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Abstract
Lead aluminate melts were quenched rapidly with a roller quencher and bulk glasses were formed over a composition range from 72.5
to 80.0 mol% PbO. Pulsed neutron diﬀraction, 27Al MAS NMR and Raman spectroscopy were used to study the structure of a series of
these glasses. The results show that in the glasses the aluminium is four coordinated by oxygen across the compositional range, with a
bond length of about 1.76 Å. The Pb–O peak in the neutron correlation function is asymmetric, and it can be modelled in terms of two
bond lengths of 2.25 Å and 2.47 Å, with the majority of the coordination at the shorter distance. There is evidence that most or all of
the lead ions are on asymmetric sites, coordinated by three oxygens in a trigonal pyramid arrangement. Both the neutron diﬀraction and
Raman results indicate that the Pb–O bond lengths become shorter with increasing lead content.
Ó 2007 Elsevier B.V. All rights reserved.
PACS: 61.12.Ld; 61.18.Fs; 61.43.Fs; 78.30.Ly
Keywords: Neutron diﬀraction/scattering; Raman scattering; Heavy metal oxides; Oxide glasses; NMR, MAS NMR and NQR; Short-range order

1. Introduction
The lead aluminate glass system, PbO–Al2O3, has been
little studied. It was ﬁrst reported that the system was glass
forming, over a signiﬁcant range in composition, by Kantor et al. [1] who used the ‘gun technique’ for fast cooling
of the melts [2]. It was noted that the formation of these
glasses was assisted by the presence of a eutectic point at
85 mol% PbO [3], which lowers the melting temperatures
required and therefore reduces the problem of lead volatilization. Further work was carried out by Morikawa et al.
[4] who used diﬀerential thermal analysis (DTA), X-ray diffraction (XRD) and infra-red (IR) spectroscopy to conﬁrm
glass formation, and dark ﬁeld microscopy to identify the
presence of minute crystallites. Kantor et al. [1] report
the glass forming range to be 50–95 mol% PbO, whilst
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Morikawa et al. [4] found the same upper limit, but a different lower limit of 67 mol% PbO. The high PbO contents
which have been reported indicate that lead is not acting
purely as a modiﬁer in these glasses.
The lead aluminate glass system is being studied as part
of a broader investigation into lone pair ions in glass. The
structural role of lone pair cations in glass is of interest due
to the highly asymmetric coordinations which they often
exhibit. The asymmetry of the lone pair ion environment
results in the charge associated with the lone pair being
highly polarizable, producing strong non-linear optical
eﬀects. By understanding the structure of the glass and
the eﬀect of composition on the extension of the lone pair
cations, these optical properties can be better exploited.
There have been no previous structural studies of lead
aluminate glasses, but studies of calcium aluminate glasses
using XRD [5], nuclear magnetic resonance (NMR) [6],
neutron diﬀraction [7] and molecular dynamics modelling
[8] indicate that the aluminium, at these concentrations,
should be four coordinated, while neutron diﬀraction work
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[9,10] and extended X-ray absorption ﬁne structure
(EXAFS) studies [11] on lead gallates, as well as NMR
[12], XRD [13] and Raman spectroscopy [14] studies on
lead silicates, suggest that the lead will be in either PbO3
trigonal pyramids or PbO4 square pyramids.
2. Neutron diﬀraction theory
A neutron diﬀraction experiment measures the diﬀerendr
tial cross section, dX
, which is equivalent to the total scattering from the sample, I(Q), where 
hQ is the magnitude of the
momentum transfer [15]. The total scattering is a sum of
the self scattering (the interference between waves scattered
from the same nucleus), Is(Q) and the distinct scattering,
i(Q) (the interference between waves scattered from diﬀerent nuclei).
dr
¼ IðQÞ ¼ I s ðQÞ þ iðQÞ:
dX

