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Abstract

This paper describes elastic properties and spectroscopic studies on the xPbO–50B2O3–(50 – x)V2O5 (where x = 20, 25, 30, 35, 40, 45
and 49 mol%) glass system. Elastic moduli and spectroscopic parameters exhibit compositional dependent trends and the existence of
characteristic borovanadate groups in these glasses. The bulk modulus and shear modulus increase with the concentration of [BO4/

2]� and [B2V2O9]2� groups, which increases the dimensionality of the network. The scheme of modification of borate and vanadate
groups has been explained by considering the Sanderson’s electronegativity principle. Analysis of infrared(IR) and magic angle spin-
ning-nuclear magnetic resonance (MAS-NMR) spectra suggests the presence of characteristic diborovanadate groups also in these
glasses. The results are examined in view of the structural groups formed due to the presence of PbO as a modifier.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Oxide glasses doped with the transition metal oxides
such as V2O5, MoO3, WO3, TiO2, CuO, Fe2O3 etc. are
known to exhibit semiconducting properties and hence
these glasses have been extensively studied from the cath-
ode point of view of batteries [1–4]. The concentration of
TMO (for example V2O5 in vanadate glasses) plays an
active role in semiconducting glasses [5,6]. The elastic prop-
erties of these glasses are of considerable significance,
because the studies yield information concerning the forces
that are operative between the atoms comprising a the
solid. Hence the elastic properties are suitable for describ-
ing the glass structure [7].

M2O3, MO2, M2O5 (where M = B, Si or P) are the
archetypal glass forming oxides and are respectively tri,
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tetra and pentavalent elements where M�O bonds are
covalent enough to create simple local structures, but ionic
enough to allow deformation of bond angles and conse-
quently destruction of long range order [4]. Oxides such
as TeO2, V2O5, MoO3, WO3, Bi2O3, etc. do not form glass
on their own, but they readily form glass when mixed with
a second glass forming oxide [8]. Better glass network can
be formed by mixing more than one glass former [9].
Glasses containing divalent ions such as Mg2+, Zn2+,
Pb2+, Ca2+, etc. play an important role both in the forma-
tion and modification of glass structure [10,11]. Under-
standing the dependence of physical properties on glass
microstructure is critical for the design of materials suitable
for specific applications. Physical properties of borate
glasses can be altered by the addition of a network modifier
(alkali and alkaline earth oxides). Alkali borate glasses
have been extensively studied over the years to elucidate
the nature and relative concentration of various borate
units constituting the glass network. Boron atoms in these
glasses are both three and four co-ordinated to oxygens
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and are generally designated as B3 and B4 units. B3 units
may be represented as [BO3/2]0 or charged [BO2/2O]� = B2

while B4 may be represented as [BO4/2]�. The various
borate units can often give rise to tightly organized struc-
tures resulting in intermediate order. The concentration
of the various borate species in the glass structure is how-
ever determined by the nature and concentration of the
modifier oxides. The 11B NMR [10,12,13] and the IR
[14,15] investigations play an enabling role in identifying
several borate groups consisting of boron–oxygen triangles
and tetrahedra, which form the glass network at various
modification levels.

In glasses containing two glass formers such as B2O3

and V2O5, the coordination number and connectivities of
both borate and vanadate species can vary in a complex
manner as a consequence of modification when a modifier
oxide is added to the glass former. Modification is gener-
ally understood to be the reaction of O2� ion, which results
in structural changes, creation of non-bridging oxygen
being the first step. The complex structural changes criti-
cally determine the bond energies, structural groups and
chemical stabilities of structural entities. Hence, it is impor-
tant to examine the consequence of O2� ion addition to
borovanadate network. Upon addition of modifier oxide
to B2O3 the covalent network of amorphous boron oxide
undergoes significant changes and particularly influences
the network rigidity [16]. In this paper, we report the elastic
properties and structural investigations of borovanadate
glasses as a function of PbO concentration. The analysis
of the results indicates the formation of complex structural
groups such as diborovanadate [B2V2O9]2� besides four
coordinated boron [BO4/2]�.

