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A series of samples containing the phosphate and tellurite glass formers were prepared by varying the
barium fluoride concentration from 0 to 30 mol %. The results of the XRD analysis indicated that barium
fluoride in the 5—30 mol% content improved the glass-forming nature of oxyfluoride phosho-tellurite
glasses in the TeO,—P,05—BaF,—ZnF,—Na;O—ErF; system. For 0 mol% of BaF, amount, the glass-
ceramic sample was obtained with ErPO4 (erbium phosphate V) crystallines in the glassy host. The
structure of the obtained glasses were investigated by using Mid-infrared, Raman, and 3'P MAS NMR
spectroscopy. Herein in this work, the results suggested that the addition of BaF, depolymerized network
of glasses, effected in the conversion of Te(O,F)4 into Te(O,F)3, Te(O,F)3, units, as well as P? into P and P°

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Recent advances in the application of optic and photonic devices
and components from visible (VIS) to infrared (IR) region contrib-
uted to the increase in interest of the study of optically transparent
glass and glass-ceramic materials doped with rare-earth ions (RE).
Among various kinds of oxide glass hosts available in the literature
(silicate, phosphate, borate, germanate), tellurite glasses appear to
be a very interesting and attractive glass matrix for rare-earth ions
[1=7]. Tellurite glasses are characterized by low phonon energy
(~750 cm™!), low melting temperature (around 400 °C), high
refractive index, large transparency window (0.4—5 pm), and high
thermal and chemical stability [5—9]. These interesting physical
properties of tellurite glasses enable them for the following appli-
cations: glass fibers for near- and mid-infrared nonlinear applica-
tions [10,11], laser writing [12], optical sensor [13,14], solar cell
[15,16] and biomedical applications [17]. However, without other
types of glass formers (e.g. B,03, GeO;, P,05), and modifiers (alkali
or/and alkaline earth oxides), tellurium oxide does not have the
ability to compose a vitrivied states in the melt quenching pro-
cedure [5—17]. Moreover, adding to the second glass network
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former to the tellurite glass matrix is an interesting subject of study
due to the unique properties of mixed network glasses [18,19].
Phosphate glasses have been of research interest in the field of
materials for optical applications for many years. Due to their
unique physicochemical and spectroscopic properties, they have
been used for the production of lasers [20], optical fibers [21], op-
tical amplifiers [22] and sensors [23]. In addition, phosphate glasses
are characterized by, among others, high transmittance and low
refractive index. Glasses based on P,0s doped with Er*, Pr3*, Yb3™,
Nd3* and Tm>* ions emit near-infrared radiation and are used in
telecommunications windows [24—26]. Glass co-doped with Eu3",
Dy>*, Tb**, and Sm>* ions are known as light-emitting materials in
the visible range [24,27,28]. In that sense, the combination of TeO;
and P,05 glass formers appears to be a very interesting issue in the
case of designing and obtaining mix network glasses [29—32]. The
addition of the P,05 leads to an improvement in some interesting
properties of the tellurite host such as glass transition temperature,
thermal expansion coefficient (TEC), refractive index, trans-
missivity in the ultraviolet and infrared regions, chemical durability
and third-order non-linear susceptibility [33—35].

