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Abstract

PbO-P,05 glasses in which part of PbO/P,Os was replaced by ThO, have been prepared by the conventional melt
quench method and their structural aspects have been studied by P MAS NMR, Raman and FTIR techniques. Binary
PbO-P,0s glass is characterized by mainly Q? and Q' structural units of P (Q" represents the phosphorus structural
units having ‘»’ number of bridging oxygen atoms). When part of the PbO has been replaced by ThO,, the phosphorus
structural units are not significantly affected, indicating that Th** replaces Pb>* at the interstitial positions in the glass
network. Unlike this when part of P,Os has been replaced by ThO, extensive depolymerisation of the phosphate
network resulted in the conversion of Q? to Q! structural units of P. Above 10 mol% of ThO, replacement in either case

resulted in the partial devitrification of the glass.
© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Phosphate based glasses are technologically impor-
tant and are widely used for making solid-state electro-
lytes, machinable glass ceramics etc. [1-4]. Many of the
phosphate-based glasses are low melting and glass for-
mation takes place over a wide composition range.
However, the chemical stability due to hygroscopic na-
ture of many of these glasses poses a serious problem for
various technological applications. The hygroscopic na-
ture of phosphate glasses arises mainly because of the
presence of phosphorus structural units with non-
bridging oxygen atoms, which can react with moisture to
form phosphoric acid, which is detrimental to the glass
[5]: In general, the chemical stability and other physical
properties of these glasses can be modified by adding a
variety of oxides. For example addition of Al,O;, Sb,0s3,
Fe,0; etc. to phosphate glasses has been found to im-
prove the stability and modify the physico-chemical
properties like thermal expansion coefficient, electrical

* Corresponding author. Tel.: +91-22 255 95355; fax: +91-22
255 05151.
E-mail address: cgspil@apsara.barc.ernet.in (C.G.S. Pillai).

conductivity, cut-off wavelength in the UV-visible region
etc. [6-8], which have been attributed to the formation
of P-O-Al, P-O-Sb, P-O-Fe etc. linkages. Thus, the
knowledge regarding the structural aspects of these
glasses is essential to understand the physico-chemical
properties of the glasses. Solid-state magic angle spinning
nuclear magnetic resonance (MAS NMR) combined
with Raman and Fourier transform infrared (FTIR)
techniques can give valuable information regarding dif-
ferent types of structural units present in the glass. For
example, binary PbO-P,05 and PbO-P,0s glasses hav-
ing additives like Sb,O3; and ZnO have been well studied
by various authors [7,9,10] for understanding the nature
of different structural units constituting the glass.

ThO, is one of the components present along with
high level wastes like Cs'¥7, S, Ru'® etc. generated in
nuclear reactors based on thoria fuels, which has to be
immobilised for final geological disposal. With a view to
explore the possibility of incorporation of ThO, in PbO-
P,0s5 glasses, as well as to improve the stability of PbO—
P,0Os glasses, we have prepared a series of PbO-P,0Os
glasses, with varying amounts of ThO, and investigated
their structural aspects using various techniques. This
paper deals with the 3'P MAS NMR, Raman and FTIR
spectroscopic studies of these glasses to elucidate their
structural aspects at microscopic level.
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2. Experimental

(PbO);_,(P,0s), glasses made with a starting com-
position of x = 0.5, in which either PbO or P,Os has
been partly replaced by ThO, (up to 10 mol%), were
prepared by conventional melt quench method. Stoi-
chiometric quantities of reagent grade PbO, ThO, and
NH4H,PO, were ground, thoroughly mixed and pre-
heated to 725 K for 2 h. The charge was then ground
again and melted in an alumina crucible at temperatures
between 1275 and 1475 K, depending on the composi-
tion. Finally, the melt was quenched in between two
stainless steel plates. X-ray diffraction measurements
were made on a Philips diffractometer PW1710 using the
Cu Ka radiation.