2. Experimental

Lead–boro–vanadate glasses having a general formula
xPbO–50B2O3–(50 – x)V2O5 (where x = 20, 25, 30, 35,
40, 45 and 49 mol%) were prepared using analar grade lead
monoxide (PbO), boric acid (H3BO3) and vanadium pent-
oxide (V2O5) as starting materials. An appropriate quantity
of weighed chemicals were mixed and thoroughly ground
to homogenize the mixture. Depending upon the composi-
tion, the mixtures were melted in a platinum crucible at
900–1100 �C for about 30 min to ensure homogeneity and
then quenched between brass plates. For ultrasonic mea-
surements a special sample mould was fabricated of dimen-
sion 10 mm in diameter 12 mm in length. The cylindrical
samples were obtained for ultrasonic measurements by
quenching the melt in a brass mould, which was preheated
(about 150 �C) to avoid breaking of the samples due to
thermal strains. The glasses were annealed for 2 h at
200 �C to remove thermal strains that could have devel-
oped during quenching. The prepared samples were
crushed in a mortar to a fine powder and tested for
amorphous nature of glass using a powder diffractometer
(Rigaku DIMAX – 1C). Density measurements were per-
formed using Archimede’s method with benzene (den-
sity = 0.879 gm/cm3) as an immersion liquid. The
accuracy of the measurement was ±0.005 gm/cm3. The
molar volume was calculated using the relation MV = M/
q where M is the molecular weight and q is the density.
The glass transition temperature (Tg) was measured using
a Perkin–Elmer DSC-2 differential scanning calorimeter
(using dry nitrogen as purge gas). Care was taken to reduce
thermal drift by prewarming the instrument in the temper-
ature range of interest. Glass pieces weighing 40–50 mg
were hermetically sealed in aluminium pans and were
annealed for 30 min and then cooled. The measurements
were carried out at a heating rate of 10 K/min. The samples
were polished under dry condition using silicon carbide
powder Nos. 320 and 400 (Carborundum Manchester-17,
UK) to obtain end faces parallel and flat in a manner suit-
able for ultrasonic measurements. Glasses were quite stable
in air and did not exhibit any hygroscopicity. Ultrasonic
velocity measurements were carried out at a frequency of
10 MHz using x-cut and y-cut quartz transducers at room
temperature. A pulse superposition technique was
employed using Ultrasonic Interferometer (System Dimen-
sions, Bangalore, India). Salol (phenyl salicilate) was used
to bond the transducer to the sample. Using Mcskimin’s
‘dt’ criteria the round trip delay time ‘t’ was measured using
Hewlett–Packard model 54600B Oscilloscope [17,18]. By
measuring the thickness of the sample (d), longitudinal
(Vl) and transverse (Vt) velocities were calculated using
the relation,

V ¼ 2d=t:

The various elastic properties of the glasses investigated
were calculated using the following standard relations.

Longitudinal modulus; L ¼ qV 2
l ð1Þ

Shear modulus; G ¼ qV 2
t ð2Þ

Bulk modulus; K ¼ L� ð4=3ÞG ð3Þ
Young’s modulus; E ¼ ð1þ rÞ2G ð4Þ
Poisson’s ratio; r ¼ ðL� 2GÞ=2ðL� GÞ and ð5Þ
Debye temperature; hD ¼ ðh=kÞ½ð3qqN AÞ=ð4pMÞ�1=3V m;

ð6Þ
where L, G, K and E are longitudinal, shear, bulk and
Young’s modulus, respectively, q is the density, r is the
Poisson’s ratio and hD is the Debye temperature, Vm is
the mean sound velocity, h is the Plank’s constant, k is
the Boltzman’s constant, q is the charge per unit formula
and NA is the Avogadro number. The mean sound velocity
Vm is defined by the relation:

3=V 3
m ¼ 1=V 3

l þ 2=V 3
t : ð7Þ

The infrared absorption spectra of freshly prepared
glass samples were recorded on a Perkin–Elmer (PE-580
Double Beam IR Spectrometer) in the range of 300–
2000 cm�1 using KBr pellets at room temperature. 11B
MAS-NMR spectra of the powdered glass samples were
recorded using Bruker MSL-300 solid state high resolution
NMR spectrometer operating at 96.028 MHz. Sample
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spinning speeds were generally 7 kHz. The chemical shifts
were recorded with respect to 11B resonant signal of tri-
methyl boron and the measurements were made at room
temperature.
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Fig. 2. DSC thermograms of xPbO–50B2O3–(50 – x)V2O5 glass system.
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3. Results

The codes, composition density, molar volume and glass
transition temperature are given in Table 1. The composi-
tions of glasses reported are nominal. The X-ray diffraction
patterns of the glasses containing 20 mol%, 35 mol% and
49 mol% of PbO are shown in Fig. 1. X-ray diffractogram
shows only broad humps typical of amorphous materials.
Glasses were characterized by determining glass transition
temperature. DSC thermograms are shown in Fig. 2.

