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Glass formation and structural properties of the unconventional lead cuprate glasses

of compositions (CuO), (PbO)go.. (mol %), are reported for the first time. X-ray
diffraction and electron microscopic studies show that the glass formation occurs for x =
15-50 mol %. The compositional dependence of the density, molar volume, and glass
transition temperature suggests that all glass compositions in this domain have the same
topology and network connectivity. The glass structure is built up of [PbO4] tetrahedral
units. On heat treatment above glass transition temperatures, the glasses crystallize to
CuO and PbO. Electron Spin Resonance (ESR) spectra of the glass compositions consist

of broad resonance lines.

I. INTRODUCTION

Oxide glasses based on PbO are of great interest
because they can form amorphous materials without
traditional network formers like SiO,, and they can be
used to produce glass ceramics, layers for optical and
optoelectronic devices, thermal and mechanical sensors,
and reflecting windows.'™ However, few studies have
been reported on the PbO-based glasses.>® Lead and
bismuth oxides can be incorporated in high concentration
in the glasses based on traditional network formers.”® It
was pointed out’ that Pb*? cations are highly polarizable
and the asymmetry of their polyhedra inhibits crystal-
lization processes in the melts in which they participate.
In silicate glasses when lead oxide is added, PbO acts
as a network modifier for low concentration, while at
high concentration, it is capable of participating in the
network.® Nuclear magnetic resonance studies® confirm
the 4-coordination of lead in high (>50 mol %) PbO
glasses. Recently, glasses in which PbO is the main net-
work former have been synthesized and their structures
have been studied.!!%-12

The purpose of the present paper is to study the glass
formation domain and structure of the binary CuO—PbO
glasses, using PbO as the basis of the glass network
former instead of conventional glass-forming oxides.

ll. EXPERIMENTAL PROCEDURE

Samples of compositions (CuQ), (PbO);go_,, Where
x = 15-50 mol %, were prepared using reagent grade
chemicals PbO (Koch Light, UK) and CuO (Loba, India).
The mixtures of these chemicals were melted in alumina
crucibles in the temperature range 1100-1250 °C for
1 h, as it was observed that the melts were highly
homogeneous after 1 h. Glassy samples were obtained
by quenching the melts using a twin roller technique.'?
X-ray diffraction patterns of the powder samples as
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prepared and heat-treated at different temperatures for
different durations of time were recorded in a x-ray
diffractometer (Philips, model PW 1840). The scanning
electron micrographs of the polished surfaces of the
samples were taken in a scanning electron microscope
(Hitachi, model S-415A). A ~ 150 A thick gold coating
was deposited on the polished surfaces of the samples by
vacuum evaporation for conducting layers. The atomic
absorption was carried out in an atomic absorption spec-
trometer (Varian, model AA 1475) to determine the final
glass compositions, as well as to estimate the total copper
ion concentrations. The density of the samples was
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FIG. 1. X-ray diffractograms of several samples: (a) 29.53 mol %
CuO, (b) 50.55 mol % CuO, (c¢) 29.53 mol% CuO heat-treated at
650 °C for 15 h, and (d) 50.55 mol% CuO heat-treated at 500 °C
for 20 h.
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FIG. 2. Scanning electron micrographs of several samples: (a) 29.53 mol % CuO (X1000), (b) 50.55 mol % CuO (X3750), (c) 29.53 mol %
CuO heat-treated at 500 °C for 20 h (X3000), and (d) 50.55 mol % CuO heat-treated at 500 °C for 20 h (X3000)

measured at room temperature by Archimedes principle
using acetone as the immersion liquid. Differential ther-
mal analysis (DTA) was performed in air atmosphere for
all samples using a thermal analyzer (Shimadzu, model
DT-40). Infrared (IR) spectra of the prepared samples,
as well as starting chemicals in KBr matrices, were
recorded at room temperature in a spectrophotometer
(Perkin-Elmer, model 783) in the wave number range
200-4000 cm™. The concentration of Cu?* ions was
determined from the magnetic susceptibility measure-
ment in a vibrating sample magnetometer (EG & G Parc,
model 155) at room temperature. The ESR spectra of the
samples were recorded in an X-band ESR spectrometer
(JEOL, model JES-RE1X) at room temperature.

. RESULTS AND DISCUSSION
A. Glass formation domain

Glass formation domain of the binary CuO-PbO
system was determined by x-ray diffraction and scanning

electron microscopy. Figure 1 shows the x-ray diffrac-
tograms of two glass samples. The presence of broad
diffuse scattering at low angles indicates the amorphous
nature of the samples. In this way, glass formation in
the binary (CuO), (PbO)go_, system was confirmed for
15-50 mol % CuO. Tt is worth mentioning that the glass
formation range for the binary system is much wider
than the multicomponent PbO-based glasses.>® The
x-ray diffractograms of two heat-treated samples are
also shown in Fig. 1. The diffractograms of these heat-
treated samples exhibit crystalline peaks corresponding
to the crystalline PbO and CuO.

