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a  b  s  t  r  a  c  t

Structure  and  dielectric  constant  of  silver  molybdophosphate  mixed  network  former  glasses  have  been
reported  in  this  paper.  The  Fourier  transform  infrared  (FTIR)  spectroscopy  has  been  used  to investigate
the effect  of MoO3 on  the  glass  network  structure.  The  existence  of  characteristic  absorption  bands  corre-
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sponding  to the  vibration  of  P  O bond,  P–O mode  and P–O–P  bond  and the  presence  of MoO4 anions
have been  ascertained  from  the  FTIR  spectra.  It is  observed  that  the  increase  of  MoO3 content  in  the
compositions  changes  the  network  structure  by  creating  non-bridging  oxygen  caused  by the breaking
of long  phosphate  chains.  It  is  further  observed  that  the  dielectric  constant  and  dielectric  strength  of
these glasses  increases  with  the  increase  of  MoO3 content,  which  is attributed  to the  increase  of  the
polarizability  of  the  glasses  due  to addition  of  MoO3.
. Introduction

Ion conducting materials continue to be a matter of great
nterest for their potential applications in optical devices, elec-
rochemical devices, e.g., electrochromic display, in sensors [1–8].
hey are equally important from scientific point of view to under-
tand the structure–transport correlation in glasses [9–11]. In
articular, the study of P2O5 based glasses are interesting because of
heir superior physical properties such as high thermal expansion
oefficients, low melting temperature, low softening temperature
nd low transition temperature [12–15].  Tunability of various char-
cteristics such as mechanical, dielectric, thermal properties can
e achieved in glasses, which contain more than one network for-
er  compared to the single network former glasses. Studies of few
ixed former glass systems containing phosphate, molybdate, etc.
ith other glass network formers have been reported [16–20].

The different properties, such as thermal, mechanical, electrical
f mixed network former glasses are significantly different from
hose of single network former glasses and these changes can be
ttributed to the change of microscopic structure of the glasses
11,21,22].  The network of the vitreous P2O5 is formed from PO4
etrahedra, which are connected through P–O–P linkages form-
ng a polymeric structure. The addition of other glass formers can

hange the characteristics of the phosphate network by altering
he network connectivity. The extent of structural modification in
uch glasses strongly depends on the glass compositions and on the
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nature of network formers. MoO3 is a non-traditional glass former
and acts both as a network former as well as a network modifier
depending upon its concentration in the glassy matrices [23–26].
Addition of high MoO3 concentration in phosphate glass leads to
the formation of various molybdenum units that enter into the glass
network by cross-linking phosphate chains [23,24]. Infrared spec-
troscopic investigation of a few PbO modified molybdophosphate
glasses reveals that the addition of the modifier de-polymerizes
the phosphorous–oxygen chain by forming new P–O–Pb bonds
and non-bridging oxygen in the network [27]. A few studies of
compositional dependence glass network structure in a few molyb-
dophosphate glasses show that the increase of MoO3 content leads
to the transformation of Mo–O− and P O bonds into Mo–O–Mo
and weaker Mo–O–P bridging bonds [28,29]. In zinc phosphate
and borophosphate glasses [30,31] it has been observed that the
incorporation of MoO3 increases the depolymerization of phos-
phate chains and a gradual transformation of metaphosphate into
diphosphate and orthophosphate units occurs. The Raman spectro-
scopic study of these glasses reveals that the ratio of MoO6/MoO4
increases with increasing content of MoO3 [32,33]. The addition of
MoO3 thus affects the network stability of glasses: the stability of
network is higher for low MoO3 content, whereas at higher MoO3
content the network structure becomes weak and is more prone
to crystallization due to formation of MoO6 clusters. From struc-
tural point of view it is thus challenging to study the glass network
structure in a system consisting of one typical glass network for-

mer  (P2O5) and other conditional network former (MoO3) and the
consequent effects of substituting one former by another.

In this work, we  have focused our attention to study the effect
of incorporation of MoO3 in silver phosphate glass. The addition of
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Table 1
The value of the density (�), molar volume (Vm), glass transition temperature (Tg),
average cross link density (〈nc〉) and the oxide ion polarizability (˛O2− ) for the glasses
of  compositions yAg2O–(1 − y)(xMoO3–(1 − x)P2O5).