The variation of density and molar volume with PbO
mol% is shown in Fig. 3. Density of the glass increases
monotonically while the molar volume decreases with
PbO concentration. Density increases from 3.48 to
3.94 gm/cm3 (13.2% increase) as PbO increased from 20
to 49 mol% and molar volume decreases only by 3.5%. This
is more clearly evident from Fig. 3.

The glass transition temperature was estimated at the
intersection of extrapolated linear portions around the
glass transition region (see Fig. 2). The change in Tg with
concentration of PbO is shown in Fig. 4. As can be seen
Table 1
Nominal composition, density (q), molar volume (MV) and glass transi-
tion temperature (Tg) of lead–boro–vanadate glasses (see Fig. 3 for error
estimates of properties)

Code PbO
(mol%)

B2O3

(mol%)
V2O5

(mol%)
q (gm/
cm3)

MV

(cm3)
Tg

(K)

PBV1 20 50 30 3.48 38.51 611
PBV2 25 50 25 3.55 38.33 613
PBV3 30 50 20 3.62 38.16 619
PBV4 35 50 15 3.70 37.89 622
PBV5 40 50 10 3.77 37.74 626
PBV6 45 50 05 3.86 37.39 630
PBV7 49 50 01 3.94 37.16 635

x = 20 mol % 

x = 35 mol % 

x = 49 mol % 

Fig. 1. XRD spectra of xPbO–50B2O3–(50 – x)V2O5 glass system.
from the figure, Tg increases linearly with increasing
mol% of PbO. In order to substantiate the percentage of
deviation of Tg values from linearity, error bars have been
included and the deviation is well within 3%. The increase
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Fig. 3. Variation of density and molar volume with PbO mol%.
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Fig. 4. Variation of glass transition temperature with PbO mol%.



Table 2
Sound velocities, elastic moduli, Poisson’s ratio (r) and Debye temperature (hD) of lead–boro–vanadate glasses

Code Vl ± 10 (m/s) Vt ± 10 (m/s) L ± 0.88 (GPa) G ± 0.44 (GPa) E ± 0.61 (GPa) K ± 0.54 (GPa) r hD (K)

PBV1 4128 2476 59.30 21.33 42.87 30.86 0.210 426
PBV2 4459 2653 70.58 24.98 61.25 37.28 0.226 450
PBV3 4801 2832 83.44 29.05 71.57 44.72 0.232 473.5
PBV4 5146 3036 97.98 34.10 84.09 52.51 0.234 499.2
PBV5 5506 3221 114.29 39.11 96.91 62.15 0.239 520.2
PBV6 5876 3408 132.93 44.72 111.44 73.45 0.246 541.2
PBV7 6256 3603 154.20 51.16 128.10 85.80 0.252 564
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in Tg is 25 K in the range of compositions studied
(49 P x P 20).

Sound velocities (Vl and Vt), elastic moduli and the
uncertainty in their values are listed in Table 2. The compo-
sitional dependence of longitudinal and transverse sound
velocities are shown in Fig. 5. The velocities (Vl and Vt)
show a monotonic increase with the addition of PbO.
The behaviour of elastic moduli (L, G, E and K) is shown
in Fig. 6. As can be seen from the figure all the modiuli
increases linearly with the concentration of modifier oxide.
It is clear from Figs. 7 and 8. that both Poisson’s ratio and
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Fig. 6. Variation of elastic moduli with PbO mol%.
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Fig. 5. Variation of sound velocities with PbO mol%.
Debye temperature increase linearly with PbO concentra-
tion. The data points appear to deviate from linearity but
are well within 3% error.

Fig. 9. shows the IR spectra of lead–boro–vanadate
glasses as a function of PbO concentration. It is clearly seen
in Fig. 9. that the spectra exhibit a strong compositional
dependent trend. The band intensity and bandwidth also
vary with the concentration of PbO. The absorption bands
and the corresponding band assignments based on the liter-
ature are listed in Table 4.
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Fig. 8. Variation of Debye temperature with PbO mol%.
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Fig. 9. IR Spectra of xPbO–50B2O3–(50 – x)V2O5 glass system.