The scanning electron micrographs of several as-
prepared and heat-treated samples are shown in Fig. 2.
It may be noted that the micrographs of the as-prepared
samples exhibit surfaces without microstructure, con-
firming the amorphous nature of the samples. The micro-
graphs of the heat-treated samples show their crystalline
structure. However, detailed studies of the homogeneity
of the glasses will be reported later.
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TABLE 1. Different physical parameters estimated from atomic absorption, density, and magnetic measurement for the lead cuprate glasses.

Analyzed glass
composition (mol %)

PbO CuO Density (gcm™)

N (10*! em™3)

[Cu*] (102 cm™) C (ICu*1/N) R (A)

84.94
78.87
70.47
64.24
49.45

15.07 9.39 422
21.13 8.90 5.87
29.53 8.28 8.15
35.76 7.76 9.73
50.55 6.67 13.44

3.10 0.74 6.18
4.37 0.74 5.54
5.75 0.70 4.97
7.13 0.73 4.68
9.88 0.73 4.21

B. Analysed glass compositions

Atomic absorption spectroscopic analysis shows
that all glass compositions change slightly from the
batch compositions due to evaporation loss of PbO
during melting. The analyzed compositions are shown
in Table I. These measurements, coupled with magnetic
studies, indicate that copper ions exist in two oxidation
states, e.g., Cu* and Cu®" in all glass compositions.
Table I shows that the concentration of the reduced
copper ions ([Cu*]) increases consistent with the increase
of total copper ion concentration (N) in the glass
compositions. However, the ratio C of the concentration
of the reduced copper ions to the concentration of the
total copper ions is approximately constant for all glass
compositions. The average intersite separation (R) was
estimated from the analyzed glass compositions and
density. The values of R (shown in Table I) are found to
decrease with the increase of CuQ content in the glass
compositions.

C. Density and molar volume

The density and molar volume are shown in Fig. 3
as a function of composition. It may be noted that the
density and the molar volume change smoothly with
the glass compositions. This suggests that the topology
of the glassy network does not change significantly
with compositions.'* The composition dependence of the
density and molar volume for the CuO—-PbO glasses may
be compared with those of CuO-Bi,O;3 glasses.”> The
decrease of density of the CuO~PbO system with the
decrease of CuO content in the compositions is more
rapid than that for the CuO-Bi,O; system. The molar
volume of the CuO-PbO glasses increases, while the
molar volume of the CuO-Bi,O; glasses decreases with
the increase of CuO content in the glass compositions. '
Thus the structure of the CuO-PbO glasses is much
looser than that of the CuO-Bi,05 glasses. This is also
evident from Table II which includes the molar volume
for the ideal packing, calculated assuming that the molar
volume of the glasses is simply a sum of the molar
volumes of the crystalline CuO and PbO. It may be
observed that the molar volume of the glass compositions
is higher than that for the ideal packing, except for
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FIG. 3. Density (O) and molar volume (@) as a function of CuO
content in the lead cuprate glass compositions.

the glass composition containing lowest CuQ. Also, the
molar volume for the ideal packing decreases with the
increase of CuO content in contrast to the trend observed
for the molar volume of the glass compositions.

D. Thermal analysis

A typical differential thermal analysis curve for a
glass composition is shown in Fig. 4, which exhibits
an endothermic dip due to glass transition, followed by
several exothermic peaks due to crystallizations. Other
glass compositions also showed similar DTA features.
The glass transition temperatures (7,) and the onset
crystallization temperatures (7,) were estimated from
the curves within an error of 5 °C and are shown in
Table 1I. The compositional dependence of T, is shown
in the inset of Fig. 4. It may be noted that T, increases
very slowly with the increase of CuO content in the
glass compositions. It thus suggests that the connectivity
and strength of the glass network are almost the same
in all compositions as supported by the composition
dependence of the molar volume and density. A large
difference (=30 °C) between the glass transition and
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TABLE II. Different physical parameters obtained from Table I and DTA analysis for the lead cuprate glasses.

