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Bismuth borate glasses with composition (100-x)B,O; — x (Bi;Os)
(where x isin mol.% ranging from 25 -50 in steps of 5) have been prepared
by using melt quenching technique. Positron annihilation lifetime (PAL),
Fourier transform infra-red (FT-IR) and X-ray diffraction (XRD)
measurements have been performed to study the amorphous and defect
structure as well as the vibrating band structure. PAL results have revealed
weak formation of ortho-positronium (o-Ps) at amorphous sites. At low
concentration, the pore size at these sites increases from 2.5 nm to 3.5 nm
with increase of Bi,Os; content, then show weak decrease to 3nm at higher
concentration showing also a reduction in the relative pore fraction from
9.8% to 1% in agreement with XRD spectra, which indicate the presence of
some peaks associated with Bi,Os; phase. On the other hand, the variation of
the annihilation parameters at defects, suggest strong trapping of the free
positron at non-bridging oxygen (NBO) bonds, which have been determined
by FT-IR. In addition, IR spectra revealed the presence of some bonds that
are assigned to vibrations of Bi-O bonds from [ BiOg] pyramidal and [ BiOg]
octahedral units and B-O bonds from [BO;] and [BO,4] units.

1. Introduction

Glasses based on bismuth oxide Bi,O; have wide applications in the
fiddld of opto-electronic devices, thermal and mechanical sensors as well as
reflecting windows [1, 2].

The IR physical properties are characterized by high refractive index,
excelent infrared transmissions, high non linear optical susceptibility, as well
as high polarizability [3, 4]. In these glasses the bismuth ions may appear as
BiO; pyramidal or BiOs octahedral units[4, 5].
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Bi»O; cannot be considered as network former due the small fidd
strength of Bi* ion [6]. However in combination with B,Os, glass formation
is possible in a reatively large compositional range [7]. B,O; is one of the
most common glasses former. According to Krogh-Moe [5], the structure of
vitreous B,O; consists of a random network of boroxyl rings and BOs;
triangles connected by B-O-B linkages. Moreover, the addition of modifier
such as heavy metal oxide in borate glasses could produce the conversion of
the triangular BO; structural units to BO, tetrahedral with a coordination
number four [8].

Among these borates, it has been shown, that the monoclinic bismuth
borate Bi,B;Os has remarkably large linear and nonlinear optical coefficients
[9]. Calculations indicate that this can be mainly due to the contribution of the
[BiO4]” anionic group [10]. Enhancement in the linear and nonlinear optical
properties in oxide glasses is due to the generation of non bridging oxygen
(NBO) bonds, which are known to have a high dectron density than the
bridging oxygen[11,12]. In addition, they lead to loosening of the structure
and increase of disorder short range. Their relative abundance is important in
determining [13] the optical thermodynamic and dynamic properties of
glasses.

In the present work, positron annihilation lifetime (PAL), X-ray
diffraction (XRD), and Fourier Transform Infrared-Red (FT-IR) are
performed to determine the effect of increasing bismuth oxide content in the
glass system Bi,Os-B,0; on the amorphous and vibrational structures as well
as the rdative abundance of NBO bonds.

2. Experimental
2.1. Glass preparation

Bismuth borate glasses of compositions (B;Os)uoox (Biz2O3)x (X in
mol% and ranging from 25 to 50 in steps of 5 mol %) have been prepared by
met quenching method. The stoichiometric powders of H3BOs;, and Bi,Os
with 99.99% high purity (AR purity) are thoroughly mixed and loaded into
porcelain crucibles. The mets are thoroughly homogenized at the temperature
range of 700-1000°C for 2 hours. The mdt is then stirred occasionally for
proper mixing. After the disappearance of the bubbles, the melt is poured and
loaded into two stainless sted plates maintained at 200°C. The glasses thus
obtained are found to be transparent and yellowish in color. In order to
recognize the composition easily, the glass samples are named orderly as
BB1, BB2, BB3, BB4, BB5, BB6 for x=25, 30, 35, 40, 45, and 50 mol.% of
Bi, O3 respectively. The samples with higher Bi,O; content is not considered
due to the occurrence of spontaneous crystallization.
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2.2. M easurements
2.2.1. The FT-IR Spectroscopy

The infrared (IR) spectra of the glasses were recorded at room
temperature in the range 400-4000 cm* using FTIR spectrometer. The
samples are crushed in an agate mortar in order to obtain particles of
micrometer size. This procedure is applied every time to fragments of bulk
glass to avoid structural modifications due to ambient moisture.

2.2.2. The X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD) spectrafor all the glass samplesin the
present investigation are recorded at room temperature using a PW 1830
diffractometer with Cu Ko radiation (40 KV x 25 mA) and a graphite
monocromator with 26 (6 being Bragg angle) from 10° to 90°.