Composition � (g cm−3)
(±0.05)

Vm (cm3 mol−1) Tg (◦C) (±10) 〈nc〉 ˛O2− (Å3)

y = 0.30
x = 0 3.76 44.83 272 1.30 1.57
x = 0.10 4.34 38.94 250 1.38 1.59
x = 0.30 4.52 37.45 275 1.57 1.63
x = 0.50 4.65 36.49 285 1.79 1.67
x = 0.70 5.35 31.56 343 2.04 1.72
x = 0.90 5.48 31.04 266 2.36 1.77

y = 0.40
x = 0 4.14 42.97 253 1.40 1.72
x = 0.10 4.36 40.82 220 1.47 1.74
x = 0.30 4.61 38.65 267 1.64 1.78
x = 0.50 4.87 36.64 278 1.82 1.83

ter called the cross-link density (nc) which is defined as the number
of bridging oxygen atoms per network-forming atom. The value of
nc for Ag2O, MoO3 and P2O5 are two, three and one, respectively
[34]. The average cross link density 〈nc〉 is then calculated from
252 B. Deb, A. Ghosh / Journal of Alloys

oO3 is observed to affect the glass network structure depending
n composition. The effect of addition of MoO3 on the dielectric
roperties of the glasses has been also studied. This work thus
heds some light on the structure and dielectric properties of MoO3
ontaining silver phosphate glasses.

. Experimental details

The glass samples of compositions yAg2O–(1 − y)(xMoO3–(1 − x)P2O5) where
 ≤ x ≥ 0.90 and y = 0.30 and 0.40 were prepared by conventional melt quenching
echnique. The reagent grade chemicals AgNO3, MoO3 and NH4H2PO4 were thor-
ughly mixed in appropriate proportion. The mixtures were heated in an alumina
rucible at 400 ◦C for 4 h for denitrogenation of AgNO3. The mixtures were then
elted in the temperature range of 800–900 ◦C depending on composition and

quilibrated for 2 h. The melts were then rapidly quenched between two aluminum
lates to obtain the desired glass samples.

The formation of glasses was ascertained from X-ray diffraction (XRD) using
 X-ray diffractometer (Bruker, model D8 Advanced AXS) using Cu K� radiation
�  = 1.54 Å). The density of the glass samples at room temperature was determined
sing Archimedes principle using acetone as the immersion liquid. The differential
canning calorimetry (DSC) traces of the samples were recorded using a differen-
ial  scanning calorimeter (TA instruments, model - DSC Q2000) in N2 environment
t  a constant heating rate of 10 ◦C/min. The FTIR spectra of the powder samples
n  KBr matrix in the ratio 1:100 were recorded at room temperature using a FTIR
pectrometer (SHIMADZU, model FTIR-8400S). The dielectric data of the samples
ere measured in an LCR meter (Quad Tech, model 7600) in the frequency range of

0  Hz–2 MHz and in a wide temperature range.

. Results and discussion

Fig. 1 shows the X-ray diffraction patterns for several composi-
ions. The patterns show characteristic wide haloes, which indicate
he amorphous nature of the as-prepared samples. Table 1 sum-

arizes the value of different parameters calculated for all glass
ompositions. It is noted in Table 1 that the density of the glasses at

 fixed Ag2O content gradually increases with increase of MoO3
ontent whereas the molar volume decreases. The composition
ependence of density and molar volume depends largely on the
olecular weight of the replaced oxide and on the change of num-

er of atoms. Thus, the observed trends in the change in the density

nd the molar volume is attributed to the partial replacement of a
ow molecular weight and low density P2O5 (M = 141.945 g mol−1,

 = 2.39 g cm−3) by a high molecular weight and high density MoO3
M = 143.94 g mol−1, � = 4.69 g cm−3).

ig. 1. The XRD patterns for several glass samples of composition yAg2O–(1 −
)(xMoO3–(1 − x)P2O5).
x = 0.70 5.52 32.37 298 2.04 1.87
x = 0.90 6.22 28.76 230 2.28 1.92

The differential scanning calorimetry (DSC) traces for several
glass compositions are shown in Fig. 2. The DSC curves show
endothermic baseline shifts indicative of the glass transition fol-
lowed by the exothermic crystalline peaks. It is noted that with
increasing MoO3 content the intensity of crystallization peaks
increases, signifying an increasing tendency of crystallization.
Fig. 3(a) shows the variation of glass transition temperature (Tg)
with MoO3 content. It is observed that the glass transition tem-
perature initially shows an increasing trend with increasing MoO3
content, but it decreases at higher MoO3 content. The glass transi-
tion temperature, Tg is a structure sensitive parameter depending
predominantly on the bond strength, degree of cross-link density
and closeness of packing. We  have calculated a structural parame-
Fig. 2. DSC traces for several glasses of composition yAg2O–(1 − y)(xMoO3–(1 −
x)P2O5) shown. The inset shows the zoomed in portion of the selected area indicating
the endothermic baseline shift and the determination of Tg.
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Fig. 3. (a) Variation of glass transition temperature, Tg with MoO3 content for the
glass samples of compositions yAg2O–(1 − y)(xMoO3–(1 − x)P2O5). (b) The variation
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Fig. 4. FTIR spectra for the glass samples of compositions (a)

towards higher wave number with increasing MoO3 content. The
f  thermal stability, �T with MoO3 content for all the glass samples. Lines are drawn
s a guide to the eye and error bars are also shown in both the figures.

