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a b s t r a c t

Effect of replacement of Pb3O4 by CuO on structure and properties of pseudo-binary [75%]
Li2B4O7–[25 − x%] Pb3O4 glass system, where x = 0, 5, 10, 15, 20 and 25 mol% CuO, have been investi-
gated. IR spectra of the prepared glasses show that CuO goes into the network and play also a role as a
glass modifier. The addition of CuO decreases the formation of tetrahedral groups (BO4) and increasing
vailable online 22 April 2010

eywords:
xide glass
seudo-binary Li2B4O7–Pb3O4 glass system

the triangle one (BO3), led to increase the borate non-bridging oxygen (NBO). The observed increase in
Tg with CuO reflect increase in bond strength, also the glass-forming ability and stability decrease with
increasing CuO reflects the reduction of the network rigidity and loosening of glassy structure. The den-
sity and molar volume were discussed in terms of the structural modifications that take place in glass
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. Introduction

Lead borate glasses are of technological interest owing to their
roperties such as their low melting temperatures, wide glass
ormation regions, good radiation shielding properties, and its
echnological and industrial interests for their use in enamels, pho-
onics, and optoelectronic applications [1–4]. IR spectroscopic work
as been carried out in lead borate glasses [5], in which the low fre-
uency IR peaks involving PbO vibrations were observed, indicting
he appearance of new bands characteristic of covalent PbO bonds
ith the increased content of PbO.

The introduction of copper oxide (CuO) into an oxide glass
hanges the oxide network. CuO has been used as a constituent
n several borate and vanadate glasses in order to achieve useful
hysical properties. Though CuO is not a glass-forming oxide by

tself, it can be incorporated in substantial quantities into these
lass-forming oxide systems. Many investigators have reported
hat copper (Cu) may exist in glass network both as a network for-

er and also as a network modifier—forming oxide metals as Cu+

nd Cu2+ ions [6–12].
Binary diborate glasses with CuO have been investigated [13].
n the basis of the infrared data, it is proposed that the glass struc-
ure corresponds to a network formed by four tightly connected
iborate units. Thus, in the glasses of Li2O–2B2O3 compositions, the
tructure of glass consists of different structural groupings. These
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u and Cu atoms and the polaron radius have been carried for all samples.
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may be constructed as the basis of BO4 tetrahedral and triangle BO3
units. Replacement of Li2B4O7 by CuO ions increases the trigonal
BO3 (with one NBO) moieties by converting BO4-containing groups
(with 2 BO4 units) into ring type metaborate groups as revealed
from IR spectra. Also, most of the copper ions act as a network mod-
ifier and some ions act as a network former by increasing the copper
content. The density increased and, consequently, 89 the molar vol-
ume decreased, which is explained by the strong covalent B–O and
Cu–O bonds substituting long ionic bonds.

The influence of lead oxide ions on some physical properties
and structural changes in lithium diborate glasses has been inves-
tigated using differential thermal analysis, density, molar volume
and the FT-IR spectra [14]. All the results are presented as a function
of x mol% PbO treating the investigated glass samples as pseudo-
binary (100 − x) Li2B4O7·xPbO, x = 0, 5, 15, 25 and so on up to
65 mol%. The FT-IR spectra conclude that, PbO plays the dual role in
the glass network, where the major part of PbO is acting as a modi-
fier at PbO ≤ 25 mol% and the remaining of PbO enters as a network
former and reversed behaviors at 65 ≥ PbO > 25 content the major
part of PbO acts as a network former. It is shown that molar vol-
umes, the glass transition temperature vary as a function of the
mole fraction of PbO in a manner consistent with the above role.
Introducing PbO into such glass matrix at the expense of Li2B4O7,
decrease the number of Li2+ and increasing the polymerization of

2+
Pb in the glass network, At >25 mol% PbO, lead oxide is acted as
the network former.

Density of solids is mostly the simplest physical property that
can be measured. However, it would be a highly informative prop-
erty if the structure of the material could be well defined. Density
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ata were used to calculate the volumes of structural units present
n various types of glass. In alkali borate glasses the volume of
O3 unit and also that of BO4 unit change markedly with the glass
omposition.

