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Abstract. Bluish coloured glasses are obtained from the composition PbCl2 –PbO–B2 O3 doped with Cu2+ ions. Basic physical properties and spectroscopic studies (optical absorption, electron paramagnetic resonance, Fourier transform infrared
and Raman spectroscopies) were carried out on these samples. The increase in PbCl2 content resulted in the decrease in
density and increase in molar volume. At optical frequencies, band gaps and Urbach energies were evaluated and their variation is explained. Spin-Hamiltonian parameters (SHP) obtained from the EPR spectra suggest that the ligand environment
around Cu2+ is tetragonally distorted octahedral sites and the orbital dx 2 −y 2 is the ground state. The characteristics broad
bands in the optical absorption spectra are assigned to the 2 B1g → 2 B2g transition. The bonding coefﬁcient values were
evaluated using optical data and SHP. FTIR studies suggested that the glass structure is built up of BO3 and BO4 units. The
presence of diborate, pyroborate, pentaborate groups, etc. in the glass network was conﬁrmed from Raman spectra.
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1. Introduction
Due to the ﬂexibility in the composition and with extremely
interesting properties have made the glasses to attract many
researchers. The importance of borate glasses increased in the
last few decades, because they exhibit exclusive unique properties like durability, reduced thermal expansion, resistant
to thermal shocks, enhanced toughness, chemical resistance,
transparency, etc. Three-dimensional borate networks consist
of BO3 triangles and BO4 tetrahedra. Glasses prepared with
heavy metal oxide, such as PbO, CdO, BaO have shown relatively high index of refraction, density and transparency in
IR radiation, etc. [1,2]. The addition of heavy metal oxides
to the borate glass system increases the Raman scattering
cross-section by several folds, thus, stimulating the interest
in the complex systems [3]. Among the most metallic oxide
glasses, lead oxide (PbO) glasses are unique. Even though
the element lead is toxic, PbO plays an important role in the
glass formation and has several advantages. PbO not only
inﬂuences the structure, but also plays the dual role of modiﬁer/former based on its concentration. At low concentration
(<40 mol%), PbO behaves as network modiﬁer in which
Pb–O bond is ionic, while at higher concentration (>40
mol%), PbO acts as network former, where Pb–O bond is
covalent [4–7]. Oxyhalide glasses are quite important for
applications as host materials in high power laser systems.
The inclusion of PbO and PbX2 (X = F, Cl and Br) in the borate

composition resulted in creating BO3 and BO4 units with the
further considerable increase in transparency in IR radiation,
high refractive index and optical nonlinearities. Lead glasses
with halides have special optical properties leading to applications in modern optical devices, such as laser engineering
and drawing of optical ﬁbres [8–11]. Electron paramagnetic
resonance (EPR) technique can present extensive knowledge
about the microscopic local environment of the transition
metal (TM) ions in glasses, which in turn are inﬂuenced by
the local structure. The existence of TM ions in more than two
valency states has attracted the attention of many researchers
to dope the glasses with TM ions. Of the TM ions, copper
has simple EPR spectrum and gives useful structural information about the ligands surrounding the Cu2+ ion in glass.
Incorporation of paramagnetic ions such as Cu2+ enhances
the applications of glasses towards memory and switching
devices [12,13]. Keeping in view of the applications of halide
glasses, the authors have investigated the physical, optical
and structural studies of lead chloroborate glasses containing
Cu2+ ions.

2. Experimental
Conventional melt-quenching method is used to prepare the
glasses with xPbCl2 –(30 − x)PbO–69B2 O3 –1CuO (PCPBC)
(where x = 5, 10, 15, 20 and 25 mol%) composition. Analar
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Table 1. Density (ρ), molar volume (Vm ), optical band gap (E opt , eV), refractive indices (n), molar refraction (Rm ) and molar electronic
polarizability (α m ) of xPbCl2 –(30 − x)PbO–69B2 O3 –1CuO (x = 5,10,15, 20 and 25 mol%) glasses.
Composition (mol%)

PCPBC-1
PCPBC-2
PCPBC-3
PCPBC-4
PCPBC-5

PbCl2

PbO

B2 O3

CuO

ρ (g cc−1 )

5
10
15
20
25

25
20
15
10
5

69
69
69
69
69

1
1
1
1
1

4.358
4.180
4.025
3.882
3.754

Vm
(cc mol−1 )