lass composition by adding the contribution of respective com-
ound. It is noted in Table 1 that the average cross link density 〈nc〉
f the glasses increases with the increase of MoO3 content, which
s due to the replacement of low cross-link density network former
2O5 by high cross-link density network former MoO3. The initial
ncrease of Tg with increasing MoO3 content is thus attributed to
he increasing cross-link density of the glass network. On the other
and, the bond strength of Mo–O bond (560.2 kJ/mol) is less than
hat of P–O bond (599.1 kJ/mol), so that the mean bond strength
n MoO3–P2O5 glasses decreases with an increase in the MoO3
ontent. Here, for lower MoO3 content the cross-link density dom-
nates increasing the network connectivity and increasing Tg. But,
or higher MoO3 content the weakening of glass structure occurs
ue to the decrease in bond strength which decreases Tg. Thus, the
ccurrence of Tg maximum can be envisaged as the competition
etween the increase of the cross-link density and the decrease of
he mean bond strength, the former being dominant at lower MoO3
ontent and later at higher MoO3 content.

The difference, �T  between the glass transition temperature
Tg) and crystallization onset temperature (Tx), can be considered
s an indicative of the thermal stability of the glasses. Fig. 3(b)
hows the composition dependence of �T,  which clearly shows
hat the thermal stability decreases with increasing MoO3 content.
he decrease of thermal stability of the glasses can be attributed
o the increase of depolymerization or the breaking of the network
hain structure of the phosphate network with increasing MoO3
ontent as revealed from FTIR spectra discussed in the following
aragraph.

The FTIR spectra for different glass compositions are shown
n Fig. 4(a) and (b) for two series. The spectra reveal different
haracteristic absorption bands corresponding to different vibra-

ion modes of phosphate and molybdate units. The bands in
he region 1100–1250 cm−1, 990–1050 cm−1

, 880–920 cm−1 and
80–740 cm−1 are assigned to the asymmetric stretching vibration
0.30Ag2O–0.70(xMoO3–(1 − x)P2O5) and (b) 0.40Ag2O–0.60(xMoO3–(1 − x)P2O5).

of P O bond, asymmetric stretching vibration of P–O− mode, asym-
metric stretching mode of P–O–P bond and symmetric stretching
of P–O–P bond respectively [28–31]. The band observed around
750–840 cm−1 for glasses containing MoO3 is assigned to the
stretching vibration of MoO4

2− anions [35]. The relative intensity of
different bands changes with composition. The FTIR spectra of pure
phosphate glasses reveal that the glasses are made up of chains of
(PO3

−)n and in part by corner shared chains of (PO3
−)n, in a two

and three dimensional networks. It is noted that the absorption
band around 890 cm−1 and 680 cm−1 corresponding to asymmet-
ric and symmetric stretching vibration of P–O–P bond shifts slightly
absorption band observed around 1250 cm−1 shifts towards lower
wave number, whereas that around 1020 cm−1 shifts towards
higher wave number with increase of MoO3 content. This change
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Fig. 5. (a) The deconvulution of FTIR spectra for glass samples of compositions
yAg2O–(1 − y)(0.50MoO3–0.50P2O5) for y = 0.30 and y = 0.40. The deconvuluted
bands are also shown. (b) The variation of the ratio of the relative area of the concen-
tration of P–O− vibrational mode to P O vibrational mode (�) with MoO3 content
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Fig. 6. (a) Frequency dependence of dielectric constant ε′ for
0.40Ag2O–0.60(0.50MoO3–0.50P2O5) glass at several temperatures. (b) Fre-
quency dependence of dielectric constant ε′ at 273 K for the different compositions
0.40Ag2O–0.60(xMoO3–(1 − x)P2O5).
or  the glass system of compositions yAg2O–(1 − y)(xMoO3–(1 − x)P2O5). The solid
ine is a guide to the eye.

f the band position points to the weakening of phosphate net-
ork chain by replacement of P–O–P bonds by weaker P–O–Mo

onds with increasing MoO3 content [32] and in turn suggests the
ecrease of the number of bridging phosphate oxygen in the glasses.

t is also noted that the intensity of P O vibration mode decreases
nd that of P–O− increases with the increase of the MoO3 content.

