emission band
comprises two components, which can be explained by the
electron—electron interaction and spin—orbit coupling, result-
ing in the splitting of Stark sublevels 'Gy(,) and 'Gy(;).°""** In
addition, the slight variations in the spectra of the bulk and
fiber samples can be attributed to the fact that the sample
thickness affects the emission spectra, particularly in fibers,
where radiation trapping occurs in longer segments (>10 cm),
leading to a narrowing and red shift of the emission.>®

The UC measurements using triply doped optical fibers
were also conducted under excitation at 980 nm. To evaluate
the role played by Yb®* ions as bridging and donor species in
the Tm* UC process, the dependence of the blue emission
intensity as a function of the pump wavelength at 980 nm was
examined (Figure 9). A comparison of the UC spectra of the
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Figure 9. UC spectra of the PNKA optical fiber triply doped with
Tm*/Nd*/Yb** under a 980 nm excitation under different values of
power (from 190 to 500 mW); inset: picture of the fiber emitting a
blue UC luminescence.

triply doped optical fiber under excitation at 788 and 980 nm
reveals that the direct excitation of Yb** leads to higher UC
luminescence intensities. This can be attributed to a lack of the
bridging role of Yb** when excited at 980 nm, enabling the
pumped ion to transfer energy directly to the emitters.
However, it is relevant to note that a bright blue UC was
achievable under both excitation wavelengths using low-cost
diode laser sources, with the 788 nm excitation also
demonstrating significant effectiveness. Thus, these results
suggest a viable alternative for systems where the use of 980
nm may be impractical or unfeasible.

This study presents the observation of a bright blue UC
luminescence around 480 nm in Nd**/Tm?*"/Yb** triply doped
aluminum-phosphate glassy materials when excited at 788,
808, and 980 nm. The characterizations of PNKA glass
indicate its suitability for fiber drawing, as evidenced by the
successful production of single-index optical fibers exhibiting a
low optical loss in the visible range.

The inclusion of Yb* in the glass composition significantly
enhances the energy-transfer process, leading to an amplified
blue UC luminescence from Tm?*, for which mechanisms have
been proposed in this work. Triply doped optical fibers
containing Nd**, Tm?*, and Yb** were successfully produced, a
contribution that, to the best of our knowledge, is reported
here for the first time in the literature.

The UC photoluminescence measurements using optical
fibers were carried out under 788 and 980 nm excitations,
which revealed a significant enhancement in the blue UC
intensity under excitation at 980 nm. However, an intense blue
UC emission was obtained even when excited at 788 nm,
which provides an interesting alternative source for the 980 nm
laser diode in several systems. Thus, the demonstrated
capability to generate and guide the bright blue luminescence
within the optical fiber signifies the promising potential of the
developed material for diverse applications in solid-state lasers
and photonics.
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CHAPTER VII:

In situ growth of lanthanide coordination polymers on oxide glass and

optical fibers: a promising material for chemical sensing
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Abstract

Coordination polymers (CPs) and metal-organic frameworks (MOFs) have gained significant
attention as chemical sensors due to their highly tunable porous structures, enabling selective
interactions with target analytes. In particular, lanthanide-based coordination polymers (Ln-
CPs) have been extensively utilized in optical sensing owing to their photoluminescent
properties. However, these applications typically require deposition on stable substrates with
appropriate chemical and physical characteristics. This study presents a simple, rapid, and in
situ synthesis and coating process for Ln-MOFs on oxide glass bulk materials and optical fibers.
Eu**-based CPs were successfully coated onto tellurite and phosphate glasses using
polycarboxylic acids as ligands. Although slight deviations from previously reported crystalline
structures were observed, the luminescent coatings were effectively formed and demonstrated
good adhesion to the tellurite glass substrates. The optical fiber coatings showed significant
potential for guiding light over long distances, facilitating remote sensing of various analytes.
These materials exhibited high sensitivity, particularly in the detection of carbonyl organic
compounds, with an enhanced luminescent response at low concentrations. The successful
integration of Ln-CPs onto TZN-based optical fibers underscores their potential for real-time
remote sensing, offering promising applications in environmental monitoring, industrial safety,

and biomedical diagnostics.

Keywords: luminescence; lanthanide-coordination polymers; composites; chemical sensing.



132

1. Introduction

Coordination polymers (CPs) represent an advanced class of materials formed by the
self-assembly of metal ions or clusters with organic linkers (1). They have garnered significant
attention in recent decades, particularly those exhibiting porous structures, commonly referred
to as metal-organic frameworks (MOFs) (2). These materials distinguish themselves from
traditional porous materials like zeolites due to their remarkably high surface areas and tunable
pore structures, which can reach up to 7000 m2.g? (3,4). CPs offer versatile functionality by
combining the properties of their metal and organic components, enabling a wide range of

applications (5-10).

Among CPs, those containing lanthanide ions as the metallic center (Ln-CPs) are
particularly noteworthy due to the unique electronic, magnetic, and optical properties of
lanthanide ions, attributed to their 4f electrons (11,12). In this context, lanthanide MOFs (Ln-
MOFs) have emerged as promising multifunctional materials, characterized by high thermal
stability and diverse coordination environments that allow for precise structural tuning. These
materials not only possess high porosity but also exhibit exceptional luminescence properties,
making them suitable candidates for applications in areas such as light-emitting diodes (LEDS),

biomedical imaging, and chemical sensing (13-18).

The luminescence of Ln-MOFs can be tailored through the selection of lanthanide ions
and organic linkers, positioning these materials as promising alternatives for new optical
sensors (19-21). For instance, Eu**-based Ln-MOFs have been extensively studied using
carboxylate ligands to form 3D networks with large pore volumes and high surface areas, while
also exploring the antenna effect as a sensing mechanism (22-25). The porous nature of Eu-
carboxylate MOFs allows for the selective uptake of guest molecules, which can modulate
luminescence by either quenching or enhancing the emission from Eu®*. This interaction
facilitates molecular recognition, enabling the detection of gases, ions, and small molecules
through changes in luminescent intensity or emission profile. Consequently, Ln-MOFs are
promising sensors for detecting a wide range of analytes, providing a fast, efficient, and

reusable platform (25).

For practical applications, MOFs must maintain stability when exposed to the chemical
species of interest, typically forming a film over an appropriate substrate. In the case of Ln-

MOFs, their luminescent properties are leveraged for sensing; however, an adequate supporting



133

material is also required to facilitate the transmission of excitation and emission light after
interaction with an analyte. In this regard, oxide glasses with appropriate transparency in the
ultraviolet (UV) and visible ranges can act as suitable host substrates for Ln-MOFs, as they
exhibit good thermal and chemical stability along with desired optical properties (26—29).
Additionally, optical fibers fabricated from these glasses represent a potential host material for
Ln-MOFs, particularly in applications involving remote chemical sensing (30-32).