ð1Þ

The self scattering can be calculated to a good approximation, and subtracted from the data to give the distinct
scattering in reciprocal space, and the latter can then be
Fourier transformed to give the total correlation function
in real-space, given by
Z
2 Q max
T ðrÞ ¼ T 0 ðrÞ þ
QiðQÞMðQÞ sinðrQÞdQ;
ð2Þ
p 0
where T0(r) is the average density contribution to the correlation function, and M(Q) is a modiﬁcation function
introduced to reduce termination ripples in the Fourier
transform, which arise as a consequence of the ﬁnite maximum experimentally accessible momentum transfer, Qmax.
The result of a diﬀraction experiment is not element-speciﬁc, and the total correlation function is a weighted sum of
all possible partial correlation functions, t0ll0 ðrÞ, broadened
by convolution with the real-space resolution function, P(r)
[16].
X
T ðrÞ ¼
cl 
ð3Þ
bl 
bl0 t0ll0 ðrÞ
l;l0

bl is the coherwhere cl is the atomic fraction of element l, 
ent neutron scattering length for element l, and the double
summation is over all the pairwise combinations of elements in the sample.
3. Experimental detail
3.1. Sample preparation
Samples were prepared at Coe College with nominal
compositions of 72.5, 75.0, 76.7, 77.7, 80.0 and
82.5 mol% PbO. The chemicals used to produce the samples were Pb3O4 and Al2O3, of at least 99.9% purity. The
compositional range of glasses made was limited by the
rapidly increasing melting temperatures required as the
compositions move away from the eutectic point [3].
The samples were melted in Pt–Rh crucibles at tempera-

tures between 1000–1350 °C for 20 min. Weight loss measurements were then carried out to test for volatilization
of the lead, before heating the samples for another 20 min
and then pouring. The rapid cooling for the samples
(>105 K s1) was achieved using a motorized roller
quencher [17]. Weight loss measurements showed that
up to 1 g was lost on heating an 18 g batch for 20 min.
This is greater than the mass loss expected from the
excess oxygen in the starting mixture (0.4 g) and suggests that some lead volatilization has occurred. XRD
was carried out to determine whether the samples were
amorphous.
3.2.

27

Al MAS NMR

27

Al MAS (magic angle spinning) NMR was conducted
using a Varian 600 spectrometer tuned to 156.36 MHz with
spinning speeds of 12 kHz on a 3.2 mm Varian Chemagnetic probe. A single pulse program was used with a 2 s
pulse delay and 0.5 ls pulse width. All the chemical shifts
are referenced using yttrium aluminium garnet (0.7 ppm
3þ
with respect to AlðH2 OÞ6 ).
3.3. Raman spectroscopy
Polarized (H–H) Raman spectra were recorded on a
Jasco NRS-3100 microRaman spectrophotometer using a
785 nm SLM diode laser. The spectra from small glass
fragments were collected over a frequency range of 25–
1800 cm1, centering around 990 cm1.
3.4. Neutron diﬀraction
Neutron diﬀraction data were collected using the GEM
diﬀractometer [18] at the ISIS pulsed neutron source, Rutherford Appleton Laboratory. Small fragments of the samples were used for the time of ﬂight neutron diﬀraction
measurements. These were held in 8.3 mm diameter vanadium cans with walls of thickness 25 lm.
4. Results
4.1.

27

Al MAS NMR

Fig. 1 shows the 27Al MAS NMR data for the six lead
aluminate samples. All the spectra have a peak at
67 ppm, indicating the presence of aluminium which is
four coordinated by oxygen. The two highest PbO content
samples have a smaller second peak at 14 ppm, corresponding to aluminium ions which are six coordinated by
oxygen [19].
27
Al MAS NMR was also used for quantitative analysis
of the sample compositions, by comparing the integrated
intensities of the 27Al MAS NMR spectra with that of
a-Al2O3. The sample compositions were found to be
in good agreement with the nominal compositions (see
Table 1).
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4.2. Raman spectroscopy
Three typical Raman spectra are shown in Fig. 2. The
H–H Raman spectra are dominated by the lead related
bond vibrations which occur below 200 cm1 [14]. In this
region there are two peak manifolds at 125 cm1 and
50 cm1. The areas under the two features were integrated
and the positions of the maxima found. Fig. 3(a) indicates

Fig. 3. (a) The ratio of the areas of the two low frequency manifolds in the
H–H polarized Raman spectra, and (b) the position of the 125 cm1
manifold with composition.

that the area of the 125 cm1 manifold, compared to the
50 cm1 manifold, increases linearly across the compositional range. Fig. 3(b) shows the shift in the position of
the manifold around 125 cm1 to higher frequencies, with
increasing PbO content.

Intensity (arb units)

4.3. Neutron diﬀraction
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80 mol.% PbO

0

50

100

150

200

Wave number (cm -1)
Fig. 2. Three H–H Raman spectra, normalized to the 125 cm1
manifold to demonstrate the shift in peak position with composition.