To quantify the relative proportion of different vibration modes
e have de-convoluted the FTIR spectra as shown in Fig. 5(a). The

elative areas of different bands are then obtained as the ratio of
he area under the corresponding band to the total area under the
ntire spectra. Fig. 5(b) shows the variation of the ratio of rela-
ive area of P–O− vibration mode to that of P O vibration mode.
t is observed that the relative area of P O mode to that of P–O−

ode increases with MoO3 content, which indicates that the num-
er of non-bridging oxygen units increase in the glasses due to
epolymerization of the phosphate chains caused by MoO3 addi-
ion. Addition of MoO3 to the glass compositions thus causes a
radual degradation of the network and (PO3

−)n chains and gives
ise to a variety of low-condensed or monomeric phosphate units
ith higher number of non-bridging oxygen units. Similar results

re also obtained from NMR  studies for ZnO–MoO3–P2O5 glasses
30], where it is observed that increasing MoO3 content at the
xpense of P2O5 increases the phosphate units having higher num-
er of non-bridging oxygen units caused by the breaking of long
hosphate chain. For the MoO3 containing glasses, the characteris-
ic absorption band at around 750 cm−1 shifts towards higher wave

umber as MoO3 increases, indicating the tendency of transforma-
ion of MoO4 units into MoO6 clusters with high MoO3 content
31].
Fig. 6(a) shows the frequency dependence of dielectric constant
ε′ with frequency for a selected composition at several tempera-
tures, while Fig. 6(b) shows the same for different compositions
at a particular temperature. From the frequency dependence of ε′

(Fig. 6) it is observed that in the high frequency side ε′ shows a
leveling-off, denoted as ε∞, which is attributed to the contribu-
tion from rapid polarization of atoms and electrons present in the
samples under applied electric field. In the intermediate frequency
range ε′ increases with the decrease in frequency up to certain
value, at which a plateau like feature is observed and the value
at this level is denoted as εs, the low frequency static value. This
may  be related to the long range hoping motion of ions from one
site to the other, where polarization is associated with the changing
environment of the different sites, ions hops into [9,10].  The onset
of plateau is observed to shift to higher frequency as the tempera-
ture is increased. At sufficiently low frequency, ε′ increases rapidly
due to the additional contribution from electrode and interfacial
polarization. It is also noted that the value of ε′ increases with the
increase in temperature (Fig. 6(a)). The temperature dependence
of ε′ may  be linked to the dipolar polarization, namely the weaken-
ing of the intermolecular forces, which increases the orientational
polarization.

The dielectric strength, �ε  defined as the difference between
low frequency static value (εs) and the high frequency limiting
value (ε∞) of the ε′, has been obtained from such plots as shown in
Fig. 7(b). Fig. 7(a) and (b) show the composition dependence of ε′ at
a fixed frequency and temperature and the dielectric strength, �ε
respectively. It is noted in Fig. 7(a) that ε′ increases with increase in
Ag2O as well as MoO3 content. The compositional dependence of
�ε shows an increasing trend with increasing MoO3 content. The
increase in dielectric constant as well as dielectric strength may  be
associated with the increase of polarizability of oxygen ion (˛ 2− )
O
with increasing MoO3 content as listed in Table 1. The oxygen ion
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Fig. 7. (a) Composition dependence of ε′ at 273 K and at 200 kHz for
the glass compositions yAg2O–(1 − y)(xMoO3–(1 − x)P2O5). (b) Composition
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ependence of dielectric strength, �ε  at 273 K for the glass compositions
Ag2O–(1 − y)(xMoO3–(1 − x)P2O5). The lines are drawn as a guide to the eye.

olarizability (˛O2− ) of the glasses has been calculated using the
ollowing relation [36]:

O2− = 1.67
1.67 − �th

,

here �th represents the theoretical optical basicity. In addition
o this, molybdenum ions have also higher polarizability (12.8 Å3)
ompared to that of phosphorous ions (3.6 Å3). The FTIR study also
ndicates that the increase of MoO3 content in the compositions
ncreases the breaking of the phosphate network chains by creating

ore non-bridging oxygen of the phosphate units and this facili-
ates the ability of the anions to follow the changing electric field
o a large extent so that the dielectric constant as well as strength
ncreases.

. Conclusions

The incorporation of MoO3 into the silver phosphate glass leads
o the structural modification of the phosphate glass network. The
haracteristic absorption band at ∼1250 cm−1 corresponding to

 O vibration mode shifts towards lower wave number, whereas
hat at ∼1020 cm−1 corresponding to P–O− absorption band shifts
radually towards higher wave number indicating the increase of

epolymerization of the phosphate network with increasing MoO3
ontent. The relative area of the P O vibrational mode to that
f P–O− vibrational mode increases with increase of MoO3 con-
ent, signifying the increase of non-bridging oxygen resulting from

[
[

[

ompounds 509 (2011) 8251– 8255 8255

depolymerization of the phosphate chains, which also attributes to
the increase of the dielectric strength of the glasses with increas-
ing MoO3. The thermal stability of the glasses decreases with the
increase of MoO3 content.
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