Based on previous studies, it was found that oxide glasses and
glass-ceramic based on TeO,—P,05 system doped with different
rare-earth oxides are characterized by the interesting thermal and
optical properties [36—46]. Abdel-Kader et al. studied the ther-
moluminescence dosimetry of the La;03, CeO,, Sm,03 and Yb,03
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doped phospho-tellurite glasses [36]. Nandi et al. investigated the
physical, thermal and spectroscopic properties of erbium-doped
phospho-tellurite glasses in comparison with a tellurite glass
without P20s5 [37]. In this paper was shown, that the transparency
of the glass towards UV was enhanced by the addition of phosphate
and the Q,, Q4 intensity parameters of phospho-tellurite glasses
were low comparing to the glass without phosphate [37]. Recently,
the data about fabrication and spectroscopic properties of the Yb-
doped and Yb—Er-codoped tellurite-phosphate glass fibers suit-
able for superfluorescence fiber sources (SFS) have been published
[38]. Spectroscopic properties of phospho-tellurite glasses were
investigated in the Er’*~doped NaPO3;—TeO,—ZnO—Na,O system
[39]. Influence of europium ions on structural behavior in the
phospho-tellurite glasses within a concentration range, 0 + 30 mol%
of the Euy0s3, has been investigated using infrared spectroscopy
[40]. Based on the obtained IR spectra of samples, it has been
shown, that europium ions with amount up to 5 mol % into the
chemical composition of the glasses were network former ions,
however, presence of the Eu>* in the 10—30 mol % range in glasses
caused the decrease in the connectivity of glass network [40]. The
increase in the concentration of europium ions, over 40 mol%,
resulted in the transformation of trigonal bipyramids into trigonal
pyramids units and the disappearance of the P=0 stretching bond
in [PO4] tetrahedron. This has led to a decrease in the connectivity
of the glass network and the formation of the EuPO4 crystalline
phase (glass-ceramic sample) [40]. Optical absorption and photo-
luminescence properties of Yb>*-Ho>* co-doped phospho-tellurite
glasses have been also investigated [41]. The detailed study on the
effects of P,05 contents on the spectroscopic properties of Er**-
doped TeO>,—Zn0—Na0 glasses as potential optical glasses for fiber
amplifiers was performed by Jlassi et al. [42]. In this paper [42], the
addition of the P,05 enhanced the local symmetry around erbium
ions and PL life time became longer. The solid phospho-tellurite
photonic bandgap fiber with two layers of high-index rods
(TeO2—Li,0—WO03—Mo003—Nb,05, TLWMN) in the cladding
(TeO,—Zn0O—Li0—K;0—Al,03—P205, TZLKAP) were reported by
Cheng et al. [43]. Neodynium-doped tellurite glasses with varying
P,05 concentrations in the TeO;—P>05—Al,03—K;0—La;03—Nd,03
system were investigated and spectroscopy was characterized by
Linganna et al. [44]. Jlassi et al. [45] shown that by adding P20s5 to
tellurite glasses in the TeO,—ZnO—Na;O—Er,03 system, thermal
stability, spectroscopic quality factor, and high gain of these glasses
were improved. Luminescence improvement of Er’* ions in
phospho-tellurite glass-ceramic in the TeO,—2-
n0O—Na,0—P,05—Er,03 system, containing nanocrystals of a-TeO,,
B-TeO,, and ErPOg4, phases was achieved by Ennouri et al. [46].

The papers [36—46] confirm that the second former oxide like
P,05 improves both the thermal and the optical properties of RE
doped oxide tellurite glasses. However, these papers mainly relate
to the structure and properties (thermal, spectroscopic) of the
simple co-doped TeO,—P,05—Zn0—Na;0 oxide system. Literature
reports show that oxyfluoride phosphate-tellurite glasses are less
frequently used in optical technology [47,48]. However, the oxide
phosphate-tellurite glass has absorbed hydroxyl groups in the glass
host and phosphate-tellurite glass fiber with low-loss is not easy to
be prepared due to the inhomogeneity of this glass [49]. The high
concentration of OH™ ions in the glass matrix results in the
quenching of luminescence of lanthanide ions in the glassy host.
The addition of fluorides it is an effective way to exhaust OH™
content due to the reaction of OH™ + F~ — 02~ + HF1. Additionally,
the oxyfluoride glasses have been widely investigated as glassy
host materials for RE ions because they have better mechanical and
chemical stabilities than fluoride glasses and present low phonon
energy compared to oxide glasses [50].

The recent developments in the oxyfluorotellurite glasses doped

with different lanthanides are also reported about the zinc-tellurite
glass system. Spectroscopic studies of the Tm3*/Yb3* co-doped
TeOy—ZnF>—PbO—Nb,y0s [51], Ho*t/Yb3>* co-doped TeO,—ZnF,
[52] and Er*t/Yb** co-doped TeO,—PbF,—ZnF, [53] oxy-
fluorotellurite glasses were successfully prepared by using melt
quenching method. In the literature can be found only a few studies
about the simple oxyfluoride phospho-tellurite glass system
[47,48].

In previous work [48], we studied the effect of erbium fluoride
addition on thermal, structural, and spectroscopic properties of
oxyfluoride phosphate-tellurite precursor glass in the multicom-
ponent TeO,—P,05—BaF,—ZnF,—Na;O—ErF3 system for transparent
active glass-ceramic. Based on the knowledge that the develop-
ment of phospho-tellurite glasses in the multicomponent system
requires expertise of their structural chemistry, which is also
fundamental to design these glasses for practical application, in the
present paper we studied vitreous domain of the
TeO,—P,05—BaF,—ZnF,—Na,O0—ErF; system in the relation of BaF,
concentration. One objective of the study was to determine the
impact of the systematically changing BaF, content on the network
structure of erbium-doped oxyfluoride phosphate-tellurite glasses
using XRD, MIR, Raman, and >'P MAS NMR methods.

2. Experimental

The oxyfluoride phosphate-tellurite samples of the following
composition (69.5—x)
TeO,—10P,05—xBaF,—20(ZnF,—Na,0) —0.5ErF3 x = 0, 5, 10, 15, 20,
25, 30 mol % were prepared as described in the paper [48]. The
samples were noted according to the barium fluoride content into
chemical composition: TPOBaF,, TP5BaF,, TP10BaF,, TP15BaF-,
TP20BaF,, TP25BaF; and TP30BaF,.