2.2.3. Positron Annihilation lifetime spectroscopy

PAL measurements have been performed using a conventional fast-fast
coincidence system. About 20 pCi of ?Na positron source is used. The time
resolution of the system (Full-Width at Half-Maximum, FWHM) was 240 ps
for ®Co with a time calibration 25 ps/ch. In PAL spectrum about 1.5 million
counts were accumulated. The numerical analysis of PAL spectra were
performed by PATFIT [14] and LT 9.0 [15] using three Gaussian resolution
functions and resolved into three lifetime components without source
correction, the variance of fit was less than 1.2.

In amorphous materials a fraction of the positrons will capture an
eectron and form a bound state, which is called postronium (Ps) and can be
in two spin states [para-postronium (p-Ps) and ortho-postronium (o-Ps)].

Also, the lifetime spectra were analyzed into three components using
the PATFIT program. The component characterized by lifetime t; and
intensity |, represents positron annihilating in monovacancies and dislocation
loops. The components with t , and |, characterize positrons trapped and
annihilating in three-dimensional vacancies. The component characterized by
lifetime 13 and intensity |5 directly corrdates with the size of pores in the
amorphous regions by using the Tao- Eldrup semi-empirical [16, 17]. The
cavity hosting Ps is assumed to be a spherical void with effective radius R.
The relationship between t; and radius R is given as follows:

é DR 1. R o0
b= O R e P R
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where the units of R and 1z are Aand ns, respectively and AR =1.656 A for
amorphous materials and is derived from fitting the observed o-Ps lifetimes in
molecular solids with known hole sizes [18]. Furthermore, the pore fraction F
is evaluated in terms of the o-Ps intensity I3 (which is proportional to the
probability of formation of o-Ps and the volume pore (V = 4zR°® /3) by the
equation:

F=CV s @)

where C is a constant. Usually, we use relative fraction F,

r

F :g:V|3 (3)

3. Results and Discussions
3.1. The X-ray Diffraction Pattern

All the glass samples are shown in Fig.(1) which confirms the
amorphous nature of the prepared samples at low concentration of Bi,Oz due
to the absence of Bragg peaks. At higher concentration some peaks appear in
the spectra indicating a certain phase of Bi,Os.
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Fig.(1): X-Ray diffraction patterns for studied glasses,Bi,O; content increases from
bottom to top.
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3.2. Theinfrared absor ption spectrum

The FT-IR spectra of bismuth borate glass samples with different
Bi,O; concentration shows the absorption as a function of wavenumber
Fig.(2).
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Fig.(2):FT-IR spectra of studied glasses

The infrared spectrum has shown medium, weak, and broad absorption
bands. Hence the effect of compasition on various types of structural units
within each seriesis not much significant. The finger print infrared absorption
peaks of active borate network vibrational modes are present in all the series
of glasses. The absorption peaks in FTIR spectra can be divided into four
main groups in the ranges 3600-2300 cm™, 1600-1200 cm™, 800-1200 cmi*,
700-400 cm™* (see Fig. 2).

The weak band observed at ~1650-1690 cm* is due to OH bending
mode of vibration [19]. The origin of this weak band may be due to the
trapping of water molecules in the glass matrix during the decomposition of
boric acid. The broad and strong band observed in the range ~1310-1340 cm'™
is due to y; mode of planar BO; group whereas the broad and strong band at
~ 1020-1030 cm™ is due to y; mode of BO, tetrahedral. These bands become
more intense with increase of Bi,O3 content except for BB2. The shoulder
around 1234 cmi* found in this glass system is assigned to the B-O stretching
vibrations of (BO)™® units with non-bridging oxygen atoms [19, 20].this result
indicates that the number of non- bridging oxygen atoms increases with
increase the content of Bi,Os.
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The peaks around 840 cm™ becomes more predominant as the Bi,Os
content increases and is related to the symmetrical stretching vibration of the
Bi-O bonds in the [BiO3] groups [21]. The strong band at~700 cm™ is due to
the bending vibration of B-O-B linkages of BO; units [22, 23]. The weak
band observed at ~520 cm™* is due to v, vibrations of BO, tetrahedral and the
weak bands below 500 cmi* are due to Bi-O vibrations [24, 25].

Theincrease in Bi,O3 content in the present glass system transforms the
structure into a bismuthate one formed by [BiOg] and [BiO;] groups. The
band positions and the corresponding assignments are given in table (2) for all
the glass compositions.

