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In this study, ternary glass samples with the composition CaF,—P,05:M00; were prepared
by the conventional melt-quenching method, and their physical properties were
investigated. The structural characteristics were examined using X-ray diffraction, which
confirmed the amorphous nature of the prepared samples. The densities were determined
experimentally using Archimedes’ principle. The obtained density and molar volume
values were further employed to calculate various physical parameters such as dopant
ion concentration, interionic distances, polaron radius, and field strength. Molar and
electronic polarizabilities, oxygen packing density, optical band gap, and the metallization
criterion were evaluated from the measured refractive indices using the Dimitrov-Komatsu
polarizability approach. The results indicate that the incorporation of molybdenum oxide
increases chemical durability and density while reducing molar volume. The prepared
glasses exhibit metallization parameter values below unity, suggesting reduced insulating
behavior.
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Introduction

Studying the physical properties of glasses makes
it possible to understand, control, and optimize their
characteristics for various industrial and scientific
applications [1]. Investigating the physical properties
of glasses with suitable compositions is essential for
meeting specific requirements and tailoring their
performance. However, unlike crystalline solids,
structural characterization of amorphous solids such as
glasses is challenging due to their short-range periodicity.
The structural parameters of glasses, such as molar
volume and metallization factor, provide valuable insights
into their behavior and functionality [2].
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Compared to borate and silicate glasses, phosphate
glasses offer several advantages due to their low melting
temperatures, good biocompatibility, thermal expansion
coefficients, and UV transparency, despite being water-
sensitive, having lower mechanical strength, limited
availability, and high cost [3]. Extensive research in
recent years has focused on improving the chemical
durability and physical properties of phosphate glasses
by adding various glass formers and modifiers to the
P,O; glass network [4].

One of these oxide semiconductors, MoO,, shows
great potential for use in memory devices, gas sensors,
micro-batteries, passive alphanumeric displays, and
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optical smart windows [5]. In the glass network, the
molybdenum ion exists in at least two stable valence
states: Mo(V) and Mo(VI). Depending on the type
and composition of the glass, the addition of
molybdenum ions alters its electrical and optical
properties. Considerable research has been carried out
to enhance the chemical and structural properties of
phosphate glasses by incorporating various glass formers
and modifiers, such as MoOQ,, into the P,Os glass
network [6].

In recent years, molybdenum phosphate glasses
have been extensively studied due to their structural
features, which have been shown to be particularly
advantageous. The addition of CaF, to these glass
matrices is expected to significantly reduce the melting
temperature and viscosity. It also acts as an efficient
mineralizer, enhancing the thermal stability of the
glasses. Glasses containing fluoride exhibit several
characteristics, including a tendency toward
devitrification, chemical reactivity of fluoride melts,
and sensitivity to water. In this regard,
oxyfluorophosphate glasses appear highly intriguing
and promising [7].

The objectives of the present study are to prepare
CaF,—P,0,—Mo00O;, ternary glasses with varying
concentrations of MoO; and to investigate how the
MoO, content affects physical properties, including
density, molar volume, and refractive index.
Furthermore, the polarizability and metallization
criterion were determined using the Dimitrov-Komatsu
polarizability approach [8].

Materials and methods

Glass preparation

The glass samples in the present study
were prepared using analytical grade (AR) reagents

through melting and quenching techniques. The
samples were synthesized according to the formula
30 CaF,—(70—x)P,0;—xMo00O;, where x=0, 0.5, 1.0,
1.5, and 2.0 mol.%, and were labeled as A,, A,, A,,
A;, and A,, respectively. Table 1 presents the detailed
chemical composition of the samples along with their
corresponding codes.

Appropriate amounts of CaF,, P,Os, and MoO;
were weighed and ground in an agate mortar. The
mixture was melted in a platinum crucible using a
proportional-integral-derivative temperature-controlled
furnace. The glasses were melted at 900—950°C until
a homogeneous, bubble-free liquid was obtained. The
resulting melt was then poured onto a rectangular
brass mold maintained at room temperature, and the
samples were subsequently annealed at 250°C.
Figure 1 shows a schematic of the glass sample
preparation process.

X-ray diffraction characterization

X-ray diffraction (XRD) analysis was
performed on the obtained glass samples using a
SEIFERT SO-DEBYE FLUX 202 diffractometer,
equipped with a nickel filter and a copper target
operating at 40 kV and 30 mA.