The 3'P MAS NMR spectra of these samples were
recorded using a Bruker Avance DPX 300 unit with a
Larmor frequency of 121.34 MHz. The samples were
packed inside 7 mm zirconia rotors and subjected to a
spinning frequency of 5 kHz. Typical 90° pulses of =4.5 us
duration with a relaxation delay of 5 s were used for
recording the spectra. 3P MAS NMR experiments were
also carried out with higher delay times like 45 and 60 s
and the NMR patterns obtained were found to be iden-
tical with that recorded with a delay time of 5 s. Since the
relaxation time is inversely related to line width, higher
line widths of 3P MAS NMR patterns of glassy mate-
rials indicate faster relaxation, thereby giving rise to
NMR patterns with higher signal-to-noise ratios even
with smaller delay times. The chemical shifts are reported
with respect to 85% H;POy solution as the reference.
Raman spectra were recorded ex-situ under microcon-
figuration in a back scattering geometry with a spectral
resolution of =2 cm~!. The 514.5 nm (=2.4 eV) line of
Ar™ laser with a power of =10 mW, focused on to a spot
of =1 um in diameter using 100x microscope objective
was used for excitation. The Raman shifted scattered
light was analyzed using an optically aligned single stage
microRaman spectrometer (Dilor_Jobin Yvon_Spex)
equipped with a charge coupled device (CCD) camera for
multichannel detection. Spectra were recorded at differ-
ent positions on the sample for any possible spatial in-
homogeneity in the sample. Finally, the Raman spectra
were normalized to the incident power and time of ac-
cumulation. For infrared investigations, glass samples
were ground thoroughly along with KBr. The fine pow-
ders obtained thus were finally pressed in the form of thin
pellets. Infrared absorption spectra were recorded by
using a Bomem MB 102 spectrophotometer, over 4000—
200 cm~! with a resolution of 4 cm™.

3. Results and discussion

XRD patterns of all the samples gave a broad hump
over the region 20°-35° characteristic of their amor-

phous nature. Representative patterns are shown in Fig.
1. Incorporation of ThO, above 10 mol% resulted in the
partial devitrification of the glass as revealed by the
appearance of sharp peaks in the XRD patterns of
corresponding samples. Fig. 2 shows the P MAS NMR
patterns of PbO-ThO,-P,0Os glasses. For binary
(PbO),(P,05);_, glass with a starting composition of
x = 0.5, the 3P MAS NMR pattern contains mainly two
peaks, placed at around —24 and —10 ppm. Based on the
3IP MAS NMR studies of inorganic phosphate glasses
and crystalline compounds, the peak around —10 ppm
has been attributed to phosphorus structural units
having one bridging oxygen atom (Q') and the peak
around —24 ppm can be attributed to phosphorus
structural units having two bridging oxygen atoms (Q?)
[6,11,12]. It is expected that for (PbO)ys(P,Os)o5 glass,
there should not be any Q' structural units. However, in
the present study we observed the presence of Q!
structural units for the above composition, which has
been attributed to the loss of P,Os due to volatilization,
during melting. Based on the composition dependence of
the Q" structural units reported for various phosphate
glasses [13,14], the actual composition of the glass has
been calculated and found to be (PbO)gs4(P>Os)o46.
Similar calculations have been carried out for all the
glass compositions studied and are given in Table 1.

It has been established that in PbO containing glas-
ses, Pb exists as Pb?t and it can act both as network
modifier as well as network former [9]. When it acts as a
network modifier, Pb>" goes and sits in the interstitial
position in the glass network and neutralizes the nega-
tive charge of non-bridging oxygen attached to phos-
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Flg 1. XRD patterns of (a) (Pb0)0.54(P205)0'46, (b) (PbO)0‘45—
(ThO2)0.10(P205)04s and (c) (PbO)ys5(P205)035(ThO2)o.10 glas-
ses.
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Fig. 2. 3P MAS NMR spectra of (a) (PbO)y.ss(P20s)o46, (b)
(Pb0)g.50(ThO1)g.05(P205)0.45, (¢) (PbO)0.45(ThO2)g.10(P205)0.45,
(d) (PbO).53(P205)0.42(ThO2)p0s and (e) (PbO)oss(P20s)o.35-
(ThOy)o.10 glasses.