In the present work, the effect of replacing Pb3O4 by CuO in
seudo-binary Li2B4O7–Pb3O4 glass system was investigated in
rder to correlate the structural transformations with the changes
n their physical properties. IR spectral analysis, density, molar
olume together with DTA measurements were employed in this
tudy.

. Experimental

Glasses with composition 75 mol% Li2B4O7–(25 − x) mol% Pb3O4–x mol% CuO,
here x = 0, 5, 10, 15, 20 and 25 mol% were prepared. The used raw materials were

ll of chemically pure grade and were finally pulverized.
The homogenous mixture was melted in platinum crucible in an electrically

rogrammable heated furnace, type VAF 15/10 lenton thermal design, equipped
ith automatic temperature controller .The samples were melted up at 1200 ◦C for
h with heating rate 30◦C/min, the molten materials stirred several times to ensure

he complete homogeneity of the samples then they quenched in air and poured at
oom temperature.

The IR spectra of the glasses were recorded at room temperature using the KBr
echnique by FT-IR 5300 Jasco spectrophotometer of Michelson interferometer type
n a wave number region between 400 and 1600 cm−1. The density was measured
y using the Archimedes method with toluene as an immersion fluid. The molar
olume is determined as

m =
∑

MiNi

d
(cm3/mol) (1)

here Mi is the molecular weight of the component [i], Ni its mole fraction and d is
he glass density. A Shimadzu DTA 50 thermal analyzer was used at heating rate of
5 ◦C/min between 25 and 1000 ◦C to determine the glass transition temperature.

. Results and discussion

The fundamental absorption bands of borate glasses are clear
t three principal bands the first band which occurs between
00 and 1200 cm−1 is due to the B–O bond stretching of tetrahe-
ral BO4 units. The second band which occurs between 1200 and
600 cm−1 is due to stretching vibration of B–O of trigonal BO3 units
15,16]. The third band is observed around 700 cm−1 is due to the
ending of various borate segments [17–19]. Infrared spectra [75
Li2B4O7)–(25 − x) Pb3O4–x (CuO)] glasses, with x = 0, 5, 10, 15, 20
nd 25 mol% are shown in Fig. 1.

Infrared spectra collected from lead lithium tetraborate sam-
le (free from copper) shows active peaks around 805, 1050, 1350,
460 and 1500 cm−1 besides bands characteristics of lead oxide at
89, 468, 589 and 620 cm−1 characteristics the vibration frequency
f lead [19]. The band at 805 cm−1is due to the boroxol ring in the
orate glass network [20–22]. The band at 1050 cm−1 is probably
ue to the vibration of BO4 tetrahedra which are present as tetrab-
rate and diborate groups [23,24]. The band at 1350 assigned to
he formation of pyroborate groups [25,21], 1460 cm−1 attributed
o triangle boron oxygen triangle groups [26] and the band at
500 cm−1 attributed to borate arrangements containing BO3 unit
nly, such as ortho-, meta- and pyroborate groups [27].

Replacement of 5 mol% by CuO caused a band observed at 680,
85, 950, 1336 and 1400 cm−1. The band appears at 680 cm−1 is
ttributed to the B–O–B bond-bending vibrations from pentaborate
roups [28,29], the band at 885 cm−1 is due to pentaborate units
30], 950 cm−1 due to vibrations of structural groups containing
O4 tetrahedra (orthoborate units) [27], also 950 cm−1 attributed to
b–O bonds [20,31]. The band at 1336 cm−1 is due to B–O stretching
O4 vibrations with one or two non-bridging oxygen atoms [32]

nd that at 1400 cm−1 assigned to BO3 units with one non-bridging
xygen [8,21,33,34].