E opt (eV)

n

0.670
0.267
0.285
0.347
0.295

2.46
2.69
2.80
3.06
3.20

2.50
2.47
2.44
2.39
2.35

35.75
37.93
40.07
42.26
44.43

grade chemicals, boric acid (H3 BO3 ), lead chloride (PbCl2 ),
lead oxide (PbO) and cupric oxide (CuO) were taken as the initial starting materials. The glass mixture ratio for the present
study is mentioned in table 1. Five grams of homogeneous
◦
batches were taken in porcelain crucible and sintered at 900 C
for 45 min in an electrically heated furnace. The molten mixture was frequently stirred to get homogeneity and then, the
melt was quenched. The obtained glasses were annealed at
200◦ C to remove thermal stress and strains. Thus formed
glasses were bubble free, transparent and blue in colour and
the thickness of the glass samples was ≈1 mm. X-ray diffractograms (XRD) of the glass samples were recorded at room
temperature (RT). Density measurements are carried out using
Archimedes principle. The uncertainty in the measurement
of density is ±0.001. Polished glass samples were used for
optical absorption measurements, which were carried out on
Shimadzu UV-1800 series spectrometer at RT in the wavelength region of 200–1000 nm in absorbance mode. Electron
paramagnetic resonance (EPR) spectra of the PCPBC glass
series was recorded at RT using (BRUKER) EPR spectrometer operating at an X-band frequency (9.7 GHz) with a
modulating frequency of 100 kHz. The magnetic ﬁeld was
scanned from 2500–4000G. The approximate error in the values of g and A were about ±0.002 and ±2 × 10−4 cm−1 ,
respectively. The Fourier transform infrared (FTIR) spectra of these samples are scanned in the range of 400–1600
cm−1 on Shimadzu 8400S FTIR spectrometer at RT. The
micro Raman spectrum was recorded at RT using Jobin Yvon
Horibra LABRAM-HR Raman spectrometer with Argon laser
source of excitation wavelength of 488 nm.

3. Results and discussion
3.1 XRD
Figure 1 presents the XRD patterns of the prepared glasses.
The spectrum of each glass system was examined, which
revealed the absence of Bragg peaks, indicating the amorphous nature of the glasses. The broad hump also suggests
the presence of short range order.

Rm
(cc mol−1 )

E (eV)

αm (10−24 )
(cc mol−1 )
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Figure 1. X-ray diffractograms of PCPBC glass system.

3.2 Density and molar volume
Density is the basic physical property, which explores
the toughness and structural changes in any material. The
variation of density depends on the coordination number,
cross-link density, the size of interstitial positions and compactness [14]. Density (ρ exp ) measurements were carried out
using Archimedes principle
ρexp =

Wa
ρb ,
Wa − Wb

(1)

where Wa and Wb are the weights in air and xylene of the sample, respectively, and ρ b the density of xylene (ρ b = 0.865 g
cc−1 ). The molar volume (Vm ) was estimated from the density and the molecular weight (M) of the glass samples. The
response of ρexp and Vm with compositional parameter PbCl2
is plotted in ﬁgure 2. It was found that the density decreases
with increasing PbCl2 concentration, and molar volume showing exactly opposite behaviour. This variation is because of
the ionic radius of chlorine (1.81 Å) is greater than oxygen
(1.4 Å) and Cl− ion may occupy more space and spans
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Figure 2. Variations of density and molar volume with PbCl2
content.
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Figure 4. Tauc’s plot of PCPBC glass system.
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Figure 4 shows the Tauc’s plot of prepared samples. The
UV absorption edge is shifted to lower wavelength (i.e.,
blue-shifted) side with increase in PbCl2 content. According to Davis and Mott, optical band gap and photon energy
are related as [17]:
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Figure 3. Optical absorption spectra of PCPBC glass system.

the glass network, thereby increasing molar volume. To
accommodate the large Cl− ions, the glass network forms an
open structure and the Cl− ions are located in the interstices
[15,16].
3.3 Optical absorption spectra
Figure 3 shows the spectra of optical absorption of all the
glass compositions xPbCl2 –(30 − x)PbO–69B2 O3 –1CuO.
The broad absorption band in the spectra is assigned to
2
B2g →2 B1g transition. No sharp absorption edges are found
in the spectra, which further conﬁrm the glassy nature. The
absorption coefﬁcient, α(ν) is obtained for different photon
energies using the relation;
A
α (υ) = 2.303 ,
d

(2)

where A is the absorbance and d is the thickness of the sample.