Although several studies report the formation of MOFs on substrates, most employ
complex techniques such as dip coatings, electrochemical processes, or the incorporation of
metal layers (33-35). Therefore, this study aims to investigate the in situ growth of Ln-CPs on
the surfaces of tellurite and phosphate glasses and optical fibers, exploring their potential as
chemical sensors. More specifically, we report the synthesis of various glass@Ln-CP
composites combining glassy substrates and Ln-CPs based on Eu®" linked to carboxylate
ligands, utilizing a simple and rapid process, and examine their photoluminescent properties for

detecting small organic molecules.

2. Experimental

2.1. Materials and methods

All chemicals were purchased from commercial sources and used without prior
treatment. The glass samples were synthesized by conventional melt-queching method from
high purity tellurium oxide (TeOz, Aldrich 99.99%), zinc oxide (ZnO, Aldrich 99.9%),
anhydrous zinc fluoride (ZnF2, Aldrich 99.9%), and anhydrous sodium carbonate (Na2COs,
Aldrich 99%). The Ln-CPs precursors, 1,3,5-benzenetricarboxylic acid (HsBTC), 2,6-
pyridinedicarboxylic acid (H2PDC), 1,2,4,5- benzenetetracarboxylic acid (HsB4C) and
EuCls.6H20 were purchased from Sigma Aldrich. The composites were characterized by
Raman spectroscopy, X-ray diffractometry (XRD), scanning electron microscopy using a field
emission gun (FEG-SEM) and photoluminescence (PL) spectroscopy to evaluate the formation

of Ln-CPs on glass surfaces.
2.2.  Glass Substrates Synthesis.

The glass samples were prepared by conventional melt-quenching process and the
compositions and labels are shown in Table VII.1. For the tellurite glasses (TZN), the batch
was heated in a furnace in a temperature range of 700-750 °C for 20 min in a gold crucible,

then poured into a preheated brass mold, annealed 120 min at 250 °C, and finally cooled at a
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rate of 10 °C/min down to room temperature. In the case of the aluminum-phosphate matrix
(PNKA), the melting process was carried out at 1100 °C during 40 min and then poured in a
brass mold. The mold was preheated at 360 °C and the annealing was performed at 400 °C
during 5 h, followed by a cooled process with a rate of 5 °C. The samples were cut and polished

before the coating process.

Table VII.1 - Label and nominal molar concentrations of the produced glass substrates.

Nominal molar composition (%emol)

Sample label
TeO; Zn0  Znk; Na.O P20s K20 Al;O3
TZN 75 15 0 10
TZNF15 75 0 15 10
TN 90 - - 10
PNKA - - - 20 45 20 15

The TZN glass preform for fiber drawing was prepared following the same procedure
described above, but using a cylindrical mold and obtaining a preform measuring 5 cm in length
with a diameter of 16 mm. Subsequently, the preform was drawn into fiber under He gas flow,
on a commercial Control Interface Limited drawing tower at approximately 570 °C with a
loading rate of 1.0 mm/min. Similarly, the PNKA cylindrical preform was fabricated using the
melt-quenching technique, and optical fibers were drawn under analogous conditions, except
for a higher temperature of around 715 °C. Both resulting single-index optical fibers exhibited

diameters ranging from 250 um to 1 mm.

2.3. In situ growth of Ln-CPs on glass and optical fibers surfaces.

Glass coatings were initially prepared through microwave-assisted hydrothermal
synthesis using a Teflon cylinder reactor at a temperature of 180°C. Following the addition of
Ln-CP precursors into the reactor chamber, optical glass pieces were immersed in the reactive
medium. Previously, the glass pieces were immersed in isopropanol and acetone for surface
cleaning. Similarly, the in situ synthesis of Ln-CPs was conducted in an open system, utilizing
a hotplate set to 90°C for durations ranging from 5 to 20 min with continuous stirring. This
streamlined approach not only simplified the synthesis conditions but also facilitated the
application of Ln-CP coatings onto optical fibers. The process involved immersing the fiber
end (approximately 2-5 cm) into the solution. Specific procedures corresponding to the

synthesis of each distinct Ln-CP were meticulously adhered to.
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2.3.1. Synthesis of {[Eu(BTC)(PDC)]n} MOF (1).

This synthesis follows the procedure described by Da Silva et al. (35), using two ligands
containing carboxylate groups: HsBTC and H2PDC (35). HsBTC (0.40 mmol, 84 mg) and 10
mL of deionized water were added to the reactor and the pH was adjusted to 3.6 with NaOH
solution (0.5 mol. L. Then, H2PDC (1.20 mmol, 200 mg) and EuCls.6H20 (0.28 mmol, 100
mg) were added and heated for 20 min and cooled to room temperature. The same procedure

was performed with a synthesis time of 10 min.

2.3.2. Synthesis of {[Eu(BTC)]n} MOF (2).

This MOF was obtained using the same procedure described above, removing the
H2PDC ligand. Then, 84 mg (0.40 mmol) of HsBTC was added in 10 mL of deionized water
and the pH was adjusted to 3.6. The same amount of EuCls.H20 (0.28 mmol, 100 mg) was
added to the Teflon reactor and heated for 20 min.

2.3.3. Synthesis of {[Eu(B4C)]n} MOF (3).

This compound was synthesized by following a similar procedure to that used for Da
Silva et al. (35), adapting some parameters based on procedures reported in the literature
(36,37). HaB4C (0.40 mmol, 90 mg) was dissolved in 10 mL of deionized water and the pH
was adjusted to 5.0 using an aqueous solution of NaOH (0.5 mol. L), After the EuCls.6H20
addition (0.28 mmol, 100 mg) addition, the reactor was sealed and heated for 20 min and then

cooled to room temperature.

2.4.  Characterization techniques

2.4.1. FEG-SEM

A JEOL JSM-7200F operating at a beam energy of 2.0 kV was used to obtain the
scanning electron microscopy images using a field emission gun (FEG-SEM). The glass
samples coated with Ln-CPs were analyzed using gold as a support, and high-resolution images

of the glass-CP interface and the Ln-CP surfaces were taken.
2.4.2. X-ray diffractometry

XRD measurements were performed using a Siemens diffractometer, model D 5000, at

room temperature with a wavelength corresponding to the Kq1 layer of Cu (1.54056 angstroms).
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The crystallographic base ICSD (Inorganic Structure Database) was used, which presents an
updated catalog of crystallographic phases already described.

2.4.3. PL spectroscopy

PL spectroscopy measurements were performed by Horiba Fluorolog-3 FL-1050
Spectrofluorometer, for the glasses coated with Ln-CPs. Luminescence spectra were recorded
at room temperature from 400 to 700 nm, under excitation wavelengths varying from 300 to
395 nm and using different slit widths between 1 and 5 nm, depends on the sample. The data
were collected at every nanometer with an integration time of 0.1 seconds for each step. In
addition, decay time measurements were conducted in a Cary Eclipse spectrofluorometer in the
phosphorescence mode, monitoring the main emission peak centered at 616 nm, under
excitation at 300 nm.