For sample containing 10 mol% CuO, besides the bands char-
cteristic vibration of lead and copper oxide, all the above bands
hifted to higher wavenumber due to the addition of CuO with
Fig. 1. IR spectra of the glass systems with different copper content mol%.

strong covalent bond between copper and oxygen Cu–O. The band
at 720 cm−1 attributed to the vibration of boron atoms in BO3 units
[35]. The band observed at 1390 cm−1attributed to triangle boron
oxygen triangle groups [23,36] and the band at 1450 cm−1indicates
the presence of the chain-type metaborate groups [21,37].

For sample containing 15 mol% CuO, the band at 1086 cm−1

assigned to B–O linkages of BO4 groups [38], the band at 1283 cm−1

due to B–O stretching vibration of metaborate chain and orthobo-
rate [20].

More increasing of copper oxide content (20 mol%) cause a band
observed at 1235 cm−1 assigned to asymmetric stretching vibra-
tion of B–O bonds from orthoborate groups [28] while the one at
1360 cm−1 attributed to asymmetric stretching modes of borate
triangles BØ3 and BØ2O (Ø representing an oxygen atom bridging
two boron atoms and O–NBO) [39].

At higher concentration of copper oxide content (25 mol%), sam-
ple free from lead oxide, the band of CuO become sharper and
observed at 497 cm−1.

The replacement of PbO by CuO results in progressive spectral
changes. This spectrum reveals different structural roles of Pb2+

and Cu2+ captains. The absorption due to tetrahedral BO4 decreases
relative to that of trigonal BO3 units with increasing CuO con-
tent [17]. That is, increase the number of orthoborate, metaborate
and pyroborate groups and decrease the number of diborate and
pentaborate groups. The IR spectra can be deconvoluted to the com-
ponent bands for each one to study the origin of this characteristic
infrared symmetry. As an example Fig. 2 represents the deconvo-
lution in Gaussian bands of the spectrum for the glass containing
15 mol% [CuO].
The following method are used in the calculation of the frac-
tion N4 of the four coordinated boron’s in the glass, where
N4 = (concentration of BO4 tetrahedra)/(concentration of BO3 tri-
angle + concentration of BO4 tetrahedra) [40]. The obtained values
are shown in Fig. 3 as function of composition.
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ig. 2. The deconvolution in Gaussian bands of the spectrum for the glass containing
5 mol% (CuO).

It is clear that the N4 decreasing by adding copper con-
ent. This is agreement with the IR spectroscopy results, which
etected decrease of the intensity for four coordinated boron atoms
O4 (885, 915, 935, 950, 973, 1043 and 1086 cm−1) than that
f three coordinated ones BO3 (1235, 1283, 1350, 1400, 1450
nd 1460 cm−1) with increasing copper oxide concentration. The
ecrease of the BO4 groups with the replacement of lead oxide by
opper oxide depends on the number of oxygen atoms and con-
erted BO4 to BO3 groups and form non-bridging oxygen (NBO).

Fig. 4 shows typical differential scanning calorimetric of all glass
amples. The curves exhibit an endothermic effect due to glass tran-
ition temperature Tg. At still higher temperatures an exothermic
eak Tc obtained for all glasses. The appearance of single peak due
o the glass transition temperature of all glasses indicates the high
omogeneity of the glass prepared [41]. The obtained characteristic
emperatures for investigated glasses are summarized in Table 1.

From Table 1 can be seen that Tg, Tc and Tm increase with the
ncreasing of CuO content, this indicates an increase in the struc-
ural connectivity by replacing lead ions with high ionic strength

u2+ [1].

The glass transition temperature depends on the oxygen den-
ity of the network [42]. Since the oxygen density of the network
ecreases due to the replacement of lead oxide with copper oxide

Fig. 3. The fraction N4 of the four coordinated borons in the glass system.
Fig. 4. DTA curves for all the glass samples.

which led to the compactness of the structure and increasing of
the glass transition. A parameter usually employed to estimate the
glass stability is the thermal stability �T, which is defined by:

�T = Tp − Tg (2)

where Tg is the glass transition temperature, Tp is the crystallization
temperature. Another parameter introduced by Hruby [43] is the
glass-forming ability (Kgl) which is defined by the relation:

Kgl = Tp − Tg

Tm − Tp
= �T

Tm − Tp
(3)

where �T: thermal stability, Kgl: the glass-forming ability, Tg: glass
transition temperature, Tm: melting temperature and Tp: the crys-
tallization temperature.