Physical quantities in the above equation have their usual
meanings. Optical band gaps are obtained by extrapolating
the linear region of the indirect allowed transition curve to
(αhυ)1/2 = 0. In the present study, optical band gap values are
increasing with increase in PbCl2 . The electro negativity of
chlorine ion (3.16) is relatively smaller when compared with
the electronegativity of oxygen ion (3.44). When PbCl2 content is increasing, the ionicity of oxygen ions decreases, and
hence optical band gap increases [15,18,19].
Urbach rule states that the absorption coefﬁcient increases
exponentially with photon energy [20–22]. Urbach’s expression is given by
α(ν) = C exp (hν/E),

(4)

where C is a constant and E the Urbach energy.
Urbach energy (E) values were obtained by taking the
inverse slopes of the straight line portion of the graph drawn
between ln(α) and hυ. The nonlinear variation of Urbach
energy (E) with PbCl2 concentration is shown in ﬁgure 5.
This nonlinear variation might be due to nonuniform distribution of defects in the glass matrix with increase of PbCl2 .
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Figure 5. Variation of Urbach energy (E) with PbCl2 content.

Dimitrova, Komatshu and Duffy [23–25] proposed a relation
to evaluate the refractive index, molar refraction and molar
polarizibility of the glasses, which are given below:


E opt
,
20

n2 − 1
RM = 2
∗ Vm ,
n +2


3
αm =
∗ Rm .
4NA

3750

4000

Figure 6. Electron paramagnetic resonance spectra of PCPBC
glass system.

3.5 Refractive index, molar refraction and molar
electronic polarizability

n2 − 1
=1−
n2 + 2

3500

Field(G)

(5)
(6)
(7)

where n is the refractive index, Vm the molar volume, the term
(n 2 −1)/(n 2 +2) represents the reﬂection loss and NA the Avogadro’s number. The n values are in the range 2.73–2.35. From
equation (5), it is clear that the refractive index values are
decreasing with the increase in optical band gap, while from
equations (6) and (7), molar refraction and electronic polarizability are proportionally increasing with molar volume. The
evaluated values of refractive index, molar refraction and electronic polarizability of these glasses are given in table 1.

2I + 1. Figure 6 shows the EPR spectra of xPbCl2 –(30 − x)
PbO–69B2 O3 –1CuO glass system. In the present work, three
weak parallel hyperﬁne splittings were observed in the range
of 2750–3000G, while the fourth line merged with the perpendicular components. The analysis of EPR spectra is done
using the spin-Hamiltonian [26].


H = β g HZ SZ + g⊥ (HX SX + HY SY )
+ A IZ SZ + A⊥ (IX SX + IY SY ) ,

(8)

where Z is the symmetry axes of copper centres and other
symbols have usual notations. The nuclear quadrapole interaction is so small to be considered in the analysis of the
spectra. The expression for g and A tensors for parallel and
perpendicular peaks are obtained from the solution of the spinHamiltonian [27], as

hν = g β H + m A +

15
− m2
4


hν = g⊥ β H + m A⊥ +



15
− m2
4

A2⊥
,
2g β H



A2 + A2⊥
4g β H

(9)

.

(10)

3.6 EPR spectra
A neutral copper atom with atomic number Z = 29 has an
electronic conﬁguration [Ar] 3d10 4s1 . Copper atom acquires
[Ar] 3d9 conﬁguration in its +2 oxidation state by losing one
electron from 3d and 4s each and becomes Cu2+ ion. The
effective spin of Cu2+ ion is S = 1/2 and the nuclear spin
(I ) is 3/2. Hyperﬁne structure observed in the EPR spectrum
is due to the interactions between the nuclear and electronic
magnetic moments both in spin and orbital. Each ﬁne structure
line is expected to split into four hyperﬁne lines in accord with

The spin-Hamiltonian parameters are given in table 2. The
observed g and A values and shape of the EPR spectra suggest that the CuO in all the glasses is existing as Cu2+ ion
with 3d9 conﬁgurations. In the present work, it is noticed
that g values are varied from 2.338 (PCPBC1) to 2.464
(PCPBC5), a signiﬁcant variation in g values is observed.
This might be due to the variation of ligand ﬁeld strength
around Cu2+ ion. g⊥ values varied between 2.064 (PCPBC1)
and 2.066 (PCPBC5) and are almost constant. g > g⊥ > ge
(ge = 2.0023) and A| > A⊥ suggest that the environment

Bull. Mater. Sci. (2018) 41:79

Page 5 of 7

79

Table 2. Spin-Hamiltonian parameters, number of spins, susceptibility and bonding parameters of xPbCl2 –(30 − x)PbO–69B2 O3 –1CuO
(where x = 5, 10, 15, 20 and 25 mol%) glasses.