The nature of the samples was confirmed through X-ray studies
with X'Pert Pro X-ray diffractometer supplied by PANalytical with
Cu K, radiation (A = 1.54056 A) in the 26 range of 10—80°. Quali-
tative identification of the phase composition was performed with
reference to the ICDD PDF-2 database.

The microstructure of the glass-ceramic sample was investi-
gated by NOVA NANO SEM 200 scanning electron microscope with
the EDS microanalyzer. Observations and analyses were performed
in a low vacuum by using a detector LVD and at an accelerating
voltage in the range of 10e® kv.

The MIR spectra of the glasses were obtained with the Fourier
spectrometer (Bruker Optics-Vertex70 V). The measurements were
done using the KBr pellet technique. Absorption spectra were
recorded at 128 scans and the resolution of 4 cm™.

Raman spectra of all glass samples were obtained using a Lab-
RAM HR spectrometer (HORIBA Jobin Yvon, Palaiseau, France) using
the excitation wavelength of 532 nm. The diffraction grating was
1800 lines/mm. The spectra were recorded in several points with
the standard spot of about 1 um. The standard deviation of the
position and full width at half maximum (FWHM) of each of the
component MIR and Raman bands was +4 cm™,

The 3'P MAS NMR spectra of glasses were recorded using
spectrometer probe Apollo-type by Tecmag.

MIR, Raman and 3'P MAS NMR spectra of glasses have been
normalized and then deconvoluted using Fityk software (0.90.8
software). The coefficient of determination (R squared) of all the
deconvoluted spectra was 0.99.

3. Results and discussion
All of the prepared samples containing BaF, (TP5BaF,-TP30BaF,)

were homogeneous and transparent. The amorphous nature of
these samples (glasses) was confirmed by the absence of any peaks
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and intense broad humps in the 20—35° range of the two theta
angles in the diffractograms patterns (Fig. 1). The sample without
BaF, (TPOBaF;) was opaque. Based on the XRD (Fig. 2a) and SEM-
EDS (Fig. 2b) studies, it was found that obtained material is glass-
ceramic with ErPO4 (erbium phosphate V) crystallines (JCPDF 01-
083-0662) incorporated in the glassy host. As can be seen from
Figs. 1 and 2, the addition of BaF, improved the glass-forming na-
ture of the oxyfluoride phosphate-tellurite system. According to the
literature [47,54], the addition of alkaline earth oxides such as CaO
improves the glass-forming nature of tellurite glasses. The vitreous
state in the TeO,—P,0s5—BaF,—ZnF,—Na;O—ErFs system in the
function of the BaF, content was shown in Fig. 3.

The structural changes in tellurite glass networks have been the
subject of numerous studies [55—58]. In the alkali-tellurite oxide
glass, it was found that its structure is created by [TeO4] four co-
ordinated trigonal bipyramids (Te?; and Te®;) and [TeOs] three
coordinated trigonal pyramid (Te?s, Te13, and Te%3), where n rep-
resents the number of bridging oxygens and m is the coordination
number in Te", units [59-61]. These five tellurium polyhedra have
been identified from crystalline TeO,, and all have been suggested
to be present to some extent within tellurium glass systems [62,63].

The basic building units of crystalline and amorphous phos-
phates are the P-tetrahedra. These tetrahedra link through covalent
bridging oxygens to form various phosphate anions and are clas-
sified using the P' terminology, where i represents the number of
bridging oxygens/fluorides. Phosphate glasses can be made from a
cross-linked network of P* tetrahedra, metaphosphate chains of P2
tetrahedra and pyro- (P!) and orthophosphate (P°) units. The
addition of modifying cations to the network of the tellurite and
phosphate glasses results in the creation of non-bridging oxygens/
fluorides at the expense of bridging oxygens/fluorides (depoly-
merization of the network) [64—66].

In this paper, the terminology described above has been used to
the characterization of network of the oxyfluoride phosphate-
tellurite glasses in the TeO,—P,05—BaF,—ZnF,—Na,O—ErF; system.

The normalized MIR spectra in the 1300-520 cm ™! range of all
glasses with varying BaF, concentrations have been showed in
Fig. 4a. All MIR spectra present major bands that are characteristic
for tellurite glasses and typical structural units in the phosphate
glasses [48,54]. As can be seen from Fig. 4a, the intensities of the
individual bands on the MIR spectra were changed with the varying
BaF; content in the chemical composition of glasses. In order to
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Fig. 1. Diffraction patterns of the sample with 5—30 mol% BaF, content.

determine the changes in the intensities of bands on the MIR
spectra of the glasses, the deconvolution has been performed for
the MIR spectra of the following glasses: TP5BaF;, TP15BaF, and
TP30BaF, (Fig. 4b—d). The parameters of the component bands
have been shown in Table 1. The assignments of the individual
bands, presented in Table 2, have been performed based on data
available on oxide, fluoride and oxyfluoride tellurite, phosphate
and phospho-tellurite materials [48,67—75].