2.4.4. PL measurements on optical fibers

PL measurements on coated optical fibers were performed using samples with lengths
ranging from 7 to 15 cm and diameters between 250 um and 1 mm. The Ln-CP coatings were
excited using a UV lamp (254 nm) and a LED (308 nm). Emission was collected at the opposite
tip of the optical fibers by a portable Hamamatsu Photonics spectrometer, model C-13555MA-
5345. An integration time of 0.2 seconds was employed, with the accumulation of 100 spectra

for improved signal accuracy.

2.4.5. Chemical sensing trials

The PL measurements for the sensing tests were carried out under the same conditions
as described in Sections 2.4.3 for bulk samples and 2.4.4 for fiber samples. The samples were
immersed in a quartz cuvette containing aqueous solutions of various organic compounds, with
concentrations ranging from 0.05% to 6% by volume. The initial volume of the solution was 3
mL. PL spectra were recorded in triplicate, and the average spectrum was considered for

analysis to ensure accuracy and reproducibility of the results.

3. Results and Discussion
3.1.  Adhesion, morphology and structural characterization

The glass compositions of the TZN system were initially used for in situ growth of Ln-

CPs, demonstrating good surface adhesion. This glass system, particularly those containing
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ZnF2, had been previously studied and exhibited a wide transparency range - from UV to mid-
infrared - and good thermal stability (38). A composition without Zn (TN) was also tested to
evaluate the influence of this transition metal on the coating capability of the glass.
Additionally, the PNKA matrix was used as a substrate for Ln-CP growth, but the resulting
coatings were less homogeneous and appeared to have weaker adhesion compared to those on
TZN substrates. The composites produced in this study are described in Table VII.2, which
indicates the carboxylate ligand coordinating to Eu**, the glass composition of the substrate,

and its form, either as a monolith or a single-index optical fiber (OF).

Table VI11.2 - Composites samples synthesized with a CP containing Eu* coated on glass substrates.

Ligand precursor Glass .
Sample label . Composite form
HsBTC  H:PDC HsB4C ~ Matrix
TZN@[Eu(BTC)(PDC)] X X TZN monolith
TZNF15@[Eu(BTC)(PDC)] X X TZNF15 monolith
TZN@EuUBTC X TZN monolith / OF
TZNF15@EuBTC X TZNF15 monolith
TN@EuUBTC X TN monolith
PNKA@EUBTC X PNKA monolith / OF
TZN@EuB4C X TZN monolith / OF

Figure VII1.1 presents images of several samples produced in this study. In panel 1(a), a
photograph of TZN@[Eu(BTC)(PDC)] demonstrates a uniform coating layer on one face of the
glass surface, while the other faces were polished to remove the coating. Panel 1(b) showcases
the PNKA@EUBTC (transparent glass) and TZN@EuUBTC (yellowish glass) samples under
white light, whereas panel 1(c) displays their intense luminescence under UV light centered at
254 nm. Furthermore, panel 1(d) presents a cross-sectional image obtained via optical
microscopy, allowing for the measurement of coating thickness, which averages 20 um. Finally,
panel 1(e) shows the same sample irradiated with blue LED light centered at 405 nm, revealing
the intense green luminescence emitted from the film coated on the glass surface after the

excitation source was removed, utilizing a bandpass filter.
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Figure VI1.1 - Photographs of (a) TZN@[Eu(BTC)(PDC)]; (b) PNKA@EUBTC and TZN@EuUBTC under whith
light and (c) irradiated by UV-light at 254 nm; optical microscopy images of TZN@EuBTC under (d) white light
and (e) blue light (405 nm).

Source: by the author

To investigate the interaction between the glass and the coordination polymer (CP),
synthesis procedures were conducted using individual CP components - specifically, either the
carboxylate ligand, BTC, or the Eu®* precursor. Adhesion tests were performed using optical
fibers as the glass substrate. Figure VII.2(a) presents optical microscopy images of the
TZN@EuUBTC and PNKA@EuUBTC samples, revealing distinct differences in film appearance
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despite identical synthesis conditions. Subsequently, TZN and PNKA substrates were exposed
to the BTC ligand in an aqueous H3sBTC solution at a pH of 3.6. Figure VI1.2(b) illustrates the
BTC ligand coverage on the TZN fiber, resulting in a crystalline coating, while the PNKA fiber
exhibited no adhesion of this species. However, exposure to EuCs solution resulted in a non-
uniform coating on the PNKA surface, whereas no adhesion was observed on the TZN fiber
(Figure VI1.2(c)). This behavior suggests an interaction between the carboxyl groups and the
TZN glass, as well as potential coordination of Eu®* with the negatively charged groups on the

PNKA surface, influenced by the glass composition and structural properties.

PNKA@BTC

) PNKA@EUBTC

T p— ) JENCETE

Figure VI1.2 - Optical microscopy images of glass substrates after exposure to individual CP components: (a)
TZN@EUBTC and PNKA@EUBTC films, showing distinct film appearances; (b) BTC ligand coating on TZN
fiber with crystalline aspects and no adhesion on PNKA fiber; (¢) EuCls coating on PNKA fiber with non-uniform
coverage and no adhesion on TZN fiber.

Source: by the author.

As previously reported in Chapter V and other works, aluminum-phosphate glasses
exhibit good transparency in the UV-visible range but limited infrared (IR) transmission due to
the high concentration of hydroxyl groups within their matrix (39). Consequently, a significant
amount of hydroxyl (OH) groups is expected on the glass surfaces, which can interact with
cations such as Eu®* ions. In contrast, tellurite glasses are commonly used in mid-IR
applications, showecasing relatively low OH concentrations alongside high network

connectivity attributed to the formation of TeOa units. These intrinsic characteristics play an

important role in understanding their interaction with carboxylate ligands.

Given the acidic conditions during the synthesis of Ln-CPs, it is plausible that a
chemical attack on the glass surface may occur, leading to the removal of superficial hydroxyl
groups (40). This process could expose cationic species, such as Zn?*, embedded within the
glass matrix, facilitating their interaction with carboxylate ligands. These cationic species may
serve as coordination sites for the carboxylate groups of the ligands, as illustrated in Figure
VI11.3. This phenomenon may explain the formation of coatings on other tellurite glass matrices,
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such as TZNF15 and TN, whereas the PNKA matrix may exhibit greater affinity for Eu®>* due

\

to its higher content of hydroxyl groups.
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Figure VI1.3 - Representative scheme for the interaction between the glass systems and the Ln-CPs components.
Source: by the author.