Glass-forming ability can be determining in order to compare
devitrification tendency of the glass. The glass thermal stability
parameters �T, Kgl tabulated in Table 2, show the variation of ther-
mal stability and glass-forming ability with copper content. The
decreases of the thermal stability and the glass-forming ability
with increasing the copper oxide content suggests high tendency

of crystallization with increasing CuO content.

The obtained data of density and molar volume in room temper-
ature are shown in Fig. 5 as a function of CuO content. Fig. 5 indicates
that the density decrease from 4.47 to 2.93 g/cm3 as the copper
oxide content increased. The decrease in the density is linked with

Table 1
Glass transition Tg, Crystallization and melting temperatures for all glass samples.

Sample No Tg (◦C) Tp (◦C) Tm (◦C)

1 308 447 758
2 324 457 792
3 370 479 813
4 403 505 822
5 425 522 848
6 481 561 895
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Table 2
Glass forming ability and thermal stability for all glass samples.

Sample No �T (◦C) Kg

1 139 0.447
2 133 0.397
3 109 0.326
4 102 0.324
5 97 0.299
6 80 0.241
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Fig. 7. The concentration of transition metal ions per unit volume as a function of
CuO content mol%.

where d is the density of the glass, m is the mole fraction of TM, M
Fig. 5. Variation of the density as a function of copper content mol%.

eplacement of high molecular weight of Pb with low molecular
eight of Cu modifier.

Since the density depends on [44], the relative sizes of BO3
nd BO4 unite. The above results show that the copper oxide is
ntroduced as network modifier and former network, the density
epends on the composition i.e. CuO occupies interstitial position

n the network which led to the decrease of volume (molar volume)
s shown in Fig. 6.

The molar volume decreases with increasing copper content,
hich decreases the homogeneity of the glasses, and this results

greement with the IR and DTA measurements.
According to Austin–Mott model [45] the activation energy is

nversely proportional to the polaron radius.
The polaron radius (rp) can be determined using the relation

46]:

p = 0.5
(

�
)1/3

cm (4)

6 N

The average distance “R” between the transition ions Cu–Cu
assuming homogenous distribution of transition ion in glass vol-

Fig. 6. Variation of molar volume as a function of CuO content mol%.
Fig. 8. Polaron radius in each glass systems.

ume) was calculated as follows [47]:

R =
(

1
N

)1/3
cm (5)

where “N” is the concentration of total TMIs (transition metal ions).
The copper ion density, N was estimated using the relation [48]:

N = 2
{[

dm

M

]
NA

}
cm−3 (6)
is molecular weight of TM and NA is the Avogadro number.
All the calculated parameters of N, rp and R are shown in

Figs. 7–9.

Fig. 9. The space between Cu and Cu atoms in each glass systems.
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The values of both R and rp are increase as the added of copper
mount increases. The values of rp which are found to be smaller
han R and greater than the ionic radius of copper (ionic radius of
u ion is 0.74 × 10−12 cm) indicates that electrons are localized. And
he activation energy is decrease as the copper increases.

. Conclusions

The infrared spectra were recorded over a range (400–1600) to
tudy their structure systematically. The conversion of four coordi-
ated boron (BO4) to three coordinated (BO3) took place with the
ddition of CuO. The increase of CuO content increase the number
f orthoborate, metaborate and pyroborate groups and decrease
he number of diborate and pentaborate groups. The glass transi-
ion temperature (Tg) increase with the addition of CuO content
ue to the decrease of the density of NBOs in the network. Ther-
al stability and the glass-forming ability decrease with increasing

he copper oxide content. The density and molar volume was dis-
ussed in terms of the structural modifications that take place in
lass matrix upon replacing PbO by CuO, the density and molar vol-
me of the glass decreases with the network modifying behaviour
f CuO. The values of both R and rp are increase as the added of
opper amount increases indicated that the Cu ion enters as former
ith increase of amount of copper oxide.
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