Table 4
Assignments of infrared bands present in the spectra

Print
position (cm�1)

Assignment Reference

1200–1400 Stretching of trigonal boron present in
[B2V2O9]2�

[24,28]

1100 Stretching of tetrahedral boron [14–16,30]
932–960 Stretching modes of V@O [31,32]
630–740 Bending modes of B�O�B [14–16,30]
539 Bending modes of V�O�V [24,28]
322–350 Cage vibrational frequency of Pb2+ [24,33]

Table 5
Glass composition and corresponding network modification

Composition in
mol%

Network modification

PbO B2O3 V2O5

10 50 40 5 [B2V2O9]2� (I) 5 [B2V2O9]2� (II) 80 [BO3/2]0

60[VOO3/2]0

15 50 35 7.5 [B2V2O9]2� (I) 7.5 [B2V2O9]2� (II) 70 [BO3/2]0

40[VOO3/2]0

20 50 30 10 [B2V2O9]2� (I) 10 [B2V2O9]2� (II) 60 [BO3/2]0

20[VOO3/2]0

25 50 25 12.5 [B2V2O9]2� (I) 12.5 [B2V2O9]2� (II) 50 [BO3/2]0

30 50 20 10 [B2V2O9]2� (I) 10 [B2V2O9]2� (II) 20 [BO4/2]� 40
[BO3/2]0

35 50 15 7.5 [B2V2O9]2� (I) 7.5 [B2V2O9]2� (II) 40 [BO3/2]0 30
[BO3/2]0

40 50 10 5 [B2V2O9]2� (I) 5 [B2V2O9]2� (II) 60 [BO4/2]� 20
[BO3/2]0

45 50 05 2.5 [B2V2O9]2� (I) 2.5 [B2V2O9]2� (II) 80 [BO4/2]�

10 [BO3/2]0

49 50 01 0.5 [B2V2O9]2� (I) 0.5 [B2V2O9]2� (II) 96 [BO4/2]� 2
[BO3/2]0

0 90 10 80 [BO3/2]0 20[VOO3/2]0

Fig. 10. 11B MAS NMR spectra of xPbO–50B2O3–(50 – x)V2O5 glass
system. (Inset: 11B MAS NMR spectrum of 90 B2O3–10 V2O5 glass
system.)

Table 3
Structural groups and electronegativities

Groups Notation Electronegativity

[BO3/2]0 B3 2.79
[VOO3/2]0 V3 2.79
[BO4/2]� B�4 2.01
[VOO4/2]� V�4 2.20
[BO2/2O]� B�2 2.01
[VOO2/2O]� V�2 2.20
[BO1/2O2]2� B2�

1 1.43
[VOO1/2O2]2� V2�

1 1.74
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C.N. Reddy et al. / Journal of Non-Crystalline Solids 354 (2008) 32–40 37
The IR spectra of borate glasses occur mainly in three
regions: the absorption bands between 1200–1400 cm�1

which arise from borate units in which boron is connected
to three oxygens (both bridging and non-bridging types
such as B0

3 and B�2 ), those between 900–1100 cm�1 due to
boron in tetrahedral oxygen coordination B�4 and those
absorption bands in the range 600–800 cm�1 are due to
the manifestation of B–O–B bending [14–16] (see Table 5).

The formation of diborovanadate groups as indicated
by IR studies are re-examined using 11B MAS-NMR stud-
ies. Fig. 10. shows the MAS-NMR spectra of representa-
tive lead–boro–vanadate glasses. The spectra are typical
of borate glasses with broad outer peaks generally linked
to boron in three fold coordination [BO3/2]0 � B3 [29]
and the sharper single central peak usually associated with
boron in four fold coordination [BO4/2]� � B4 centered
around –0.3 ppm (with respect to resonance signal of tri-
methyl boron). Thus, all the spectra have the appearance
of a B4 resonance peak with wings at the base as expected
in glasses containing boron in dual coordination.
4. Discussion