On the all deconvoluted MIR spectra (Figs. 4b—d) thirteen
component bands in the 1300-520 cm™~! range can be seen. Bands
at around 540 cm~! and 570 cm~! correspond to the asymmetric
and symmetric bending deformation vibration of O,F—P—O,F bonds
in P? units, respectively [48,67]. The bands at ~610 cm~! and ~670-
680 cm~! can be assigned to the stretching vibrations of Te—O,F
bonds in trigonal bipyramidal units Te(O,F)4 (tbp) [48,68,69]. The
presence of the band in the 660—690 cm ™! range in the spectra of
all glasses can be ascribed to the symmetric stretching vibration of
F—P—F bonds [48,70]. The band at around 710-740 cm~' corre-
sponds to the stretching vibrations of trigonal pyramidal units
Te(O,F)3 (tp) or Te(O,F)3,1 polyhedra [69]. The next band in the
deconvoluted spectra of the TP5BaF,, TP15BaF, and TP30BaF,
glasses (Figs. 4b—d), i.e. at around 760-780 cm ™' can be assigned to
the vibration of the continuous network composed of Te(O,F)4 and
Te—O,F stretching vibration of Te(O,F);,1 polyhedra and/or sym-
metric P—O, F=P bonds in P! units [48]. The band at ~790-
800 cm~! is ascribed to the asymmetric stretching vibrations of
Te(O,F)3 (tp) units or Te(O,F);, 1 polyhedra [48,71].

As can be seen in Figs. 4b—d and Table 1, the increase in BaF;
addition into the chemical composition of glasses resulted in a shift
of the band’s position in the deconvoluted MIR spectrum of the
TP5BaF, (Fig. 4b) glass at around 670 cm™~', 718 cm™~ !, and 766 cm ™',
1092 cm™, 1154 cm™! to the higher wavenumbers, i.e. 675 cm™},
732 cm~!, 771 ecm~1, 1110 cm~1, 1170 cm~! (TP15BaF,, Fig. 4c) and
687 cm~ !, 736 cm~ !, 770 cm~!, 1102 cm™!, 1164 cm™! (TP30BaF;
glass, Fig. 4d). This fact can be explained by the replacement of
fluoride with oxide ions leading to an increase in the strength of the
bond (P—F, Te—F) compared to P—O and Te—O bonds [48].

According to the literature on the MIR spectra of P,(O,F)s glasses,
the band at around 870-880 cm™! can be attributed to the asym-
metric stretching vibrations of P? units in the P,(O,F)s5 glass [67].
The band at ~920 cm™! is ascribed to the stretching vibrations of
P—O—P linked with metaphosphate chain and P—F groups in P?
units [72,73]. The bands at around 970 cm~! and 1030 cm™! are due
to the asymmetric stretching vibration of P—(O,F)” bonds in P units
[67] and the symmetric stretching vibrations of P(O,F)3 groups in P!
units, respectively [72]. The bands above 1050 cm™', i.e. at around
1100 cm~! and 1150-1170 cm™! are coressponded to the asym-
metric stretching vibrations of P(O,F)*"3 groups in P! units [48,74]
and asymmetric stretching vibrations of non-bridging oxygen/
fluoride in P? units [75], respectively.

The increase in fluorine ion content in all glasses due to the
introduction of BaF, led to an increase in the integral intensity of
the band at around 670-690 cm™!, associated with symmetric
stretching vibrations of the F—P—F bond from 72 (TP5BaF,) up to 87
(TP15BaF,) and to 98 (TP30BaF;) - Figs. 4b—d, Table 1). It suggested,
that fluoride ions substituted oxygen ions into the glass network.

Additionally, with increasing BaF, content, the integral in-
tensities of the following bands have been increased (Figs. 4b—d,
Table 1): at 543 cm™! from 7 (TP5BaF;) to 14 (TP15BaF,) and to 19
(TP30BaF;) - band related to the asymmetric bending vibration of
0—P—0 bonds in P? units, at 978 cm~! from 43 (TP5BaF>) to 51
(TP15BaF;) and to 71 (TP30BaF;) - band assigned to the asymmetric
stretching vibration of P—(O,F)” bonds in P° units, and at 1090-
1100 cm~! from 119 (TP5BaF) to 138 (TP15BaF,) and to 162
(TP30BaF;) - band corresponding to the asymmetric stretching
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Fig. 2. Diffraction pattern a) and SEM-EDS photos b) of the TPOBaF, sample.

vibrations of P(O,F)>’3 groups in P! units. The changes in the inte-
gral intensities of bands have resulted in the depolymerization of
the glass phosphate subnetwork [76].