Table 1
Detailed composition (in mol.%) of the glass samples and
their codes

Sample code CaF, | P,Os | MoO;
Ao 30 70 0
A 30 69.5 0.5
A, 30 69 1.0
Aj 30 68.5 1.5
Ay 30 68 2.0

Composition based weighted
chemicals (AR grade)

l

Samples were grounded and
optically polished

|

Grinding of chemicals to
obtain homogeneous mixture
with agate mortar

Quenched glasses are annealed
at 250°C for 3 Hr and then
cooled to room temperature

l

Melting the chemical mixture
in crucible in temperature
range 900-950°C for a 1 Hr

=

|

Melt poured on brass mould to
obtain glass in rectangle
shapes

Fig. 1. Schematic representation of the glass preparation process
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Physical and structural parameters

The densities of all the glass samples were
determined using Archimedes’ principle, with measured
weights in air and in o-xylene as the buoyant liquid,
on an Essae Laboratory electronic digital balance.

glasses were calculated using standard relations and
presented in Table 2. The refractive indices of the
glass samples were measured using an Abbe
refractometer with a light source of wavelength

589.3 nm.

Various physical parameters of the CaF,—P,0;:MoO;

Standard relations used to determine physical parameters and detailed explanations of the terms

Parameter Standard relation used Explanation of terms

W, is the weight of the
sample in air; Wy, is the

W. weight of th le i
. 3 — a gnto € Sample mn
Density, p (g/m’) P W, - W, Py buoyant liquid; py, is the
density of the buoyant

liquid
Molar volume, Vy; V. = M M is the total molecular
(cm’/mol) M p weight; p is the density
Ny is Avogadro's number;
M is the dopant
Dopant ion concentration, N N = N, Mp concentration; p is the
(ions/cm’) M density of the sample; M is

the average molecular
weight

Polaron radius, R, (A)

N is the dopant ion
concentration

Interionic distance, R; (A)

N is the dopant ion
concentration

Reflection loss, Ry,

n is the refractive index

n _ 1 . . . .
Molar refraction, R, R = ( : V,, nis ‘Fhe refractive index; Vi
N ) is the molar volume
i R . .
Mole.1r ele.:c.tronlc a =—2= R,, is the molar refraction
polarizability, o, ™25
3V (nz _ 1) n is the refractive index; Vi
Electronic polarizability, o . = - is the molar volume; N, is
P Y 47N, (n® +2 A

Avogadro's number

Oxygen packing density,
OPD

n is the number of oxygen
atom; p is the density of the
sample; M is the total
molecular weight

Energy gap, E,

R,, is the molar refraction;
V., is the molar volume

Metallization criterion, M

R, is the molar refraction;
V., is the molar volume
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Results and discussion

The XRD patterns of the investigated glasses are
shown in Fig. 2. It is well known that an amorphous
glass is indicated by a broad curve without sharp peaks.
All of the glass samples under study are amorphous,
as no sharp peaks are observed in their X-ray
diffraction spectra. Furthermore, the XRD patterns
of all examined glass samples exhibit a broad hump
at 20~25°—28°, which confirms the presence of short-
range atomic order in the glass structure.

Density is a useful parameter for examining
changes in the structural compactness of the glass.
Table 3 presents the measured values of density, molar
volume, and refractive index for the CaF,—P,05:Mo00O,
glass samples [9]. Various physical parameters, such
as electronic polarizability, dopant ion concentration,
polaron radius, molar refraction, interionic distance,
and field strength, were calculated from the measured
density, molar volume, and refractive index, and are
also presented in Table 3.

The density and molar volume of the samples
were only slightly affected by variations in the MoO,
concentration. As the MoQO; content in the glasses
increases, the density ranges from 2.627 to
2.673 g/cm?® and shows a slight increase (Fig. 3).
This unexpected result can be explained by the
replacement of the higher molecular mass P,O5 with
the lower molecular mass MoO; [10]. The
incorporation of molybdenum ions into the glass
network changes the total molecular weight of the
glass. In addition, the small ionic radius of the
molybdenum ion (0.65 A) allows it to occupy
interstitial spaces in the glass structure, thereby
generating a more compact network. The observed

decrease in molar volume is attributed to the short
bond lengths and low coordination number in the
prepared A, glass sample compared with the other
glasses, leading to a reduction of free volume within
the glass network (Fig. 3). The more open glass
network structure can be attributed to the increase in
MoO; concentration at the expense of P,O;.