An initial check of the neutron diﬀraction data for the
six lead aluminate samples showed that the four with the
lowest PbO content were completely amorphous. There
was, however, slight crystallization of the 80 mol% PbO
sample, and more substantial Bragg peaks in the data for
the 82.5 mol% PbO sample; for this reason the neutron diffraction data for the latter were not processed further. This
crystallization was not apparent in the XRD patterns.
The distinct scattering curves, i(Q), after being fully corrected using a combination of the gudrun program [20] and
the ATLAS suite of programs [16], are shown in Fig. 4(a)
for the ﬁve samples without Bragg peaks. Oscillations were
clearly visible out to a maximum momentum transfer,
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Fig. 4. The neutron diﬀraction data for the ﬁve lead aluminate glasses: (a)
the distinct scattering, i(Q) and (b) the total correlation function, T(r).

Qmax, of 35 Å1 and a quadratic, of the form A + BQ2, was
ﬁtted to the data at low Q to extrapolate i(Q) down to
Q = 0. A Fourier transform was carried out using the
Lorch modiﬁcation function [21] with a Qmax of 35 Å1.
Fig. 4(b) shows the correlation functions, T(r), which were
obtained.
In the region of the X–O ﬁrst peak (where X=Pb, Al) all
other contributions, other than tXO(r) are equal to zero.
Therefore, dividing T(r) by the appropriate weighting factor 2cx bx 
bo (see Eq. (3)) gives the partial X–O correlation
function over the limited distance range of the relevant
peak. Fig. 5 shows the result of dividing the total correlation function by the weighting factors for the Al–O and
the Pb–O partial correlation functions. These plots reveal
any changes in the bonding.
The correlation functions, T(r), were ﬁtted using Gaussian peaks convoluted with the real-space resolution function, P(r), to obtain a series of peaks which allow the
bond length, coordination number and disorder parameters for each short correlation to be extracted [22]. The

Fig. 5. The total correlation functions after scaling to give: (a) the Al–O
partial correlation function, and (b) the Pb–O partial correlation function.

peak ﬁtting to T(r) was carried out in two parts, with typical results for two of the samples shown in Fig. 6. Initially
the ﬁrst two peaks were ﬁtted over a distance range to
model the Al–O distance and the shorter Pb–O distances.
A second smaller Pb–O peak is seen in the residual for this
initial ﬁt and this peak was ﬁtted, along with the O–O peak,
to give a further contribution to the Pb–O coordination
number, bringing it to approximately 3. Table 2 details
the coordination numbers, bond lengths and disorder
parameters extracted for the ﬁrst Al–O, Pb–O and O–O
peaks.
5. Discussion
The range in composition over which we were able to
form lead aluminate glasses was from 72.5 mol% to
80.0 mol% PbO. Although previous workers [1,4] have
reported a high lead limit to the glass forming range of
95 mol% PbO, we could not make a good bulk glass
beyond 80.0 mol% PbO without crystallization. Kantor
et al. [1] do not give details of the method for glass melting,
but Morikawa et al. [4] state that the glasses were held at
melt temperature for only a few seconds, reducing the
problem of volatilization. To achieve this, the samples were
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1.5