With the increase in the content of BaF; the decrease in the
integral intensity of the band in the 760-770 cm™' range, i.e. from
61 (TP5BaF,, Fig. 2, Table 1) to 27 (TP15BaF;) and to 18 TP30BaF;
glasses, Figs. 4b—d, Table 1) has been noted. The mentioned band is
related to the vibration of the continuous network composed of
Te(O,F)4 and Te—O/F stretching vibration of Te(O,F)3 ;1 polyhedra.

The decrease in intensity of this band is due to the reduced con-
centration of the TeO, oxide into the chemical composition of the
glasses at the expense of introducing BaF,.

Based on the deconvoluted MIR spectra (Figs. 4b—d) and spec-
tral fitting parameters (Table 1), it can be concluded that the
addition of BaF, resulted in an increase in the amount of the P! and
PO units at the expense of the amount of the P? units, according to
the following equation: 2 P> P! + P%. With the addition of the
BaF, the integral intensities of the bands related to the vibrations of
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Fig. 3. Vitreous state in the TeO,—P,05—BaF,—ZnF,—Na,0—ErF; system in the function
of the BaF,content.

P? units decreased, i.e. bands at ~920 cm~! from 105 (TP5BaF;) to
82 (TP15BaF;) and to 56 (TP30BaF,) and band in the 1150-
1170 cm™! range from 91 (TP5BaF,) to 59 (TP15BaF;) and to 50
(TP30BaF; glass) - Figs. 4b—d and Table 1.

As can be seen in Figs. 4b—d and Table 1, the integral intensity of
the band at around 970 cm™! related to the asymmetric stretching
vibration of P—0" bonds in P® units and band at around 1100 cm™!

a) — TP5BaF,
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corresponding to the asymmetric stretching vibrations of P(O,F)?"3
groups in P! units increased with the raising content of BaF, from
43 (TP5BaF;) to 51 (TP15BaF,) and to 71 (TP30BaF>), and from 119
(TP5BaF,) to 138 (TP15BaF,) and to 162 (TP30BaF,), respectively.

Summarizing, the analysis of all MIR spectra of the glasses with
varying BaF, content suggests that, the bridging bonds of the
P—(O,F)—P, Te have been broken and the non-bridging bonds were
formed as the number of barium ions increased in the chemical
composition of the glasses. The phosphate chains have became
shorter in the network of oxyfluoride phosphate-tellurite glasses
[70-72].

Many authors suggested that OH absorption is a very serious
problem in the development of the ultra-low loss oxyfluoride and
fluoride fibers, as the OH stretching vibration occurs at around
3 um, closely from the minimum intrinsic absorption wavelength
near 2.6 pm. For this reason, great efforts have been made toward
the preparation of high-quality glasses with minimum OH content
[49,53].

To clarify the influence of BaF, concentration on the content of
OH™ in the glasses, the MIR spectra of glasses in the 3600-
3000 cm~! range were presented in Fig. 5. It is well-known that
band at around 3400 cm™! corresponds to the free OH groups in
glasses. It can be seen from Fig. 5 that the difference in the
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Fig. 4. MIR spectra in the 1300-520 cm ™! range of glasses with varying BaF, content a) and deconvoluted MIR spectra of TP5BaF ; b), TP15BaF; c) and TP30BaF, d) glasses.
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Table 1
MIR spectroscopy spectral fitting parameters spectra of TP5BaF,, TP15BaF,, and
TP30BaF, glasses.

TP5BaF; glass

Peak [cm™!] (+4.0) Integral intensity (+0.5) FWHM [cm™'] (+4.0)

543 7 26
570 22 47
616 101 71
670 72 66
718 51 62
766 61 68
803 16 44
881 28 47
925 105 74
978 43 54
1031 149 91
1092 119 90
1154 91 83

TP15BaF, glass

Peak [cm~ '] ( + 4.0) Integral intensity ( + 0.5) FWHM [cm~'] ( + 4.0)

543 14 27
566 18 40
609 83 71
675 87 84
732 52 69
771 27 50
798 19 42
874 22 49
918 82 72
975 51 55
1033 176 93
1110 138 90
1170 59 82

TP30BaF, glass
Peak [cm~'] ( =+ 4.0)

547 19 26
568 19 35
609 80 70
687 98 84
736 33 54
770 18 38
792 15 31
875 18 40
916 56 61
973 71 55
1030 138 82
1102 162 98
1164 50 100

absorption spectra of glasses can be related to the OH free groups,
i.e. increase in BaF, content in the chemical composition of
analyzed glasses was efficient in removing OH free groups. The
addition of the BaF, led to a decrease in the intensity of the band at
around 3430 cm~ . The reduction of the OH free groups in glasses
with the addition of BaF, can be related to the following reaction
[49,53]:

2[Te—OH] + BaF, Te—O—Te + BaO + 2HF; (1).

Subsequently, HF was removed from the system and OH groups
in the glasses were reduced with the addition of BaF,.