The morphology of Ln-CPs coated on TZN glasses was analyzed using FEG-SEM in
conjunction with EDX. The samples TZN@Eu(BTC)(PDC) and TZNF15@Eu(BTC)(PDC)
were examined through surface imaging and elemental mapping via EDX. The images for both
samples are shown in Figure VII.4. As depicted in Figure VI11.4(a), the TZN@Eu(BTC)(PDC)
sample exhibits the formation of typical metal-organic framework (MOF) rod-like crystals (41),
indicative of a well-defined structure. Conversely, Figure VIIL4(b) shows the
TZNF15@[Eu(BTC)(PDC)] sample displaying an irregular structure on the glass substrate.
These observations align with X-ray diffraction (XRD) findings, suggesting higher crystallinity
in glasses without fluoride ions and highlighting a direct correlation between glass composition
and the resultant film on the substrate. Moreover, EDX analysis maps reveal the elemental
distribution for both samples, focusing on C, Eu, Te, and O. In summary, the TZN sample
predominantly exhibits C, Eu, and O across its surface, indicating extensive coverage by the
Ln-CP. In contrast, TZNF15@Eu(BTC)(PDC) displays regions with elevated tellurium content
alongside areas rich in carbon and Eu®". Therefore, a non-homogeneous CP formation was
observed in these samples, consistent with previous findings regarding the crystallinity of the
synthesized layer. These combined microscopy and chemical analyses provide valuable insights
into the surface characteristics and elemental composition of the Ln-CPs, underscoring the

influence of fluoride ions and glass composition on film morphology and crystallinity.
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Figure VIIL.4 - FEG-SEM images and EDX analysis of (a) TZN@[Eu(BTC)(PDC)] and (b)
TZNF15@[Eu(BTC)(PDC)] with the mapping of the elements C (red), Eu (yellow), Te (purple), and O (green).
Source: by the author.

To elucidate the structures of the synthesized coatings, XRD analyses were performed
on the deposited films on the glass as well as on the powders precipitated in the reactor, which
were isolated by centrifugation and dried at 80 °C for 5 h. The XRD results shown in Figure
VIL.5 indicate that the lanthanide metal-organic framework (Ln-MOF) described by Da Silva
et al. was not precisely reproduced in the synthesis conducted with the tellurite glass, as the
main peaks only partially match the pattern reported in the literature (35). It is important to note
that the previously reported Ln-MOF utilized only PDC species as ligands, while our procedure
included the addition of the BTC ligand. The structural differences observed in the materials
synthesized here may stem from the incorporation of the BTC ligand, as well as the interactions
between the organic species and the glass. Additionally, considering the Ln-CP components, it
is anticipated that some of the carboxylate groups from the BTC and PDC ligands coordinate
with the glass surface, specifically with the metallic ions present in the matrix (42). However,
the differing diffractograms for each glass matrix indicate that the glass composition impacts
the formation of the CP structure. Notably, TZN@[Eu(BTC)(PDC)], which exhibits a greater
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number of peaks matching the reference compound, also displays sharper peaks compared to
TZNF15@[Eu(BTC)(PDC)], indicating a higher crystallinity of the obtained structure.
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Figure VI1.5 - Diffractograms of synthesized Ln-CPs with measurements of (a) precipitates obtained in the after
the syntheses (in powder form) (b) coatings on the glass bulk. The results is compared with the MOF described in
Da Silva et al. (35), labelled as [Eu(HPDC)(PDC)]..

Source: by the author.

To investigate the effect of synthesis time on the formation of Ln-CPs (43), the
TZN@EuU(BTC)(PDC) sample was prepared following the same procedure but with the
reaction time reduced to 10 min. The images obtained at the shorter reaction time reveal that
the morphologies of the Ln-CPs are surprisingly different from those presented in Figure V11.4.
In Figure VI1.6, the sample exhibits structures with a symmetric coralloid pattern (44), and the
EDX mapping confirms that these structures are composed of the CP components (C, O, and
Eu). This coralloid shape is attributed to rapid nucleation of the structure and is characteristic
of MOFs synthesized using BTC ligands (45, 46). Consequently, it is possible to conclude that
a Ln-MOF containing primarily the BTC ligand is formed, and the coralloid structure develops
quickly before transforming into rod-like crystals with an increase in synthesis time (47). Thus,
synthesis time is an important parameter for the in situ growth of the Ln-MOFs and for the
coverage of the glass surface, indicating that a more crystalline structure forms with a shorter

reaction time. Another notable observation from Figure VI11.6 is the presence of cubic structures
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that seem to be fragments of glass detached from the bulk, reinforcing the theory of chemical
attack due to the acidic pH of the reaction medium, which may also influence the adhesion of

the MOFs to the substrate.
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Figure VII.6 - SEM-FEG images of the surface of TZN@[Eu(BTC)(PDC)] — (a) and (b) with different
magnifications; and EDX analysis with the mapping of the elements (c) C (red), (d) Eu (yellow), (e) Te (purple),
and (f) O (green).
Source: by the author.

Other composites were morphologically characterized using field-emission gun scanning
electron microscopy (FEG-SEM). Figure V1.7 displays the surface images of TZN@EuUBTC,

TN@EUBTC, and TZN@EuB4C samples. A comparison of Figures 7(a) and 7(b) reveals
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similar surface morphologies between the TZN@EuBTC and TN@EuUBTC samples. However,
the TZN@EuUBTC sample exhibits a greater amount of deposited material on its surface,
suggesting stronger interactions between the BTC ligands and the TZN glass matrix, likely
facilitated by the presence of Zn** ions. In contrast, the TZN matrix shows weaker ligand
interactions, resulting in less material deposition. Figures 7(c) and 7(d) present the surface
morphology of the TZN@EuB4C sample at different magnifications, revealing the presence of
spherulitic structures. These observations indicate that the B4C ligand promotes a higher degree

of crystallinity compared to the BTC ligand.
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Figure VI1.7 - SEM-FEG images of the surfaces of (a) TZZN@EuBTC at 10,000x magnification; (b) TN@EuBTC
at 10,000x magnification; (c) TZN@EuB4C at 3,000x magnification; and (d) TZN@EuB4C at 10,000x
magnification.

Source: by the author.

The samples TZN@EuUBTC and TZN@EuB4C were also analyzed using XRD, as
shown in Figure VII.8. The TZN@EuUBTC sample displays only a few peaks at positions
corresponding to those of TZN@[Eu(BTC)(PDC)]. However, the diffraction pattern indicates
a lower degree of crystallinity, which may be attributed to partial disorder or the presence of

amorphous regions within the material. In contrast, the TZN@EuB4C sample exhibits more
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pronounced crystalline behavior, characterized by sharper and narrower diffraction peaks. It is
noteworthy that the MOFs were synthesized through in situ growth on glass substrates, meaning
the XRD patterns were obtained from thin film coatings rather than conventional powder
samples. This difference in sample preparation can influence the diffraction results, as thin films
may exhibit preferred orientation or surface-related effects that are less prominent in powder-
based analyses (48). The in situ growth approach potentially allows for more controlled crystal
formation on the surface, but it also introduces complexities, such as substrate interactions and

the influence of film thickness on the observed diffraction patterns (49,50).
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Figure VI1.8 - XRD patterns of TZZN@EuUBTC and TZN@EuB4C samples compared to TZN@[Eu(BTC)(PDC)]

pattern.
Source: by the author.