The variation of density and molar volume with PbO
mol% is shown in Fig. 3. It is seen from the figure that den-
sity increases while the molar volume decreases monoto-
nically with the increase of PbO concentration. The
variation of density with PbO concentration can be
explained by considering the structural changes occurring
in the coordination of boron glass network. The structure
of crystalline as well as amorphous B2O3 is made up of pla-
nar [BO3/2]0 triangles [19–21]. In amorphous B2O3, most of
these triangles are arranged into boroxyl rings in which
three oxygens are part of the ring and three oxygens are out-
side the ring. These rings are randomly interconnected
through loose [BO3/2]0 units. One could expect the increase
in density is due to the substitution of lighter V2O5 by a hea-
vier PbO, but the significant role of four-coordinated boron
cannot be ruled out. Due to the addition of modifying oxide
the three coordinated trigonal boron [BO3/2]0 units are con-
verted to four-coordinated boron tetrahedral [BO4/2]�.
Thus the network dimensionality and connectivity increases
[22,23]. This would lead to efficient packing and compact-
ness in the structure, which is reflected in elastic moduli.

The glass transition temperature (Tg) as a function of
PbO concentration is shown in Fig. 4. In the present study,
Tg increases with PbO mol% linearly for the range of com-
positions studied (49 P x P 20), indicating the conversion
of three coordinated borons into four coordinated borons.
As the concentration of PbO increases, the weaker V–O–V
linkages are replaced by stronger B–O–V linkages [24].
Actually, Tg should decrease with increase of total modifier
concentration above 33.3 mol% [11] if the modification fol-
lows the trends observed in alkali borate glasses. In the
present glass system even above 33.3 mol% of modifier con-
tent Tg monotonically increases. This could be due to the
continuous formation four coordinated borate groups
along with borovanadate groups.

The compositional dependence of longitudinal (Vl) and
transverse (Vt) sound velocities is shown in Figs. 5 and 6.
respectively. As can be seen from Figs. 5 and 6, (Vl, Vt)
and elastic moduli increase with the increase of PbO
mol% over the entire range of composition.

This variation of ultrasound velocities and elastic mod-
uli can be explained on the basis of the structural consider-
ation of borovanadate network. As pointed out in the
earlier section, the vitreous B2O3 consists of planar [BO3/2]0

triangles [19,21]. The addition of modifier oxide to B2O3

network creates [BO4/2]� units. This leads to increase in
the network dimensionality and connectivity. The dimen-
sionality parameter D may be defined as D = 2y + 3 (1 –
y), where y is the concentration of [BO3/2]0 and (1 – y) is
the concentration of [BO4/2]�. Hence, both velocities and
elastic moduli increase with the increase of PbO concentra-
tion. It may also be noted from Fig. 6. that the rate of
change of elastic moduli is more pronounced in L and least
in case of G. This indicates resistance to deformation and it
is most probably due to presence of large number of cova-
lent bonds [13,25,26].

We note here that B4 reaches a maximum value of 0.5,
(33.3 mol% of modifying oxide), above which [BO4/2]� to
[BO3/2]0 reconversion begins to occur in alkali borate glasses
[21] and this leads to loosen the structure because of the
presence of non-bridging oxygens (NBOs). In the present
glass system if PbO were to be incorporated into the net-
work as a glass modifier, one would have expected decrease
in both velocities and elastic moduli when the concentration
of modifier oxide to exceed 33.3 mol% [22], since the recon-
version of four coordinated boron to three coordinated
boron begin to occur. But, interestingly oxygen supplied
by PbO has been shared by [BO3/2]0 and [VOO3/2]0 resulting
in the formation of diborovanadate groups along with four
coordinated boron without initiating the reconversion.

The formation of diborovanadate groups are explained
assuming that in borovanadate glass a continuous random
network is formed by [BO3/2]0 and [VOO3/2]0 structural
groups. Boron is three connected and vanadium is three
connected but is four coordinated as shown below:
The main linkages present in these glasses are B�O�B,

V�O�V and B�O�V. The modification of such a network
is due to the presence of PbO, leading to bond breaking



Fig. 11. Diborovanadate groups.
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among the linkages. The scheme of modification is ex-
plained on the basis of following equations and by using
electronegativity considerations. B2O3 and V2O5 are
known to be glass formers, where as PbO can behave like
a modifier. The modifier role of PbO can be represented as:

PbO! Pb2þ þO2�: ð8Þ

B2O3 and V2O5 can be represented as

B2O3 � 2½BO3=2�0 ð9Þ
V2O5 � 2½VOO3=2�0: ð10Þ

Then,

2½BO3=2�0 þO2� ! 2½BO4=2��: ð11Þ

Similarly,

2½VOO3=2�0 þO2� ! 2½VOO2=2O��: ð12Þ

The modification can also be represented as

½BO3=2 � VOO3=2�0 þO2� ! ½BO4=2�� þ ½VOO2=2O��: ð13Þ

During the modification, it is important to decide which of
([VOO3/2]0 and [BO3/2]0) of the structural groups modify
preferentially. This preference in modification is decided
by the electronegativity (v) of the structural groups. The
unit which has higher ‘v’ value picks up O2� ion and gets
modified. The group electronegativites are calculated using
the Sanderson’s [27] method and are listed in Table 3. As
can be noted from the Table 3 that the structural groups
[BO3/2]0 and [VOO3/2]0 shown below have the same electro-
negativity (2.79). Because of this reason, the oxide ion re-
acts with an equal apriori probability with both the
structural groups [BO3/2]0 and [VOO3/2]0. It is therefore
shared by [BO3/2]0 and [VOO3/2]0 groups in the structure
in proportion to their concentrations according to the fol-
lowing scheme which results in the formation of diboro-
vanadate groups similar to that of diborate groups [2].

½BO3=2 � VOO3=2�0 þ ð1=2ÞO2� ! 1=2½B2V2O9�2�: ð14Þ

The resulting structural groups at different modifier con-
centrations are listed in Table 5. A typical modification
of the network is illustrated with an example:

30 PbO–50 B2O3–20 V2O5

� 30 PbO–100 ½BO3=2�0–40 ½VOO3=2�0: ð15Þ

In the first stage, 20 PbO take part in the reaction:

20 PbOþ 40 ½BO3=2 � VOO3=2�0

! 10 ½B2V2O9�2�ðIÞ þ 10 ½B2V2O9�2�ðIIÞ þ 20 Pb2þ:

ð16Þ

Diborovanadate [B2V2O9]2� groups of type (I) and type
(II) are formed in equal proportions as shown in Fig. 11.
The remaining PbO reacts with [BO3/2]0
10 PbOþ 20 ½BO3=2�0 þ 40 ½BO3=2�0

! 20 ½BO4=2�� þ 40 ½BO3=2�0 þ 10 Pb2þ: ð17Þ

Thus the resultant products of the modification are: 10
[B2V2O9]2–(I), 10 [B2V2O9]2–(II), 20 [BO4/2]– and 40 [BO3/2]0.
Variations observed in the sound velocities, elastic moduli,
are consistent with the scheme of modification explained
above. It is evident from Table 5 that there is no reconver-
sion of four coordinated borons (B4) into three coordinated
borons (B3) even above 33.3 mol % PbO,which is also
reflected in MAS-NMR study.

The variation of Poisson’s ratio (r) with PbO concen-
tration is shown in Fig 8. Poisson’s ratio is the ratio of
transverse and linear strains for a linear stress. From the
above discussion we noted that the conversion of [BO3/

2]0 and [VOO3/2]0 groups into [BO3/2]�1 and [VOO3/2]�1

groups leads to increasing dimensionality of the network.
Poison’s ratio represent the negative ratio of the trans-
verse to longitudinal strains can also be expected to sensi-
tively reflect the dimensionality changes. In terms of
dimensionality Poisson’s ratio for a three dimensional net-
work is less than that of a two dimensional structure,
which in turn is less than that of a one dimensional struc-
ture. This has been attributed to the fact that the concen-
tration of bonds resisting a transverse deformation
decreases in that order [11,23].

Debye temperatures of various compositions are calcu-
lated using the formula given in Section 2. Fig. 9. shows
the variation of Debye temperature with PbO concentra-
tion. The symbol n in the formula corresponds to the num-
ber of particles in the molecular unit. If all the atoms in the
molecular unit are assumed to be independent oscillators at
hD. However it is reasonable to consider [BO3/2]0, [VOO3/2]0,
[B2V2O9]2� and [BO4/2]� as tightly bonded units and expect
them to behave as a single particle during vibrational exci-
tation. hD may be defined as hD = �hxD, where xD is the
cutoff frequency in the corresponding Debye spectrum.
We may therefore assume that the vibrational frequencies
involving Pb2+ in the glass are associated with observed
hD. The vibrational frequencies of relevance are those
involving units of type Pb2+�[BO3/2]0, Pb2+�[B2V2O9]2�

and Pb2+–[BO4/2]�. These are cage vibrations of Pb2+ ions.
An absorption band corresponds to these vibrations clearly
reflected in IR spectra.
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IR spectra of the investigated glasses reveal some char-
acteristic features of borate and vanadate vibrations (see
Fig. 9) and seem to be consistent with scheme of modifica-
tion explained above. In binary borovanadate glasses,
bands corresponding to 1350 cm�1 [28] and 740 cm�1 [30]
are attributable to B�O stretching vibrations in [BO3/2]0

groups and B�O�B bending vibrations respectively. The
absorption at 964 cm�1 is due to V@O vibration [31,32].
Interestingly no absorption peak is seen at 1100 cm�1,
which arises due to the stretching vibrations of B�O� in
four-coordinated boron environment. Addition of PbO
brings about profound changes in the structural features.
Firstly, the absorption peaks become broader and the
intensity of V@O stretching diminish with PbO mol%
which is likely due to more of randomness and structural
rigidity due to the formation of complex groups. Secondly,
as the concentration of PbO moves up from 10–49 mol%,
the stretching of boron split into two absorption bands at
about 1400 cm�1 and 1345 cm�1. This suggests B�O vibra-
tions in different coordinations, one corresponding to [BO3/2]0

groups and another corresponding to diborovanadate
groups of [B2V2O9]2� (type-I) [24]. It may be also noticed
from the IR spectra that there is a shoulder at 1000 cm�1

region which is likely due to B–O� vibration of [BO4/2]�

groups in diborovanadate groups of [B2V2O9]2� (type-II).
Thirdly, the bending modes B�O�B are also red shifted
(740–686 cm�1) indicating the bending modes of B�O�B
and B�O�V linkages. The absence of peak due to
V�O�V bending also indicates the formation of diboro-
vanadate groups and increase in the rigidity of the struc-
ture. The absorption bands in the range 322–351 cm�1

are likely to originate from the cage vibrational frequencies
of Pb2+ [24,33].

Addition of PbO converts [BO3/2]0 into [BO4/2]� groups
according to the scheme of modification explained and
those already reported in PbO�B2O3 and B2O3�V2O5

glasses [34]. Consequently, area under the resonance peak
corresponding to B4 signal increases. The area under the
composite spectrum has been apportioned to B4 and B3

present in the glass by connecting the peaks of quadrupolar
split B3 with a smooth line as shown in Fig. 10. Such an
apportionment has been used to calculate fraction of four
coordinated boron N4 = B4/[B3 + B4]. As can be seen from
Fig. 12. N4 progressively increases with PbO mol% but no
reconversion is noticed as in the case of binary alkali borate
glasses [31]. It is known that in alkali modified borate
glasses the values of N4 begin to decrease when the modi-
fier concentration is greater than 33.3 mol%. The decrease
in N4 values are attributed to reconversion of B4! B3 with
non-bridging oxygen [31]. In the present study the contin-
uous increase of N4 clearly reveal that there is no reconver-
sion of B3 units and O2� supplied by PbO has been utilized
for the formation of diborovanadate groups. The observed
variation is in good agreement with the scheme of modifi-
cation. The formation of N4 is greater in highly modified
glasses. This can be justified by comparing the N4 values
of binary 90 B2O3–10 V2O5 glass (N4 = 0.18).
5. Conclusions

Elastic properties of lead–boro–vanadate glasses have
been investigated. Elastic moduli are discussed in terms
of the structure on the basis of infrared spectra and MAS
NMR results. It is proposed that the modified glass struc-
ture corresponds to a network structure formed by four
connected boron units such as [BO4/2]� and [B2V2O9]2�

units. The increase in elastic moduli with modifier oxide
concentration is consistent with the proposed structural
model. The modifications are dependent on the PbO con-
centration. The IR spectra exhibit the characteristic band
features corresponding to B–O–B, V–O–V, B–O–V and
B–O� vibrations. The formation of diborovandate groups
is reflected in IR spectra as the B–O–B vibrations split into
two peaks. This results in an increase in randomness and
rigidity of the structure. MAS-NMR study confirms the
formation four coordinated borons in the glass structure.
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