Table 1
Q' & Q? fractions estimated from NMR patterns along with
different glass compositions

Compositions Q% [Q"
(Pb0O)0.54(P205)0.46 0.80 0.20
(Pb0O)0.50(ThO1)0.05(P205)0.45 0.77 0.23
(Pb0)0.45(ThO1)0.10(P205)0.45 0.76 0.24
(Pb0)0.53(P205)0.42(ThO2)0.05 0.61 0.39
(Pb0O)0.55(P205)0.35(ThO1)0.10 0.18 0.82

phorus and have an octahedral configuration [9],
whereas when it acts as a network former, PbO, struc-
tural units are connected to phosphorus structural units
through P-O-Pb corner sharing linkages [9,15,16]. Par-
tial replacement of PbO by ThO, up to 10 mol% resulted
in the broadening of 3P MAS NMR peaks. Deconvo-
lution of these patterns based on a Gaussian fit indicated
that there is slight increase in the relative fraction of Q!
structural units from 20 to 23 and 24 mol%, respectively,
for 5 and 10 mol% of ThO, substitution. Based on the
O/P ratios, the relative concentrations of Q! structural

units were calculated and found to be 22.7 and 23.7
mol% respectively for (PbO)g.s0(ThO5)o05(P205)04s and
(PbO)o45(ThO5)0.10(P20s)o.45 glasses.

As part of the PbO is replaced by ThO,, probably the
Pb>* which are at the interstitial positions are substi-
tuted by Th*". Hence the relative intensities of the peak
—10 and —24 ppm are only slightly affected which is in
accordance with the increase of the O/P ratio. The
broadening of the NMR lines can be attributed to the
distribution in the chemical shift brought about by
the distortion in P-O-P linkages arising due to the dif-
ference in the nuclear charges of Pb’>* and Th** ions.
Due to the higher value of the cationic field strength of
Th** (Z/r ~0.042 pm~!) compared to Pb*" (Z/r ~
0.0169 pm™!), the extent of distortion of P-O—P linkages
of the glass network brought about by Th*" is a greater
extent as compared to Pb>*. When part of the P,Os is
replaced by ThO,, the P-O-P network got depolymer-
ised resulting in the systematic conversion of Q? to Q!
structural units.

Fig. 3 shows the Raman spectra of PbO-P,05-ThO,
glasses. Binary (PbO)s4(P2Os)o46 glass has been found
to consists of a sharp peak =1150 cm~! along with less
intense shoulder peaks =1210 and 1034 cm™! and an
asymmetric peak =693 cm~'. Based on the Raman
studies of various phosphate glasses containing PbO
[9,16], the sharp peak =1150 cm™' and the shoulder
peak =1210 cm™! have respectively been assigned to the
symmetric and asymmetric stretching of PO, tetrahedra
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Fig. 3. Raman spectra of (a) (PbO)yss(P2Os)oas, (b)
(Pbo)(lS() (Thoz )0,05 (PZ 05 )0.45 s (C) (Pb0)0445 (ThOZ)O lO(PZ 05)0,45 s