The refractive index is a significant optical
property, and the refractive index values of various
glass materials can be used to evaluate their suitability
for optical applications [11]. The refractive index values
listed in Table 3 increase with increasing MoO;
concentration. In the present glass samples, the
refractive index rises in tandem with an increase in
the electronic polarizability of oxide ions (Fig. 4),
which results from an increase in the ratio of non-
bridging oxygen to bridging oxygen. In materials
research, the polarizability approach is well established
in glass science and is widely used for the assessment
of the electronic polarizability of ions [12].

Analysis of the oxygen packing density (OPD)
values of the glass samples provides insight into the
stiffness of the oxygen network in the glass. As listed
in Table 3 and shown in Fig. 4, the OPD increases
with increasing MoO; content. The increase in oxygen
packing density may lead to a reduction in molar
volume and, consequently, an increase in the mass
density of the studied glass samples. This suggests
that as more linkages form in the matrix, the glass
structure becomes more compact [13]. To evaluate
the potential for metallization and to study the
insulating behavior of the glass system, the metallization
criterion of the glass samples was calculated [14]. The
metallization parameter values, M, for the examined

E]
£
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£
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E
-
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Ay
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0 10 20 30 40 S0 60
20 (Degrees)

Fig. 2. X-ray diffraction pattern of CaF,—P,05:Mo00; glasses
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glasses are less than 1 and show an increasing trend
with MoO; content, indicating that the glasses are
less insulating in nature [15]. The M values for the
present glasses range from 0.366 to 0.369. Figure 5
shows the variation of M with different MoO,
concentrations.

Conclusions

CaF,—P,0; glasses with different concentrations
of MoO, were synthesized and characterized in terms
of their physical properties. XRD analysis shows no
sharp peaks, indicating that the prepared samples are
amorphous. As the MoQO; concentration increases,

Table 3
Physical parameters of CaF,—P,0;:Mo0O; glasses
Parameter Value
Ag A Ay Az A4
Density, p (g/m’) 2.627 2.639 2.650 2.662 2.673
Average molecular weight, M 222.14 221.44 220.74 220.04 219.34
Refractive index, ng 1.654 1.655 1.656 1.658 1.660
Molar volume (cm3/m01) 84.56 83.93 83.30 82.67 82.06
Dopant ion concentration, N-10° - 3.588 7.231 10.928 | 14.680
(ions/cm’)
Polaron radius, R, (A) — 2.632 2.804 1.816 1.646
Interionic distance, R; (A) - 6.532 5.171 4.506 4.084
Reflection loss, R; 102 6.072 6.086 6.100 6.128 6.156
Molar refraction, R, 30.99 30.80 30.60 30.45 30.29
Molar electronic polarizability, o, 12.29 12.22 12.14 12.08 12.01
Electronic polarizability, o, 1.453 1.455 1.457 1.460 1.464
Oxygen packing density, OPD 94.60 95.30 96.04 96.77 97.49
Energy gap, E, (eV) 3.095 3.093 3.091 3.087 3.083
Metallization criterion, M 0.6335 0.6330 0.6326 0.6317 0.6308

: : : . : . , . : 2.68
845 |- -
-~ Molar Vol.
L =l -Density - 2 BT
840 |- -
= = - 2.66 ﬂE
‘;E. 835 |- 4 %
E 5
) L. - 265 —
g >
S 830} 1 s
> ’ =
S : 4264 A
[=]
= 825} |
= — 263
]
820 |- o
| L | 1 | L 1 L | 262
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Conc. of MoO3 (mol %)

Fig. 3. Variation of density and molar volume with MoO; concentration
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the density also increases. The refractive index and
electronic polarizability rise due to the high
polarizability and increasing amount of non-bridging
oxygen in the glass network. Both the oxygen packing
density (OPD) and polarizability increase with MoO,
content.

The glasses exhibit metallization parameter values
below one (around 0.6), indicating insulating behavior.

However, with increasing MoO, concentration, the
insulating nature slightly decreases, possibly due to a
small fraction of bonds changing from ionic to
covalent; in other words, the glasses tend toward a
slightly less insulating behavior as the dopant
concentration increases.