PCPBC-1
PCPBC-2
PCPBC-3
PCPBC-4
PCPBC-5

g⊥

A (10−4 cm−1 )

A⊥ (10−4 cm−1 )

 E xy (cm−1 )

α2

β2

β12

2.338
2.352
2.355
2.343
2.464

2.064
2.064
2.066
2.065
2.066

151
139
139
148
148

34
35
39
37
39

12873
12801
12252
12478
12331

0.825
0.805
0.805
0.819
0.944

0.717
0.735
0.735
0.722
0.627

0.789
0.833
0.797
0.775
0.910

around Cu2+ ion is distorted octahedral (D4h ) site elongated
along z-axis [28]. The variation of g and A with PbCl2
content was found to be nonlinear, which suggest that there is
a change in the tetragonal distortion around Cu2+ ion. For all
the glass samples in the optical absorption spectra, a single
asymmetric broadband near IR region was observed, which is
shown in ﬁgure 3. This band can be identiﬁed as the d–d transition band due to Cu2+ ions and it is assigned to 2 B1g →2 B2g
transition (E xy ). Bonding between the orbitals of Cu2+ ion
with its ligands are described by α 2 , β 2 , and β12 . α 2 denote the
in-plane σ -bonding of the ligand with dx 2 −y 2 orbital, the outof-plane and in-plane -bonding of ligands (β 2 and β12 ) with
the dxz , dyz and dxy orbitals, respectively [29,30]. The bonding parameters are given in table 2. The value of α 2 indicates
ionic nature of the σ -bond, while β 2 and β12 indicate moderately ionic nature of the in-plane and out-of-plane π -bonds.
The number of unpaired spins (N ) of Cu2+ ions that are
taking part in resonance can be estimated by comparing the
area under the EPR spectra with that of standard spectra of
CuSO4 ·5H2 O compound as given by Weil et al [31].
Using N and g values, we estimated the paramagnetic susceptibility of each glass sample by using the relation [32].
χ=

N (1021 )
per kg

g

N g 2 β 2 J (J + 1)
,
3kB T

(11)

where J = 5/2, and the other symbols in the expression have
their usual notations. The N and χ values are given in table 2.
Even though, the transition metal (Cu) is ﬁxed to 1 mol%, the
number of spins participating in the resonance (N ) is varying nonlinearly with the compositional parameter PbCl2 . It is
understood that glass network plays a prominent role on N .
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Figure 7. FTIR spectra of PCPBC glass system.

[35]. The observed band near 419 cm−1 is attributed to Pb2+
vibrations. Absorption bands observed in the range of 682–
705 cm−1 are due to B–O–B bond-bending vibrations from
the pentaborate group or may be due to bending vibrations of
BO3 triangles [6]. The band observed near 775 cm−1 is due
to O3 B–O–BO4 bond-bending vibrations and at 870 cm−1
due to B–O stretching vibrations in BO4 units from diborate
rings [34]. A band near 1061 cm−1 is due to B–Ø stretching
vibrations in Ø−
4 unit from tri-, tetra- and penta-borate groups.
The bands that arise due to stretching vibrations of trigonal
BO3 units from pyro- and ortho-borate groups are found near
1208 cm−1 and the presence of pyroborate and orthoborate
−1
[33,35].
groups containing BO−
3 are found at 1364 cm

3.7 FTIR
3.8 Raman spectra
Structural and functional groups in amorphous solids are identiﬁed by FTIR and Raman studies [33–35]. FTIR spectra of
xPbCl2 –(30 − x)PbO–69B2 O3 –1CuO (where x = 5, 10, 15,
20 and 25 mol%) glasses are shown in ﬁgure 7. The observed
band positions and assignments of FTIR spectra are listed
in table 3. The wavenumbers <600 cm−1 (lower wavenumber side) are assigned to metallic cation vibrations in glasses

Raman spectra of the glass samples are shown in ﬁgure 8 and
corresponding deconvoluted spectrum of PCPBC3 is shown
in ﬁgure 9. Raman spectra are spread over in the region of 400–
1600 cm−1 . The Raman spectra have shown bands at ∼691,
∼766, ∼796, ∼870, ∼955, ∼1051, ∼1114, ∼1246, ∼1335,
∼1415 and ∼1502 cm−1 (table 3). The band at ∼691 cm−1
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Assignment of FTIR and Raman bands in the spectra of xPbCl2 –(30 − x) PbO–69B2 O3 –1CuO glass system.
FTIR