3.2 PL characterization

The photoluminescent behavior of the glass@Ln-CPs samples was investigated. First,
the solid-state photoluminescence spectra of TZNF15@[Eu(BTC)(PDC)] are shown in Figure
VI1.9. The excitation spectrum, monitored at 617 nm, reveals a broad band centered at 301 nm,
attributed to intraligand (IL) transitions, along with relatively narrow bands in the 350-550 nm

region, assigned to f—f transitions. The most intense transition in this region is the "Fo = 5L
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transition, centered at 394 nm. The emission spectra of TZNF15@[Eu(BTC)(PDC)] were
recorded under excitation at 301 nm (red line, ligand excitation) and 394 nm (blue line, Eu®*
excitation), as also shown in Figure VI1.9. When excited at 301 nm, the composite exhibits a
broad band with a maximum at 420 nm, attributed to IL transitions, along with three bands
corresponding to Eu®* transitions, centered at 598 nm (°Do = ‘F1), 617 nm (°Do = ’F2) and 700
(°Do = ’F4) nm. This indicates the occurrence of antenna effect by energy transfer from the
ligand to the metallic center (51,52). This behavior is highly desirable for various applications
involving Ln-MOFs, particularly for chemical sensing of different analytes (53). Furthermore,
the PL spectra obtained with excitation at 394 nm show, in addition to the previously observed
characteristic Eu** emissions, two additional f—f transitions at 580 nm (°*Do = ‘Fo) and 653 nm
(°Do = F3), although these are less intense. In both excitation scenarios, the most intense
transition is the °Do = ’F transition, which dominates due to the low-symmetry environment
of the Eu®* centers (54,55). The presence of the Do = "Fo emission, a symmetry-forbidden
transition, further suggests a non-centrosymmetric site around the Eu* (56). Additionally, the
decay time of the emission at 617 nm (inset of Figure V11.9) was fitted to a double-exponential

function, indicating the existence of different chemical environments around the Eu®* centers

in the sample.
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Figure VII.9 - Photoluminescent spectra of the TZNF15@[Eu(BTC)(PDC)]; the emission at 617 nm was
monitored in the excitation spectra (black) and two emission spectra were recorded under excitation at 394 nm

(blue) and 301 nm (red). Inset: experimental decay and exponential fit curves of the decay time for this sample.
Source: by the author.
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Figure V11.10 presents the PL spectra for the two different glass matrices coated with
[Eu(BTC)(PDC)], revealing significant differences between the samples deposited on the TZN
matrix and those containing ZnF-. Specifically, when excited at 394 nm, the emissions between
585-600 nm (°Do = F1, J =1) and 617-630 nm (°Do > "F2, J =2) display well-resolved peaks
in the TZN@[Eu(BTC)(PDC)] sample, whereas an overlap of these regions is observed for
TZNF15@[Eu(BTC)(PDC)]. This difference in emission behavior suggests that the TZN
matrix provides a more asymmetric chemical environment around the Eu®*, as indicated by the
clear resolution of the "F1and "F2 levels, which exhibit minimal degeneracy in their sublevels
(2J+1) (57). In contrast, the broad emission profile seen in the TZNF15 matrix implies that the
emitting centers are in coordination environments with higher symmetry than those in the TZN

glass (54).
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Figure VI11.10 - Emission spectra of the Ln- CPs coating on TZN and TZNF15 glasses excited at 394 nm.
Source: by the author.

The photoluminescent properties of the TZN@EuUBTC and TZN@EuB4C samples were
also investigated. Figure VII.11 presents the excitation spectra of both samples, with the
emission wavelength monitored at 616 nm. In addition to the characteristic Eu®* f-f transitions,
a broad ligand excitation band is observed around 300 nm, with maxima at 295 nm for
TZN@EuUBTC and 310 nm for TZN@EuB4C. Despite this slight difference in excitation
maxima, it is noteworthy that the ligand excitation band is significantly more intense for the
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EuB4C sample, both in absolute terms and in comparison, to the excitation intensity of the Eu®*
"Fo = SLe transition centered at 395 nm. This suggests a stronger contribution of the ligand to
the energy transfer process involved in the monitored emission, indicating a more effective

antenna effect in the EuB4C composition.
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Figure V11.11 - Excitation spectra of TZN@EUBTC and TZN@EuB4C samples monitored at 616 nm.
Source: by the author.

The effectiveness of the antenna effect is further demonstrated in the emission spectra
shown in Figure VII1.12. Both samples were excited at three different wavelengths: 310 nm
(ligand excitation), 360 nm (an intermediate region between ligand and Eu®* excitation), and
395 nm (direct Eu®* excitation). For the TZN@EUBTC sample (Figure VI1.12(a)), the emission
intensity is similar when excited at both 310 nm and 395 nm. However, for the TZN@EuB4C
sample (Figure VI11.12(b)), a significant enhancement in emission is observed with excitation
at 310 nm, showing an intensity approximately five times higher than that achieved with direct
Eu®* excitation at 395 nm. This considerable increase highlights the efficiency of the antenna
effect in this composition, where the Eu* luminescence, typically originating from forbidden
f-f transitions, is significantly amplified when the coordination polymer ligand is excited first,
and this energy is subsequently transferred to the Eu®*. Therefore, the TZN@EuB4C sample
exhibits the greatest potential for chemical sensing applications due to its highly effective

antenna effect. This substantial increase highlights the efficiency of the antenna effect in this
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composition, where the Eu®* luminescence, typically arising from forbidden f-f transitions, is
significantly amplified when the coordination polymer ligand is excited first, and the energy is
subsequently transferred to the Eu®*. Consequently, the TZN@EuB4C sample exhibits the
greatest potential for chemical sensing applications due to its highly effective antenna effect.
To further understand the electronic transition mechanisms between the ligand and the
lanthanide ion in the CP, lifetime measurements were performed. The insets of Figure VI1.12(a)
and VI11.12(b) display the experimental decay curves and their exponential fits. The decay times
for the TZN@EuUBTC and TZN@EuB4C samples were calculated as 0.175 ms and 0.298 ms,
respectively. These results reinforce the conclusion that the antenna effect is more efficient in
the TZN@EuB4C sample, as longer decay times are typically associated with enhanced energy

transfer processes, making this composition more suitable for sensing applications (58).
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Figure VI1.12 - (a) Emission spectra of TZN@EuUBTC excited at 310 nm, 360 nm, and 395 nm; (b) emission
spectra of TZN@EuB4C under the same excitation wavelengths. Insets: experimental decay curves and their
corresponding exponential fits, with decay times of 0.175 ms for TZN@EuBTC and 0.298 ms for TZN@EuB4C.
Source: by the author.