In Fig. 6a, normalized Raman spectra of oxyfluoride phospho-
tellurite glasses with various concentrations of the BaF, have
been shown. As can be seen in Fig. 6a, all Raman spectra were
dominated by six bands at around 460 cm~’, 560 cm ™, 660 cm ™,
790 cm~!, 890 cm~! and 970 cm~L. Above 20 mol % of BaFs, an
additional band appeared at around 350 cm ™.

In order to assign all the component bands in Raman spectra to

Table 2
Band assignment.
Band position  Assignment
[em™]
543/543/547 deformation vibration of asymmetric and symmetric bending
570/566/568 O, F—P—O0, F bonds in P? units [48,67]
616/609/609 stretching vibrations of Te—O, F bonds in Te(O, F), (tbp) units
[48,68]
670/675/687 stretching vibrations of Te—0, F bonds in Te(O, F), (tbp) units
[48,69]
symmetric stretching vibration of the P—F bonds [70]
718/732/736 stretching vibrations of Te(O, F); (tp) units or Te(O, F)3.4
polyhedra [69]
766/771/770  the vibration of the continuous network composed of Te(O, F)4
and Te—O, F stretching vibration of Te(O, F);. 1 polyhedra or
symmetric P—O,
F—P bonds in P! units [48]
803/798/792  asymmetric stretching vibrations of Te(O, F); (tp) units or Te(O,
F)311
polyhedral [48,71]
881/874/875  asymmetric stretching vibrations of P? units [67]
925/918/916 asymmetric stretching vibrations of P—O, F—P linked with
metaphosphate chain and P—F groups in P? units [72,73]
978/975/973  asymmetric stretching vibrations of P—(0, F)” bonds in P° units
[67]
1031/1033/ symmetric stretching vibrations of P(O, F)?"3 groups in P! units
1030 [72]
1092/1110/ asymmetric stretching vibrations of P(O, F)?"5 groups in P!
1102 units [48,74]
1154/1170/ asymmetric stretching vibrations of non-bridging oxygen/
1164 fluoride in P? units [75]

appropriate vibrations, selected Raman spectra of the glasses have
been deconvoluted. In Figs. 6b—d, the deconvoluted Raman spectra
of TP5BaF; (Fig. 6b), TP15BaF; (Fig. 6¢) and P30BaF; (Fig. 6d) glasses
have been presented. Parameters of the component bands on
Raman spectra of the of TP5BaF,, TP15BaF,, and TP30BaF; glasses
and component bands assignments were shown in Tables 3 and 4,
respectively.

According to the literature [70,77], the band at around 350 cm ™!
on the Raman spectra of the TP25BaF;, and TP30BaF; glasses can be
assigned to the bending vibration of P—F bonds. The bands at 460-
440 cm! and 660-650 cm~! on the spectra of all glasses are
associated with bending vibration of Te—(O,F)—Te or O,F—Te—O,F
bonds of [Te(O,F)4] trigonal bipyramidal units [78] and stretching
variation of Te—O, F bonds in [Te(O,F)4] units, respectively [79]. The
integral intensities of bands at 460-440 cm~! and 660-650 cm™! on
the deconvoluted Raman spectra of glasses decreased with
increasing BaF, content from 177 (TP5BaF;) to 111 (TP30BaF;) for
band at 460-440 cm™~, and from 204 (TP5BaF>) to 66 (TP30BaF,) for
band at 660—650 (Table 3). It was due to reduction of the content of
tellurite oxide at the expense of BaF, and/or transformation of the
[Te(O,F)4] units into [Te(O,F)3] and [Te(O,F)3, 1] units. The presence
of the [Te(O,F)3] and [Te(O,F)3,1] units in the network of glasses
confirmed the presence of the bands at around 590-560 cm™! [80]
and 790-770 cm™~! [81]. The integral intensities of these bands have
been changed with the addition of BaF, content, i.e. increased in
BaF, amount caused accrual in the integral intensities of the bands
at 590-560 cm~! from 39 (TP5BaF,) to 153 (TP30BaF,) and 790-
770 cm~' from 83 (TP5BaF,) to 144 (TP15BaF,) and to 162
(TP30BaF,) - Figs. 6b—d, Table 3. The increase in the integral in-
tensities of the Raman bands with the addition of BaF, has been
also noted for bands at 890-870 cm~' from 54 (TP5BaF,) to 137
(TP30BaF,) and 980-940 cm™! from 27 (TP5BaF,) to 49 (TP15BaF,)
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Fig. 5. MIR spectra in the 3600-3000 cm ™' range of glasses with varying BaF, content.
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and to 87 (TP30BaF,) - Figs. 6b—d, Table 3, corresponding to the
symmetric stretching vibration of the P—F bonds [82] and sym-
metric stretching vibration of P(O,F)4 in P° units, respectively [83].