Table (2): Band positions and corresponding assignments of IR spectra of all
glass compositions

Bands Assignment

420-500 cm™ | Bi-O- Bi vibration in [BiOg] octahedral units [8]
510-610 cm™ | [BO,] tetrahedral [25,29]
680-720 cm™ Bending vibrations of B-O-B in [BOj3] triangles [27,28]

900-950 cm™ Stretching vibrations of B-O bonds in [BO, from
diaborate groups[25]

1020 -1080 cm’ | y; mode of BO, tetrahedral stretching vibrations]29]

1

1230-1240 cm™ | B-O stretching vibrations of [BO]® units with
(shoulder at non-bridging oxygen atoms [26,27]

1234 cm™)
1310-1400 cm™* | stretching vibrations of B-O-B in [BO4] triangles[19-27]
1630-1690 cm™ | OH bending mode of vibration [28]

1700-3000 cm* | [H-O-H] [28]

~715, 840,880 symmetrical stretching vibration of the Bi-O bonds in
the [BiO4] groups. [8, 23, 28].

~990 stretching vibrations of B-® bonds in B @, units from tri-, tetra-,
and penta- borate groups. [28].

~1295 asymmetrical stretching vibrations of B-O bonds in BO; and B

®,0- units. [28].
{Where @ is an oxygen atom bridging two boron atoms} .
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3.3. Positron Annihilation Spectra:

Figure (3 and 4), show the lifetime t; and intensity |5 describing the
annihilation parameters of the o-Ps in amorphous regions. With increasing
Bi,O; content, t 3 increases from 1.5 nsto 2.9 ns at low concentrations then
decreases to an average of 2.2 ns at higher concentration by using
equation(1), this corresponds to a change in the pore size at the amorphous
region from 2.5 nmto 3.5 nm (Fig.3).

However |3 indicates a weak average formation probability for o-Ps,
which increases to reach 2 % at Bi,O; content of 40 % then decreases at

higher concentrations (Fig.4).
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Fig.(3): Relation between the radius (R)(nm) and lifetime (t3)(ns) as a function of
Bi,O3; content (The line drawn is only for guiding the eye)
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Fig. (4): Variation of intensity 13(%) with Bi,O3 content (The line drawn is only for
guiding the eye)
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Figure (5), represents the variation of the relative pore fraction with
Bi»O; concentration as calculated from egn.(3) which shows a decrease from

9.8% to 1%.
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Fig. (5): Variation of relative pore fractions F(%) with Bi,Oz content (The line
drawn isonly for guiding the eye)

Fig. (6) and (7) show the lifetime t , and intensity 1, for the
annihilation of free positrons with eectrons in open volume defects. t »
increases first with increasing Bi,O; content, then decreases showing weak
variation at large Bi,Os; content. The reduction in t, can be explained by an
enhancement in the eectron density.
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Fig. (6): Variation of T, (ns) with Bi,O5; content (The line drawn is only for
guiding the eye)
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Fig.(7): Variation of 1, (%) with Bi,Oz content (The line drawn is only for
guiding the eye)

The percentage of population of these sites reaches 79% at low Bi,Os
content then decreases to an average of 55% at higher Bi,Os content indicating
that the annihilation in the Bi,Os-B,O; glass system occurs mainly ether as
free annihilation or sdlf annihilation of p-Ps (see fig.8).
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Fig. (8): Variation of I, (%) with Bi,O3 content (The line drawn is only
for guiding the eye)

From the FT-IR measurements, the shoulder around 1234 cm™ has
been assigned to the B-O stretching vibrations of (BO)® units with
non-bridging oxygen atoms (NBO). Applying the IR deconvolution of the
spectra at different Bi,O; composition, the area under the shoulder around
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1234cm™ has been deduced, which is a measure of the number of NBO atoms
Fig. (9). At low Bi,O; content (25-35%) the number decreases, which
constitutes an explanation for the decrease in the population percentage of
positrons |, to 52% Fig.(7) as wel as the increase in 1 ,. At higher Bi,O;
content the number of NBO atoms increases, which is associated with an
increase in |, to 67% due to an enhancement in the dectron density. This
explains also the reduction in t, from 0.44 nsto an average of 0.36 ns.
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Fig. (9): Variation of the area under the peak at 1234 cm™ with the Bi,O; content
(Thelinedrawn isonly for guiding the eye)

4. Conclusion:

1- XRD results a reduction in the amorphous nature with increasing Bi,O3
concentration when, some peaks appear as a certain phase of BiyOs.
Also, ortho-positronium (o-Ps) trapping in amorphous sites revealed the
decrease of pore size and fraction with Bi,O3 content.

2- The increase in Bi,O3 content in this glass system transforms the
structure into a bismuthate one formed by [BiOg] and [BiOs] groups.

3- FT-IR measurements have identified, among others, the B-O stretching
vibrations of (BO)™® units with NBO atoms, which are found to increase
with Bi,O3 content, in agreement with the reduction of the lifetime of free
positrons from 440 ps to 360 ps due to the resulting increase of eectron
density at these damping bonds.

4- Positron annihilation lifetime technique has proven successful to study
amorphous structure and NBO atoms in glass systems.
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