3.3.  Luminescent sensing of small organic molecules

Sensing tests for various volatile organic compounds were performed using a Horiba

fluorometer. A sealed quartz cuvette with a plastic lid was employed to minimize analyte
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evaporation. The sample was positioned diagonally within the container to ensure optimal
exposure and measurement accuracy. The TZN@EuUBTC sample was exposed to vapors from
different analytes, as illustrated in Figure V11.13(a). The figure shows that acetone and methanol
vapors induced a noticeable change in the luminescence response. Upon reviewing the
physicochemical properties of these compounds, it becomes clear that both acetone and
methanol have the highest vapor pressures among the tested analytes and exhibit similar
refractive indices (59). Therefore, the observed changes in the emission spectrum may result
from alterations in the refractive index of the medium in the presence of these vapors, rather
than a specific interaction between the composite and the analytes. Subsequently, the
TZN@EuUBTC sample was immersed in each of the organic solvents and excited at 300 nm, as
shown in Figure VI11.13(b). In this scenario, a complete suppression of Eu** luminescence was
observed in acetone, which could be attributed to the intrinsic absorption properties of acetone

in this spectral range (60).
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Figure VI11.13 - (a) Luminescence response of the TZN@EuUBTC sample when exposed to vapors of various
analytes; inset: picture of the sealed quartz cuvette containing the TZN@EuUBTC sample (b) Luminescence
suppression of the TZN@EuUBTC sample when immersed in organic solvents and excited at 300 nm, showing
complete suppression in acetone.

Source: by the author.

To further examine the effect of acetone on the luminescence of the TZN@EuUBTC
sample, the sample was immersed in aqueous solutions containing varying low concentrations
(volume %) of the analyte, and its photoluminescence spectrum was recorded under 300 nm
excitation. Figure VI1.14(a) demonstrates an exponential suppression of luminescence with
increasing acetone concentration. In Figure VI1.14(b), within a lower concentration range, a
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pronounced linear decrease in luminescence intensity is observed for higher analyte
concentrations. This suggests a direct correlation between luminescence intensity and analyte
concentration. However, as mentioned earlier, this sensing mechanism likely relates to acetone
absorption in the medium, which diminishes the effective intensity of the excitation beam
reaching the coordination polymer. This phenomenon corresponds to the "inner filter effect,”
which is well described in the literature (61).
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Figure VI11.14 - (a) Luminescence in the TZN@EuUBTC sample with increasing volumes of acetone (up to 6.0%)
under 300 nm excitation. (b) Linear decrease in luminescence intensity at lower concentrations of acetone, from
0.2 to 1.6%.

Source: by the author.
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Acetone absorption was analyzed across a concentration range of 0 to 1.75% by volume.
As shown in Figure VI11.15, the absorbance at 310 nm exhibits a linear increase at concentrations
above 0.40% by volume, facilitating a stable comparison with the luminescent response of the
composite. In this range, a quasi-linear quenching pattern in luminescence is observed between
0.6% and 1.6% acetone concentration. By correlating these results, it becomes evident that the
inner filter effect significantly influences the changes in luminescence intensity. This suggests
that the luminescent response of the sensor is closely tied to the intrinsic absorption properties
of the analyte.
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Figure V11.15 - Absorption spectra of acetone in agueous solution in a concentration range between 0 and 1.75%
by volume. Inset: absorbance values at 310 nm as function of acetone concentration and linear fit from 0.40% to
1.75%.

Source: by the author.

In contrast to the behavior observed for TZZN@EuUBTC, where acetone absorption led to
an inner filter effect by reducing excitation light intensity, the TZN@EuB4C sample
demonstrated a luminescence enhancement when exposed to low acetone concentrations (up to
1.0% by volume), as shown in Figure VI1.16(a). This enhancement suggests that acetone is
adsorbed within the CP pores, facilitating direct energy transfer to the Eu®* and thereby
increasing luminescence through a guest-induced phenomenon (62-64). At higher
concentrations (Figure VI1.16(b)), the Eu®* emission intensity begins to decrease but remains
higher than the initial spectra obtained with the sample immersed in water. This behavior

indicates that both enhancement of luminescence — due to energy transfer from adsorbed
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acetone molecules — and quenching, caused by the inner filter effect from acetone in solution,

are occurring simultaneously at these higher acetone concentrations.
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Figure VI11.16 - (a) Enhanced luminescence response of TZN@EuBA4C to low concentrations (up to 1.0% by
volume) of acetone; and (b) decrease of Eu®* emission intensity at higher concentrations, both excited at 310 nm.

Source: by the author.

To elucidate the sensing mechanism observed for acetone, a proposed model is

illustrated in Figure VI1.17. As previously mentioned, when acetone molecules are adsorbed

onto the CP layer, they can efficiently absorb the excitation light. Due to the proximity of the



156

S: state of the B4C ligand (see the energy diagram in Figure VI1.17), the analyte enhances the
excitation process of the CP through a turn-on effect (65). This suggests that the antenna effect
i1s more efficient under these conditions, leading to an increase in Eu*" luminescence. As the
pores of the CP become saturated, excess acetone remains in solution, resulting in an increased
absorption of excitation light — similar to the inner filter effect reported to TZN@EuUBTC
sample. Consequently, acetone sensing in the TZZN@EuB4C sample shows a dynamic interplay
between the turn-on and inner filter effects. Initially, this competition results in an enhancement
of luminescence intensity as adsorption progresses. However, once analyte saturation is
reached, further luminescence quenching occurs, driven by the absorption of the excitation light
by free acetone molecules in the solution.
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Figure VI1.17 - Proposed sensing mechanism for acetone in the TZN@EuB4C sample. The scheme illustrates the
interaction between acetone molecules both adsorbed on the CP layer and in solution, highlighting the competition
between the turn-on and inner filter effects. The energy diagram shows the proximity of the S: states of the B4C
ligand and acetone, facilitating efficient excitation and enhancing the antenna effect, which results in increased
Eu®* luminescence.

Source: by the author.

Following the procedure applied with acetone, trace amounts of 2-pentanone in water
were also tested for detection, as shown in Figure V11.18. At low concentrations of 2-pentanone,
an increase in luminescence was observed, with the emission intensity peaking at 0.4% by
volume, followed by a decline at higher concentrations. This behavior mirrors that seen with
acetone, suggesting similar underlying mechanisms. These results highlight the potential of this
system for practical sensing applications of carbonyl compounds. The observed luminescence
response mechanisms demonstrate high selectivity and sensitivity, particularly for detecting
ketones at low concentrations, which is crucial since certain ketones can serve as biomarkers

for diseases such as cancer (66—69).
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Figure VI11.18 - Luminescent response of TZN@EuB4C to low concentrations of 2-pentanone excited at 310 nm.