In the deconvoluted Raman spectra of the TP5BaF,, TP15BaF,,
and TP30BaF, glasses (Figs. 6b—d) band at around 740/722/
714 cm~! is related to the Te(O,F)4 tbp units [84], band at 1043/
1035/1026 cm™! can be attributed to the stretching vibrations of
bridging P—O—P bonds in P! units [85], however band at around
1099/1112/1120 cm™ ' is associated with stretching vibrations of
non-bridging bonds P(O,F); of P? units [77], 88], (Figs. 6b—d,
Tables 3 and 4).

As can be seen in Figs. 6b—d and in Table 3, the integral in-
tensities of the bands corresponding to the symmetric stretching
vibration of P(O,F); in P° units (band at 981/961/944 cm™!) and
stretching vibrations of bridging P—O, F—P bonds in P! units (at
1043/1035/1026 cm '), increased with addition of the BaF, from 27
(TP5BaF;) to 49 (TP15BaF;) and to 87 (TP30BaF;), as well as from 10
(TP5BaF,) to 16 (TP15BaF,) and 24 (TP30BaF;), respectively. How-
ever, the integral intensity of the band at 1097/1112/1120 cm™!
related to the stretching vibrations of non-bridging bonds P(O,F)4 of
P? units decreased from 4 (TP5BaF;) to 3 (TP15BaF,) and 1
(TP30BaF;). Thus an increase in the content of barium ions in the
network of all glasses caused an increase in the number of P! and P°

b) TP5BaF, glass

Normalized intensity [a.u.]

1200 800 600

Raman shift [cm™]

d) TP30BaF, glass

Normalized intensity [a.u.]

1200 800 600

Raman shift [cm™]

Fig. 6. Raman spectra in the 1200-300 cm™"' range of glasses with varying BaF, content a) and deconvoluted Raman spectra of TP5BaF, b), TP15BaF, c) and TP30BaF, d) glasses.



8

Table 3

Raman spectroscopy spectral fitting parameters spectra of TP5BaF,, TP15BaF,, and

TP30BaF, glasses.
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TP5BaF; glass
Peak [cm™!] (+2.0)

Integral intensity (+0.5)

FWHM [cm™'] (+2.0)

467 177 121
598 39 72
665 204 105
740 81 74
790 83 72
893 54 135
981 27 77
1043 10 65
1097 4 80

TP15BaF, glass
Peak [cm~'] ( + 2.0)

Integral intensity ( + 0.5)

FWHM [cm '] ( + 2.0)

466 77 101
588 28 76
661 132 115
722 37 64
777 144 78
879 30 84
961 49 79
1035 16 86
1112 3 73

TP30BaF; glass
Peak [cm~] ( + 2.0)

Integral intensity ( + 0.5)

FWHM [cm '] ( + 2.0)

345 31 86
442 111 103
562 153 138
649 66 101
714 69 88
785 162 91
870 137 92
944 87 96
1026 24 102
1120 1 63

units at the expense of P? units. Simultaneously, the tellurium
subnetwork of the glasses was also depolymerized. It has been
confirmed by an increase in the integral intensities of the bands at
around 590-560 cm™~! (band due to Te—O, F—Te stretching vibration
in [Te(O,F);] trigonal pyramids and [Te(O,F)3,1] units) from 39
(TP5BaF,) to 153 (TP30BaF,), and 790 cm~! (band related to
Te—(O,F)” stretching vibration in [Te(O,F)s] trigonal pyramids or
symmetric stretching vibration in [Te(O,F)3;1] units) from 83
(TP5BaF,) to 144 (TP15BaF,) and to 162 (TP30BaF,). Additionally,
the decrease in the integral intensities of the bands: at around 460-
440 cm~! (band associated with bending vibration of Te—(O,F)—Te
or O,F—Te—O,F bands of [Te(O,F)4] trigonal bipyramidal units from
177 (TP5BaF,) to 111 (TP30BaF,) and band at 660-640 cm™! (band
related to stretching variation of Te—O,F in [Te(O, F)4] units) from
204 (TP5BaF;) to 132 (TP15BaF;) and to 66 (TP30BaF,) has been
observed— Table 3. Depolymerization of the phosphate-tellurite
network of the glasses due to an increase in BaF, content resulted
in shifting the position of the component bands in the Raman
spectra of glasses towards lower wavenumbers — Figs. 6b—d.

Raman spectroscopy study of the glasses is consistent with the
MIR results. However, based on the Raman spectra of glasses, it has
been additionally demonstrated that due to an increase in the
amount of BaF, into the chemical composition of glasses, not only
phosphate network but also the tellurite network of glasses has
been depolymerized.

In Fig. 7a, the 3P MAS NMR spectra of all glasses were pre-
sented. Each spectrum was characterized by a resonance signal
(peak) in the +30 to —30 ppm range. With the BaF, addition, the
position of the peak on spectra of the glasses has been shifted

Table 4
Band assignment.