Sample composition Molar volume

Molar volume for ideal

mol % CuO (cm3 mol™) packing (cm® mol™!) 7, (°C) T, (°C)
15.07 2146 21.76 260 310 415, 575, 600
21.13 21.67 21.10 260 320, 380, 580, 610
29.53 21.83 20.17 265 320, 370, 590, 610
35.76 22.14 19.49 270 300, 360, 590, 610
50.55 22.64 17.86 280 410, 590, 610
300
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(o FIG. 5. Room temperature infrared spectra of several samples:
(1] (a) crystalline PbO, (b) 15.07 mol% CuO, (c) 21.13 mol% CuO,
(d) 29.53 mol % CuO, (e) 35.76 mol % CuO, (f) 50.55 mol % CuO,
and (g) crystalline CuOQ.
I I Comparison of the IR spectra of the glass composi-
30 100 400 700  tions with those of the starting crystalline materials

Temperature (°C)

FIG. 4. Differential thermal analysis curve for a glass composition
containing 29.53 mol % CuO. Glass transition temperature is indicated
by the arrow. Inset shows glass transition temperature (T,) as a
function of CuO content.

crystallization temperatures indicates that the glasses are
highly stable similar to the CuO-Bi,0; glasses.'

E. Infrared spectra

The infrared spectra at room temperature of all
compositions are shown in Fig. 5. IR spectra of the
crystalline PbO and CuO are also included in the figure
for comparison. In all glass compositions, a strong IR
band is observed at ~610 cm™. A broad absorption
band at ~830 cm™' and weak shoulder in the range
450-500 cm™! are also observed for all compositions.
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suggests that these bands correspond to the Pb—O bond
vibration in the [PbOy] tetrahedral units. In the IR
spectra, the presence of the characteristic bands of CuO
is not observed. It may be mentioned that the struc-
ture of the CuO-PbO glasses is different from that of
the CuO-Bi, 05 glasses, which consists of [BiOs] pyra-
midal units."

F. Magnetic susceptibility and ESR spectra

The magnetic susceptibility at room temperature
of the glass compositions is shown in Table III and
increases with the increase of CuO content in the glasses.
The magnetic properties of these glasses arise from the
paramagnetic Cu®* ions with 3d° electron. The concen-
trations of the Cu®* jons estimated from the susceptibility
data increase consistent with the increase of the total
copper ion concentrations in the glass compositions.
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TABLE III. ESR parameters and magnetic susceptibility data for the
lead cuprate glasses.

Sample composition AH,, X
mol % CuO 8e (Gauss) (1077 emu)
15.07 2.123 £ 0.028 280 2.50
21.13 2.137 £ 0.028 300 3.54
29.53 2.150 £ 0.028 380 6.08
35.76 2.178 £0.028 440 7.05
50.55 2.123 £0.028 360 11.31

Figure 6 shows the room temperature ESR spectra of
several glass compositions. From Fig. 6 it is clear that no
hyperfine structure, but a broad single resonance line, is
observed in the ESR spectra of the glasses. However, the
glass compositions with higher CuO content (35.8 and
50.6 mol % CuQ) show unresolved hyperfine structure
in the parallel components of the spectra only. Because
of the unresolved nature of the spectra, it was not
possible to extract hyperfine parameters. The effective g
values (g.) and the peak-to-peak linewidth (AH,,) were
estimated from the spectra and are shown in Table III.
It may be noted that the effective g values and peak-to-
peak width increase with the increase of CuO content in

dX /dH (arb. unit)

1500 5000

H (Gauss)
FIG. 6. Room temperature ESR spectra of lead cuprate glasses
recorded at a microwave frequency of 9.45 GHz: (a) 15.07 mol %

CuO, (b) 21.13 mol % CuO, (c) 29.53 mol % CuO, (d) 35.76 mol %
Cu0O, and (e) 50.55 mol % CuO.
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the glass compositions with the exception of the com-
position containing the highest CuO content. A possible
explanation for the absence of hyperfine structures in the
glass compositions might be motional narrowing by the
conduction electrons, whose concentrations increase with
the increase of CuO content in the glasses.!® However,
the increase of peak-to-peak width could be explained,
assuming the existence of the clusters of copper ions
in the glasses similar to CuO-Bi,0; glasses.!> The
interaction between these clusters would give rise to
broad ESR spectra.

IV. CONCLUSION

Unconventional glasses in the CuO-PbO system
were first prepared by the rapid quenching of the melt.
The x-ray diffraction and electron microscopic stud-
ies reveal the glass formation domain in the range
15-50 mol % CuO. All the glass compositions in this
domain have the same topology and network connectiv-
ity and are highly stable, as suggested by the composition
dependence of the density, molar volume, and glass
transition temperatures. The glasses, on heat treatment
above glass transition temperatures, crystallize to CuQO
and PbO. The ESR spectra of these glasses appear to
be broad resonance lines which could arise from mo-
tional narrowing by the conduction electrons/interaction
between clusters of copper ions.
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