Source: by the author.

In addition, acetylacetone, a diketone, was analyzed for its luminescence response, as

shown in Figure VI1.19. A strong quenching effect was observed at very low concentrations,

specifically below 0.15% by volume. Repeated tests confirmed that this quenching was

irreversible, likely due to the coordination of acetylacetone with Eu®*, leading to a modification

of the CP structure. This irreversible structural alteration compromises the material's suitability

for sensing diketones, as the changes prevent a reliable, reversible luminescent response.
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Figure VI11.19 - Luminescent response of TZN@EuB4C sample to low concentrations of acetylacetone excited at
310 nm.
Source: by the author.

3.4. Luminescent sensing using coated optical fibers

Figure VI1.20 shows images of TZN optical fibers coated with [Eu(B4C)]. In Figure
VI11.20(a), the optical microscopy image reveals a visually homogeneous coating on the optical
fiber. Additionally, Figure VI1.20(b), which shows the fiber's cross-section, confirms the
presence of a uniform layer surrounding the fiber. Finally, the coating morphology was
analyzed by SEM, as seen in Figure V11.20(c), where Ln-CP coatings are clearly visible on the
fiber's surface. The coating thicknesses were measured using optical microscopy with a 100x
magnification objective lens. Figure VI1.21 displays images of TZN@EuB4C) fibers coated
with different synthesis times, ranging from 5 to 60 min. As expected, the coating thickness
increases with longer synthesis times; however, all samples exhibit thicknesses of less than 10
um, varying from 2.7 to 9.6 um. In comparison to the coatings on glass, the fiber coatings are
thinner, which may be advantageous for applications as optical fiber sensors, as this thinner
coating facilitates the efficient excitation of the Ln-CP by the guided light.
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Figure VI11.20 - (a) optical microscopy image of TZN fibers coated with [Eu(B4C)]; (b) TZN@EuBA4C cross-
section visualized with 10X magnification; (¢) SEM image of the coated fiber’s end with 81X magnification.
Source: by the author.

Figure VI1.21 - Optical microscopy images of TZN@EuBAC fibers cross-section synthesized with different
durations: (a) 5 min; (b) 10 min; (c) 20 min; and (d) 60 min.
Source: by the author.
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Figure VI1.22(a) shows the attenuation curves for single-index TZN optical fibers with
a diameter of 170 um, melted in different types of crucibles. The curves reveal relatively low
optical loss in the 550—-700 nm range, enabling their use for guiding Eu®" emission. The coating’s
luminescence was measured in a 15 cm long optical fiber with varying diameters to demonstrate
the luminescence signal, as illustrated in Figure VI1.22(b). The coating was illuminated using
a UV lamp at 254 nm, and a portable spectrometer was coupled to the opposite end of the fiber
with a commercial ZrFs fiber to collect the signal. The results revealed the characteristic
emissions of Eu®*, with the most prominent being the Do —F2 transition with a maximum at
612 nm and an improvement of the signal intensity for fibers with larger diameters (from 270

pm to 1 mm).



161

a) —— TZN - 170 pm - Au Crucible - 20min/700 °C
—— TZN - 170 pm - Pt Crucible - 20min/700 °C

16
E
g 12
2
S 8-
5
4 -
0 T T T T T T T T T T T T T
500 550 600 650 700 750 800
Wavelength (nm)
4b)
| TZN@EuBA4C fiber M
1 . =25a1m | |
. exc. \
Z - f\
_;— ®=1mm/L=15cm JLW J }‘ } N&
& 1udt okt kit e bl bl
g
£ ®=500pm /L =15cm
__ ®=270um /L =15cm W

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure VI11.22 - (a) Attenuation curves of TZN fibers prepared in Au and Pt crucibles; (b) luminescent spectra of
TZN@EuBAC optical fibers under excitation at 254 nm. Inset: coated fiber illuminated by UV lamp.
Source: by the author.

To perform sensing measurements using 1 mm optical fibers coated with Ln-CPs, we
established an experimental setup that enables the immersion of the fiber's tip into the analyte
solution while connecting it to a spectrometer for luminescent signal collection. Two different
configurations were employed based on the type of fiber used, as illustrated in Figure V11.23.
Figures VI11.23(a) and VI1.23(b) depict the setup for tests utilizing commercial silica fibers with
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a 1 mm diameter, which can be bent into a small curvature. In contrast, Figure V11.23(c) shows
the configuration used for 1 mm TZN fibers, which are not bendable. In this case, the
spectrometer was positioned vertically to collect the signal from the tip immersed in the cuvette,

with the fiber directly coupled to the spectrometer entrance.

Figure V11.23 - Experimental setups for sensing measurements using optical fibers coated with Ln-CPs: (a) and
(b) show the setup for commercial silica fibers (1 mm diameter); (c) setup for TZN fibers, with 1 mm diameter as
well.

Source: by the author.

The initial test using optical fibers involved commercial silica fibers coated with
[EuB4C]. It is noteworthy that the coating on the silica fiber surface appeared thinner and
exhibited weaker adhesion compared to the TZN fibers. Nevertheless, it was possible to observe
and collect the luminescent signal from the fiber's tip. This sample was subsequently tested for
acetone detection, with the luminescent response to varying concentrations shown in Figure
VI1.24. The luminescence intensity decreased as the acetone concentration in the solution
increased, displaying behavior that diverges from that observed in the coated bulk samples.
This discrepancy may be attributed to the chemical characteristics of the silica fiber, particularly
its high content of OH groups on surface (70). These OH groups tend to repel the carboxylate
ligands, thereby reducing their adhesion to the surface. As a result, Eu** may interact directly
with the OH groups rather than with the organic ligands, a phenomenon noted in previous
studies. Consequently, the observed luminescence quenching is primarily attributed to the inner

filter effect caused by acetone absorption.
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Figure VI11.24 - Luminescent response of commercial silica fibers coated with [EuB4C] to varying concentrations
of acetone up to 1,0% in volume.
Source: by the author.

Subsequently, the TZN@EuBA4C fiber sample was immersed in a cuvette filled with
water and connected to a vertically positioned spectrometer. Small increments of acetone were
added to the cuvette, starting at 0.05% for the initial measurements. Figures V1I.25(a)-(c)
illustrate the luminescence intensity response as the acetone concentration increases, revealing
a maximum emission at a concentration of 1.0% by volume. At higher concentrations, a
decrease in emission intensity is observed, which can be attributed to the saturation of analyte
adsorption and its increased presence in solution, leading to greater absorption of the excitation
light. Finally, Figure V11.25(d) presents the linear dependence of emission intensity at 616 nm
with acetone concentration within the range of 0.05% to 0.30% by volume, showing a slope of
0.25 + 0.01. This result demonstrates the prototype material's effective response for sensing low

concentrations of acetone.
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Figure VI11.25 - Luminescence intensity response of the TZN@EuBAC fiber with varying acetone concentrations,
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Source: by the author.