(d) (PbO)53(P205)0.42(ThO2)00s and (e) (PbO)gss(P20s)oas-
(ThO»)g.19 glasses.
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with 2 non-bridging oxygen atoms [9]. The peak =693
cm~! has been assigned to the asymmetric stretching of
P-O-P bridging bonds. Shoulder peak =1034 cm™!
corresponds to the existence of pyrophosphate groups
[(P,O7)*] [9]. As part of the PbO is replaced by ThO,,
the Raman peaks got slightly broadened but the peak
maxima remained more or less same. Unlike this, when
part of the P,Os is replaced by ThO, in addition to the
line broadening, the peak =1150 cm™' shifted system-
atically to lower wave numbers namely 1110 and 1075
cm~!. Further the relative intensity of the peak around
1034 cm™' increased considerably which has been at-
tributed to the formation of more pyrophosphate
structural units due to the higher extent of depolymeri-
sation brought about by Th*'. The broadening of the
peaks can be attributed to the increase in disorder of
phosphorus structural units resulted by the presence of
Th*" in the glass network, which is also seen in the 3'P
MAS NMR patterns. Had ThO, acted as a network
former in PbO-P,05 glasses, the P-O-P network of the
glass would have become stronger as (Z/r)pe >
(Z/F)py2+, resulting in the shifting of the stretching fre-
quencies to higher wave numbers. Once the covalent
bonds get destroyed to form ionic bonds, the P-O-P
linkages gets weakened resulting in the shifting of the
Raman peaks to lower values. This indicates that ThO,
acts as a network modifier.

Fig. 4 shows the representative FTIR patterns of
PbO-P,0Os glasses containing different amounts of
ThO,. Binary (PbO)gs4(P2Os)046 glass is characterized
by strong bands in the regions of 1265, 1087, 897, 716

100+

Transmittance (arbitrary units)

\
(=3
=z

700 1400 2100 2800 3500
Wave number (cm h

Flg 4. FTIR Spectra of (a) (Pbo)g 54(P205)0,46, (b) (Pb0)0'45-
(ThO2)0.10(P205)p.45 and (c) (PbO)55(P205)035(ThO2)010 sam-
ples.

and 500 cm~'. Different vibrational modes of PbO and
ThO, are not observed in these patterns as they absorb
below 400 cm~!. The peaks around 1265 and 1087 cm™!
have been respectively assigned to the asymmetric and
symmetric stretching vibrations of P structural units
having two non-bridging oxygen atoms, O-P-O, (PO,)
units [17-20], which is also observed in the Raman
spectra. The corresponding modes for the P-O-P link-
ages appear at =900 and 700 cm~'. The peak around
500 cm~! has been attributed to the deformation modes
of phosphate tetrahedra [20]. When part of the PbO has
been replaced by ThO,, the relative intensities of the
peaks around 1265, 1088 and 897 cm~' remain unaf-
fected. However, the relative intensities of the 1265 cm™!
peak decreases and the one at 1088 cm™' increases when
part of the P,Os has been replaced by ThO,. The change
in the relative intensities can be attributed to the change
in the transition probabilities corresponding to the
symmetric stretching of PO, linkages mentioned above
brought about by the Q? to Q' conversion. At this point
it is worthwhile to mention that such changes in the
relative intensities were also observed in the Raman
spectra. The considerable reduction of the intensity of
the broad peak at =3400 cm™! arising from moisture in
the IR pattern for (PbO)ys4(P20s5)946-,(ThO>), glasses
indicates the improved stability of these glasses.

Thus based on the 3P MAS NMR, Raman and
FTIR spectroscopic studies of these glasses, it has been
established that when part of the PbO is replaced by
ThO, in (PbO).54(P,05).46 glass, Th** substitutes at the
interstitial site. However, when P,0Os is replaced by
ThO,, depolymerisation of P-O-P linkages results in the
formation of more discrete phosphorus structural units.
Further based on these studies, it can be inferred that
ThO, acts as network modifier.

4. Conclusions

Binary (PbO)g.s54(P20s)46 glass mainly contains Q?
and Q! structural units of phosphorus. Partial replace-
ment of PbO by ThO, up to 10 mol%, results in the
substitution of Th** at the interstitial site. Unlike this
when part of the P,Os was replaced by ThO,, the P-O
network got extensively depolymerised, resulting in the
systematic conversion of Q? to Q! structural units of
phosphorus. Incorporation of ThO, above 10 mol%
resulted in the partial devitrification of the glass.
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