Wavenumber
(cm−1 )

Raman
Wavenumber
(cm−1 )

Assignment

∼419
∼687
∼775
∼866

∼1208
∼1364

∼955
∼1051

Attributed to presence of diborate groups

∼1114

Diborate groups

∼1246
∼1335
∼1415

Pyroborate groups
BØ2 O− triangles linked to BØ−
4 units
Stretching of B–O bands attached to large
number of borate groups
BØ2 O− triangles linked to other borate
triangular units

∼796
∼870

B–O stretching vibrations in BO4 units
from diborate rings
B–O stretching vibrations in BO4 units
from tri-, tetra- and penta-borate groups
Stretching vibrations of tetragonal BO3
units from pyroborate and orthoborate
groups
Presence of pyroborate and orthoborate
groups containing BO−
3

∼1061

Existence of BO2 O3−
2 unit
Symmetric breathing vibrations of
six-member rings with one or two BØ3
triangles replaced by BØ−
4 tetrahedra.
Symmetric breathing vibrations of boroxol
rings.
Symmetric stretching vibrations of B–O–B
bridges in pyroborate units.
Due to pentaborate and tetraborate groups

∼691
∼766

Pb2+ vibrations
B–O–B bond-bending vibrations from
pentaborate group or bending vibrations
of BO3 traingles
O3 B–O–BO4 bond-bending vibrations

∼1502

14000
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Figure 8. Raman spectra of PCPBC glass system.

Wave number(cm )
Figure 9. Deconvoluted Raman spectra of PCPBC3 glass.

shows the existence of BO2 O3−
2 unit [38]. The band centred at
∼766 cm−1 can be assigned to symmetric breathing vibrations
of six-member rings with one or two BØ3 triangles replaced
−1
is assigned to
by BØ−
4 tetrahedra. The band at ∼796 cm
symmetric breathing vibrations of boroxol rings, it is shifting
towards higher wavenumber side (i.e., 796–806 cm−1 ) and its
intensity is increasing with the increase of PbCl2 content. The
band at ∼870 cm−1 is due to symmetric stretching vibrations

of B–O–B bridges in pyroborate units and it is shifted to 880
cm−1 with increasing intensity for 20 and 25 mol% of PbCl2
[34,38]. As PbCl2 content is increasing, the peak intensity of
796 cm−1 is increasing, which might be due to the formation
of pentaborate groups [39]. For 20 and 25 mol% of PbCl2 , a
new band at 500 cm−1 appeared, which is also conﬁrming the
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formation of pentaborate group. The band at ∼955 cm−1 is
due to pentaborate and tetraborate groups. The band around
∼1051 cm−1 is attributed to the presence of diborate groups.
The bands at ∼1114 and ∼1246 cm−1 are due to diborate and
pyroborate groups, respectively. The band at ∼1335 cm−1 is
due to BØ2 O− triangles linked to BØ−
4 units. The band at
∼1415 cm−1 is assigned to stretching of B–O bands attached
to the large number of borate groups and at ∼1502 cm−1
due to BØ2 O− triangles linked to other borate triangular units
[34–41].

4. Conclusions
xPbCl2 –(30 − x)PbO–69B2 O3 –1CuO (where x = 5, 10, 15,
20 and 25 mol%) glasses were prepared by the melt quenching method. From XRD spectra, the amorphous nature of the
glasses was conﬁrmed. Molar volume is increasing, while
the density is decreasing with the increase of PbCl2 since
ionic radius of chlorine ion is greater than oxygen. A broad
absorption band is observed in the optical absorption spectra,
which were assigned to 2 B1g →2 B2g transition. Optical band
gap values are increasing with PbCl2 content, which is due
to the decrease in iconicity of oxygen ions with PbCl2 content. From the EPR spectra, it was concluded that the ground
state of Cu2+ ion is dx 2 −y 2 orbital (2 B1g state), the Cu2+ ions
were located in tetragonally distorted octahedral sites. FTIR
spectra of all the glasses showed bands in the mid-infrared
region of 400–1600 cm−1 . The observed bands are assigned
and some of the bands are attributed to B–O–B bond bending
vibrations and stretching vibrations of BO3 , BO4 units from
various borate groups. Raman spectra of all the glasses exhibited bands in the region of 400–1600 cm−1 . These bands are
attributed to the presence of diborate and pyroborate groups
and some of these bands exhibit symmetric breathing vibrations of six-membered rings and boroxol rings.
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