The same sample was also tested for the detection of 2-pentanone, following the
previously described procedure. Figure VI1.26(a) shows an enhancement in Eu®" emission
intensity, consistent with the behavior observed in earlier tests. In this case, the maximum
intensity was recorded at 0.70%, which is slightly higher than the values measured for bulk
samples. Despite this difference and the noted non-linearity in the response, a clear pattern of
increasing emission intensity with the gradual addition of the analyte up to a certain
concentration was evident. At concentrations above 0.80% (Figure VI1.26(b)), luminescence
guenching was observed, again linked to the increased presence of free analyte in solution and
its intrinsic absorption in the UV region. Notably, a flat region is observed between 0.90% and
1.40%, which was not present in other tests. A plausible explanation for this anomaly could
involve a competition between the enhancement and quenching effects of luminescence related
to analyte adsorption and its energy transfer to the emitting center. Despite this non-linearity, it

can be confirmed that the material developed during the PhD project demonstrates sensitivity
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and an optical response to the presence of carbonyl compounds, particularly the ketones tested

(propanone and 2-pentanone).
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4. Conclusions

In conclusion, this final chapter of the thesis presents a rapid synthesis process for new
and stable glass@Ln-CPs and optical-fibers@Ln-CPs composites. Although the crystalline
forms obtained do not exactly match those described in the literature, luminescent Ln-CPs
coatings combining Eu®* and carboxylate ligands were successfully formed and demonstrated
good adhesion to the tellurite glass substrates. Moreover, the coated optical fibers represent a
promising material due to their ability to guide optical signals over long distances, enabling the
development of remote sensors for various analytes. The findings underscore the significant
potential of these materials for chemical sensing applications, particularly in the detection of
carbonyl organic compounds.

The successful integration of Ln-CPs onto optical fibers, especially TZN-based fibers,
has shown the feasibility of using these materials in real-time remote sensing applications. The
enhanced luminescent response observed at low concentrations of ketones highlights the
sensitivity of these composites, while the linear response within specific concentration ranges
confirms their reliability for quantitative detection. These characteristics position them as good
candidates for challenging demands, such as industrial monitoring, environmental analysis, and
particularly for the detection of biomarkers in health monitoring and disease diagnostics
(71,72).

Additionally, this research provides opportunities for further optimization, including
enhancing the adhesion of CPs to fiber surfaces and exploring alternative fiber materials to
improve sensor performance. Future studies could focus on increasing the selectivity of these
sensors for a broader range of analytes, as well as assessing their long-term stability and efficacy
under real-world conditions. The outcomes of this project not only provide valuable insights
into chemical sensing but also offer perspectives for developing optical sensors based on a new
type of composite material, combining the luminescent properties of metal-organic compounds
with the light-guiding capabilities of optical fibers.
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GENERAL CONCLUSIONS AND PERSPECTIVES

This PhD thesis has explored the development of innovative luminescent materials and
composites for applications in optical sensing and photonics. Through systematic research,
several novel glass matrices, optical fibers, and composites were synthesized, characterized,
and evaluated, resulting in significant contributions to the fields of glass science, lanthanide
coordination polymers (Ln-CPs), and fiber-optic-based sensors. The research's interdisciplinary
nature has led to the creation of materials with enhanced optical properties and advanced

sensing capabilities, positioning them for potential applications in different fields.

The initial phase of this research focused on the synthesis and characterization of
tellurite and phosphotellurite glass matrices, including the introduction of various network
modifiers like Na.O, ZnO, NaF, and ZnF.. These studies revealed that the incorporation of
fluoride into tellurite glasses notably altered their structure, leading to a broader transparency
range while maintaining similar thermal stability. Specifically, fluoride-modified matrices
demonstrated a significant reduction in hydroxyl content and an improved ability to dissolve
rare-earth ions (RE®*"). The structural and optical investigations, using techniques like solid-
state NMR, Raman spectroscopy, and absorption spectroscopy, provided a comprehensive
understanding of how different compositional changes affected the glass networks. These
insights guided the selection of compositions with high potential for photonic applications, such

as light-emitting materials and fiber-optic devices.

The next phase of the project extended the focus to the development of optically active
phosphate glasses co-doped with RE®*, such as Er**, Yb*, Nd**, and Tm?*. These glasses
exhibited promising upconversion (UC) luminescence when excited in the NIR range. The
research demonstrated that Ag-NPs could significantly amplify the UC emission of Er**/Yb*'-
co-doped glasses, a result that has potential applications in photonic devices like data storage
and solid-state lighting. Furthermore, aluminum-phosphate glasses doped with Nd**, Tm?*, and
Yb3* displayed intense blue UC luminescence when excited at different wavelengths, and the
ability to guide this luminescence through optical fibers was successfully demonstrated. These
findings highlight the potential of such materials for applications in solid-state lasers and other
photonic technologies.

The final phase of the research focused on the development of glass@Ln-CP composites
and their application in chemical sensing. The integration of Ln-CPs onto glass substrates and
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optical fibers was achieved through an in situ growth process, resulting in stable luminescent
coatings with strong adhesion in tellurite glass substrates. These composites exhibited a high
sensitivity to carbonyl compounds, such as acetone and 2-pentanone, making them particularly
promising for chemical sensing. The ability of the coated fibers to guide optical signals over
long distances enables the development of advanced sensors capable of real-time detection and
quantification of analytes. This aspect of the research underscores the potential of combining
advanced glass matrices with luminescent Ln-CPs to create highly sensitive and selective

optical sensors.

Overall, this thesis has made substantial contributions to the field of luminescent and
fiber-optic materials, addressing both fundamental and applied aspects of glass and composite
development. The systematic characterization of glass matrices, optimization of their
compositions for optical fiber production, and enhancement of their luminescent properties
through dopants and surface modifications can established a strong basis for future research in
this area. The successful synthesis of glass@Ln-CP composites and their demonstrated sensing
capabilities represent a significant advancement in the field of optical sensing, offering

promising perspectives for the development of new photonic devices.

Looking forward, the results of this project present several opportunities for further
exploration. Improving the adhesion of Ln-CPs to optical fiber surfaces and experimenting with
alternative glass compositions could enhance sensor performance. Additionally, expanding the
range of detectable analytes and evaluating the long-term stability of these materials under
practical conditions are essential steps toward the commercialization of these technologies. This
research contributes to the development of a new class of luminescent glass-based sensors, with
potential applications across diverse fields, including environmental analysis, public health

monitoring, and industrial safety.

In conclusion, this PhD project has made substantial contributions to the design and
application of luminescent materials, with potential applications in solid-state lighting and
optical sensing. The findings and methodologies developed provide a deeper understanding of
the relationships between glass structure, optical and thermal properties, and luminescence
capability. Additionally, the optically active materials reported in this manuscript represent a

promising foundation for future advancements in photonic technologies.
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