Downloaded via UNIV OF SAO PAULO on September 18, 2023 at 12:36:56 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

-
v
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Exploring the Influence of ZnF, on Zinc-Tellurite Glass: Unveiling
Changes in OH Content, Structure, and Optical Properties

Renato Grigolon Capelo,§ Ricardo Santos Baltieri,® Marcos de Oliveira, Jr., and Danilo Manzani*

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acsomega.3c05010

ACCESS | [l Metrics & More | @ Supporting Information

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

process. In this study, we investigated the influence of ZnF, on a o,
glass matrix composed of TeO,-ZnO-Na,O, resulting in notable ‘Te\@
changes in the glass structure and optical properties, with Eu** dé
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
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spectrum, including optical fiber drawing and the development of solid-state emitting materials.

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
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 hi(gh solubility for
photoluminescent rare earth ions (RE*).!

In general, TeO, is combined with alkali-based, alkaline
earth, and transition metal oxides to form stable glass.es.11 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
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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
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**.”'>™"

Désévédavy 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 (ALO;),
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
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.”” 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 D, — 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
(Bu,0;, 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

TZNFS 75 10 N 10

TZNF10 75 S 10 10

TZNF15 75 0 15 10

TZNEF20 70 0 20 10

TZNE30 62 0 30 8

TZN-Eu 75 15 0 10 0.5
TZNFS-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,O; 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 (Tg, +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 550 °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 S0—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
125T'e 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 SO s, spikelet
separation of 1 and S kHz (for crystalline a-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(CHj;), using the isotropic shift of a-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 (5 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 eV) for the TZNF30
sample. Detailed band gap energy values are presented in
Figure S1 and Table S1 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, TZNF1S, 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.** Tt 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, TZNF1S,
TZNF20, and TZNF30 samples and are presented in Figure 3.
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Figure 3. DSC curves for the samples TZN, TZNFS, TZNFIS,
TZNF20, and TZNFE30.

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
crystallization (AT = T, — T,) for the samples with S, 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, T,y, and sz)
and Thermal Stability against Crystallization (AT = T, —

Tg) Obtained from DSC Measures

samples T (°C) T, (°C) Tp1 (°C) T (°C) AT (°C)
TZN 285 404 472 119
TZNES 271 400 439 129
TZNF1S 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 (TZNF3O-TP1) and
T,, = 406 °C (TZNF30-T,,). To gain insights into this
crystallization behavior, two bulk pieces of the TZNEF30
sample were subjected to heat treatment at Ty, 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 Ty, along with some degree of mixing of the phase
Zn,Te;04 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 $50—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 stretching7 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 TeO; and TeOs,; units. These
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ACS Omega XXXX, XXX, XXX—-XXX



ACS Omega http://pubs.acs.org/journal/acsodf

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 5, 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
TZNF15 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;
i however, no additional insights into the structural behavior
TZNF10 could be grovided 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 4. Raman spectra for all undoped glass systems. / \
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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 5 F (£0.5 ppm) area (+0.5%) & “F (+0.5 ppm)
TZNES —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%)

23.2
222
279
27.3

5 F (£0.5 ppm) 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 2.3 208.9 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

T T T T T
3000 2500 2000 1500 1000

'25Te-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(CH;),.

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

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 TeOj-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-Ey,
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®".

https://doi.org/10.1021/acsomega.3c05010
ACS Omega XXXX, XXX, XXX—-XXX



ACS Omega

http://pubs.acs.org/journal/acsodf

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 Scg(£ S) 8,(£10) 3,,(£20) 5,,(+10)
TZN 1540 2150 1760 748
TZNFS 1589 2150 1800 850
TZNF30 1522 2100 1820 730
a-TeO, 1469 2070 1596 742

A8, (£50) A3,,(£50) AS_.(£50) A(£10)
100 300 600 200
50 200 500 210
50 200 200 250
35

“8, is the average value for the chemical shift principal values and Agis 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 TZNF15-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 TZNF1S5-Eu. The Q, and , parameters were calculated
using Judd—Ofelt from Emission Spectra (JOES) software’’
and are presented in Table S. 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 70Te0,-10Zn0O-20ZnF,, to account for the presence of
Zan.ls,sz

The Q, 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

Table 5. Calculated Judd—Ofelt Parameters €2, 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
TeO,~Li,0-K,0-ZnF, 1.99 3.77 2.10 s3
P,0,—MgO—ZnSO, 175 14.40 126 54
SiO, (nanofiber) 1.45 327 2.80 SS
(Yo,Gdy3),05 1.65 1.30 1.20 56

research is needed to fully understand the €, parameter. In
Table 5, both experimental parameters €, and Q, 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 T,. It is important to mention
that caution is advised when interpreting small changes in the
experimental parameters €, and Q,, 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 Dy, — ’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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