The increasing refractive index-based
metallization criterion suggests a considerable potential
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Fig. 4. (a) Variation of refractive index with MoO, content; (b) variation of refractive index with electronic polarizability
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Fig. 5. Variation of the metallization criterion with MoO, content
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for metallization of the fabricated glasses. The
investigated glasses may serve as potential materials
for applications such as computing and sealing frits
due to their low glass transition temperature and low
viscosity, radiation shielding due to high density
(=3 g/cm?®) and the presence of high atomic number
metal ions like Mo, and photonic applications due to
their increasing electronic polarization and refractive
index.

Acknowledgments

The authors thank the management of
Siddhartha Academy of Higher Education (Deemed
to be University) and the higher authorities of
Dr. MRAR College of PG Studies, Nuzvid, for their
continuous encouragement and support.

Conflicts of interest

The authors declare no conflict of interest.

REFERENCES

1. Effects of AgO addition on the mechanical, optical, and
radiation attenuation properties of V,0;/P,05/B,0; glass system
/ Al-Buriahi M.S., Alomairy S., Gaikwad D.K., Hegazy H.H.,
Mutuwong C., Rammah Y.S. // Appl. Phys. A. — 2021. —
Vol.127. — Art. No. 185.

2. Shahboub A., El Damrawi G., Saleh A. A new focus on
the role of iron oxide in enhancing the structure and shielding
properties of Ag,0—P,0; glasses // Eur. Phys. J. Plus. — 2021. —
Vol.136. — Art. No. 947.

3. Ahsan M.R., Mortuza M.G. Spectroscopic analysis of
the effect of P,O; in the 3:2 cadmium oxide silica glass // Phys.
Chem. Glasses. — 2001. — Vol.42. — No. 1. — P.1-5.

4. Abid M., Shaim A., Et-Tabirou M. Glass-forming region
and electrical properties of Li,O-PbO-P,0; glasses // Mater. Res.
Bull. — 2001. — Vol.36. — P.2453-2461.

5. Electrical and optical properties of MoO;—TeO,
amorphous films prepared by PVD method / Pal M.,
Tsujigami Y., Yoshikado A., Sakata H. // Phys. State Sol. A. —
2000. — Vol.182. — P.727-736.

6. Effects of MoO; and Nd,O; on the structural features,
thermal stability and properties of iron-boron-phosphate based
glasses and composites / Wang F., Wang Y., Zhang D., Hao Y.,
Liao Q., Zhu H., et al. // J. Nucl. Mater. — 2022. — Vol.560. —
Art. No. 153500.

7. Fluoride and oxyfluoride glasses for optical applications
/ Nazabal V., Poulain M., Olivier M., Pirasteh P., Camy P.,
Doualan J.L., et al. // J. Fluor. Chem. — 2012. — Vol.134. —
P.18-23.

8. Dimitrov V., Komatsu T. Classification of oxide glasses:
a polarizability approach // J. Solid State Chem. — 2005. —
Vol.178. — P.831-846.

9. Weber M.J., Saroyan R.A., Ropp R.C. Optical properties
of Nd*" in metaphosphate glasses // J. Non-Cryst. Solids. —
1981. — Vol.4. — P.137-148.

10. Baizura N., Yahya A.K. Effects of Nb,Os Replacement
by Er,0; on elastic and structural properties of
75TeO,—(10—x)Nb,05—15Zn0O—(x)Er,0; glass // J. Non-Cryst.
Solids. — 2011. — Vol.357. — P.2810-2815.

11. Polarizability and optical basicity of Er** ions doped
tellurite based glasses / Azlan M.N., Halimah M.K.,
Shafinas S.A., Daud W.M. // Chalcogenide Lett. — 2024. —
Vol.11. — P.319-335.

12. Fajans K., Kreidl N.J. Stability of lead glasses and
polarization of ions // J. Am. Ceram. Soc. — 1948. — Vol.31. —
P.105-114.

13. Impact of modifier oxides on mechanical and radiation
shielding properties of B,0;-SrO-TeO,-RO glasses (where
RO = TiO,, ZnO, BaO, and PbO) / Sayyed M.I.,
Hamad M.K., Abu Mhareb M.H., Naseer K.A., Mahmoud K.A.,
Khandaker M.U., et al. // Appl. Sci. — 2021. — Vol.11. —
Art. No. 10904.