Band position ~ Assignment

[em™]

—[—[345 Bending vibration of 0—P—O bonds [77]

467/465/442 bending vibration of Te—(O, F)—Te or O, F—Te—O0, F bands of
[Te(O, F)a]
trigonal bipyramidal units [78]

598/588/562 Te—0, F—Te stretching vibration in [Te(O, F);] trigonal
pyramids and [Te(O, F)s3,1] units [80]

665/661/649 stretching variation of Te—O, F bonds in [Te(O, F)4] units [79]

740/722|714 Bands assigned to the Te(O, F)4 tbp units [83]

790/777/785 Te—(O, F) stretching vibration in [Te(O, F)s] trigonal pyramids
or symmetric stretching vibration in [Te(O, F)3 1] units [81]

893/879/870 symmetric stretching vibration of the P—F bonds [82]

981/961/944  symmetric stretching vibration of P(O, F), in P° units [83]

1043/1035/ stretching vibrations of bridging P—0, F—P bonds in P! units

1026 [85]
1097/1112/ stretching vibrations of non-bridging bonds P(O, F)4 of P? units
1120 [77.85]

towards higher resonance frequencies, i.e. from —4 ppm on the
spectrum of TeP5BaF, glass to O ppm on the spectrum of the
TeP30BaF, glass (Fig. 7a). On the basis of the detailed analysis of the
deconvoluted peak parameters of the 3'P MAS NMR spectra of
glasses, it is possible to obtain the fractional areas of all the P e
units, where n corresponds with coordination number of the
phosphorus atoms and m is associated with bridging ions of the
P—(O, F)—Te in the glass network, respectively [86,87]. This infor-
mation was presented in Figs. 7b-d and Table 5 for TP5BaF-,
TP15BaF;, and TP30BaF; glasses.

Based on deconvoluted 3'P MAS NMR spectra of the glasses,
P%51e, P1e, P20Tes Pl]Te' and P° units were detected (Table 5) [86,87].
Additionally, it was found that the amount of the P?;1e, P?g1e species
decreased in the network of glasses with an increase in the amount
of BaF,. Reduction in the number of P? units caused an increase in
the number of Plj1e, PO species (Figs. 7b-d and Table 5). Composi-
tional variation of relative fractions of various phosphate species
derived from 3'P MAS NMR has been presented in Fig. 8. The
changes in the 3'P MAS NMR spectra are related to the depoly-
merization of the glasses network.

Based on analysis of 3'P MAS NMR spectra of the glasses have
been found that barium ions depolymerized primarily P?i1e, P2ore
units in the network of the oxyfluoride phosphate-tellurite glasses.

4. Conclusions

The structure of the oxyfluoride phoshate-tellurite glasses in the
system of the (69.5—x)Te0,—10P,05—xBaF,—20(ZnF,—Nay0)—
0.5ErF3 x = 5, 10, 15, 20, 25, 30 mol % were investigated. From the
XRD study, the amorphous nature of glass samples was confirmed.
Based on the results from the deconvoluted MIR and Raman spectra
of the glasses was found that networks of all glasses are created by
Te(O,F)4, Te(O,F)s, Te(O,F)3,1, P2, P! and P° units. The increase in the
BaF, content resulted in the conversion of Te(O,F)4 into Te(O,F)s,
Te(O,F)3,1 units, as well as P? into P! and P° units. Additionally,
PzzTe, P21Te, Pnge, PHT& units were detected (3113 MAS NMR study) in
the network of glasses. From 3!P MAS NMR spectra of the glasses
has been found that barium ions depolymerized primarily P*re,
P%gre units in the phosphate subnetwork of glasses. The changes in
the MIR, Raman and 3'P MAS NMR spectra were related to the
depolymerization of the glasses network with the increase in the
BaF, content. The addition of the BaF; led to a decrease in the OH
free group.
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Fig. 7. 3'P MAS NMR spectra of glasses with varying BaF, content a) and deconvoluted 3'P MAS NMR spectra of TP5BaF ; b), TP15BaF, c) and TP30BaF, d) glasses.

Table 5
Deconvolution of the>'P MAS NMR spectra of the TP5BaF2, TP15BaF,, and TP30BaF,
glasses.
Glass Phosphorus  Position [ppm] Relative fraction [%] FWHM [ppm]
species (+0.5) (+1.0) (+0.5)
TP5BaF, P?yre -20 2 6 =3
P11 ~13 13 10 =
P%gre —4 64 13 g
Plite 4 20 13 =
PO 17 1 8 8
TP15BaF, P?1. -18 2 8 b
Pire —12 8 8 2
P2ore 4 52 11 =
Plire 3 32 10 &
P 11 7 9
TP30BaF, P%yre -17 2 5
P%ire 11 6 7
P2ore -4 34 10
Plite 2 42 10
P° 9 16 11

mol % Ban

Fig. 8. Compositional variation of relative fractions of various phosphate species
derived from 3'P MAS NMR spectra of glasses.
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