14. Optical basicity and electronic polarizability of zinc
borotellurite glass doped La*" ions / Halimah M.K.,
Faznny M.F., Azlan M.N., Sidek H.A.A. // Results Phys. —
2017. — Vol.7. — P.581-589.

15. Dimitrov V., Komatsu T. An interpretation of optical
properties of oxides and oxide glasses in terms of the electronic
ion polarizability and average single bond strength (review) //
J. Univ. Chem. Technol. Metall. — 2010. — Vol.45. — No. 3. —
P.219-250.

Received 24.12.2024

®I3NYHI BJACTUBOCTI CKIIHOI CUCTEMU
CaF,—P,0.:MoO,
II. Hapew, H. Hapacimxa Pao, I. Cpidisi

YV oMy mociimkeHHi Oyau omepxKaHi 3pa3kKul OTPIHOTO
ckna ckinany CaF,—P,0,;Mo00; meTonom TpaauiiiiHOTro
LIBUIKOTO TapTyBaHHS 3 PO3ILIaBy, i BUBYCHO iX (hi3WuHi
BJIacTUBOCTI. CTPYKTYpHiI XapaKTepUCTUKM OOCIIIKYBaIU 3a
IIOTIOMOTOI0 PEHTreHiBChbKOI mudpakilii, sika HiaTBepauIa
aMopdHy NpuUpoay oAepXaHMX 3paskiB. ['YCTMHM BHM3HavaIu
eKCIepUMEHTaJIbHO, BUKOPUCTOBYIOUM MPUHLUN ApxiMena.
OTpuMaHi 3HAYEHHSI TYCTUHU Ta MOJISIPHOTO 00’€My OyJiIM BU-
KOPHUCTaHi sl pO3paxyHKy pi3HUX (hi3MYHMX MapamMeTpiB, Ta-
KUX SIK KOHLIEHTpallis i0OHiB-IOIAaHTIB, MiXKiOHHI BigcTaHi, pa-
JiyC TOJISIPOHY Ta cujia moJist. MoJisipHa il eJIeKTpOHHA TOJIsI-
PU30BAHOCTI, ILIbHICTD YIAKOBKM KUCHIO, ONTUYHA IMPUHA
3a00pPOHEHOI 30HM Ta KpUTEpiii MeTtajidauii Oyau oLiiHEeHi Ha
OCHOBI BUMIipPSTHUX MMOKA3HUKIB 3aJIOMJICHHSI i3 3aCTOCYBaHHSIM
migxony JdumutpoBa-Komally 1100 mojsspu3oBaHocCTi. Pe3yib-
TaTU CBigYaTh, 1O BBEACHHSI OKCHUAY MOJIOAEHY ITiIBUIIYE
XiMIUHY CTiMKiCTh i TYCTUHY, BOIHOYAC 3MEHIIYIOUU MO-
JISIpHUI 06’€M. BUTOTOBJICHI CKJIa XapaKTepHU3yIOThCSI 3HAYCH-
HSIMU TTapaMeTpa MeTajlizalil MeHIIMMU 32 OIMHUIIIO, 1110 BKa-
3y€ Ha 3HWKEHHS i30JTI0I040i MOBENiHKMU.

Kawouwosi caosa: ckino P,05; ¢i3uuHi BIacTUBOCTI;
I'yCTUHA; TMOKA3HUK 3aJIOMJICHHST; MOTPiiiHE CKJIO.
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In this study, ternary glass samples with the composition
CaF,—P,05:M00; were prepared by the conventional melt-
quenching method, and their physical properties were investigated.
The structural characteristics were examined using X-ray
diffraction, which confirmed the amorphous nature of the prepared
samples. The densities were determined experimentally using
Archimedes’ principle. The obtained density and molar volume
values were further employed to calculate various physical
parameters such as dopant ion concentration, interionic distances,
polaron radius, and field strength. Molar and electronic
polarizabilities, oxygen packing density, optical band gap, and
the metallization criterion were evaluated from the measured
refractive indices using the Dimitrov-Komatsu polarizability
approach. The results indicate that the incorporation of
molybdenum oxide increases chemical durability and density while
reducing molar volume. The prepared glasses exhibit metallization
parameter values below unity, suggesting reduced insulating
behavior.

Keywords: P,O; glass; physical properties; density; refractive
index; ternary glass.
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