From a structural point of view, it is expected that the
lower limit of glass formation should be at the equimolar
composition, at which point it is possible to form a fully
connected tetrahedral Al–O network with no non-bridging
oxygens. However, we found a lower glass forming limit of
72.5 mol% PbO. The glass formation was limited by the
rapidly increasing melting point, as the composition moves
away from the eutectic point, and the corresponding
increase in lead volatilization.
27
Al MAS NMR and neutron diﬀraction both show evidence of crystal formation above 80.0 mol% PbO. The second, smaller peak in the NMR data for the 80.0 and
82.5 mol% PbO glasses shows that a second phase which
contains six coordinated aluminium is present, and the
position of the peak is very close to that for a-Al2O3, whose
isotropic chemical shift parameter is 16 ppm [19]. Furthermore, the neutron diﬀraction data show Bragg peaks
which can be assigned to a-Al2O3. At 82.5 mol% PbO,
above the upper limit for the formation of bulk glass,
Bragg peaks corresponding to PbO (both massicot and
litharge forms) were also present. This agrees with the dark
ﬁeld microscopy work of Morikawa et al. [4] which showed
that, although mostly glassy, small crystallites were present
in the high lead content glasses.
The neutron correlation functions (Fig. 4(b)) contain
three peaks at low r and, by comparison with literature values, these peaks can be assigned to three diﬀerent atomic
correlations. The ﬁrst peak is at a distance of 1.76 Å, a typical Al–O bond length. This is corroborated by the decrease
in the area under the peak when the Al2O3 content of the
composition is reduced. The second peak increases in size
with increasing lead content and, with a peak position of
2.25 Å, can be assigned to the Pb–O correlation. The ﬁnal
peak is at a distance of 2.9 Å, and is due mainly to the O–O
correlations. The change in peak intensities with composition gives further conﬁrmation that the lead content in the
nominal compositions is retained in the roller quenched
glass samples, agreeing with the compositional analysis
from quantitative 27Al MAS NMR.
The neutron diﬀraction data (Table 2) show that, within
an error of 0.1, the aluminium ions in the glass are four
coordinated, independent of sample composition, and the
Al–O distance is consistent with bond valence predictions
[7] for four-coordination. The interatomic distance for
the p
ﬁrst
peak, for a tetrahedral AlO4 network, should
ﬃﬃﬃﬃﬃﬃﬃO–O
ﬃ
be 8=3rAl–O ¼ 2:87 Å. The bond length measured from
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Fig. 6. Fits to the total correlation function, T(r), for the lowest and
highest PbO content (the curves for 80 mol% PbO are displaced by 1.5
units for clarity).

melted in a small platinum crucible of volume 20 mm3. In
making a larger quantity of glass, held at temperature long
enough to ensure good mixing, we found the bulk glass
forming limit to be 80 mol% PbO.
Hannon et al. [10] have calculated the number of bridging oxygens per gallium, nBO, for the analogous lead gallate
system, on the assumption that all oxygens are bonded to
either one or two gallium atoms, and it was found that
nBO becomes zero for a composition of 83.3 mol% PbO.
If lead aluminate glass can be made with more than
83.3 mol% PbO then there must be oxygens which are
bonded only to lead atoms. A structure with such oxygens
would be inconsistent with Zachariasen’s rules for oxide
glass formation [23], whereas the high PbO limit of glass
formation which we have found is readily understood as
occurring as the composition approaches a value for which
all of the oxygens are bonded to only one aluminium. The
glass forming limit which we found, 80 mol% Al2O3, corresponds to a value of one for nBO, the number of bridging
oxygens per aluminium.

Table 2
The peak positions, thermal parameters and coordination numbers extracted for the Al–O, Pb–O and O–O peaks by ﬁtting the total correlation function
Mol% PbO

72.50
75.00
76.50
77.50
80.00

Al–O

Pb–O (1)

rAl–O (Å)

hu2Al–O i1=2

1.7632(5)
1.7638(7)
1.7581(5)
1.7622(5)
1.7639(7)

0.0554(7)
0.058(1)
0.0577(3)
0.05490(4)
0.0625(1)

ðÅÞ

Pb–O (2)

nAl–O

rPb–O (Å)

hu2Pb–O i1=2

4.0(1)
3.8(1)
4.0(1)
4.0(1)
4.0(1)

2.260(3)
2.251(2)
2.2463(4)
2.247(1)
2.245(1)

0.098(1)
0.101(2)
0.0925(1)
0.090(1)
0.091(1)

ðÅÞ

Pb–O

nPb–O

rPb–O (Å)

hr2Pb–O i1=2

2.180(4)
2.524(4)
2.471(2)
2.389(3)
2.498(2)

2.475(1)
2.490(2)
2.468(3)
2.471(2)
2.469(2)

0.063(3)
0.0687(2)
0.0655(3)
0.070(2)
0.068(2)

ðÅÞ

O–O

nPb–O

RnPb–O

rO–O (Å)

0.4532(3)
0.47(1)
0.46(2)
0.52(1)
0.46(1)

2.633(3)
2.99(1)
2.93(2)
2.91(1)
2.96(1)

2.900(1)
2.892(2)
2.897(3)
2.908(2)
2.910(2)
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T(r) is 2.9 Å, slightly longer than anticipated, and this suggests that there is some other contribution to T(r) at this
distance. The normalized tAl–O(r) plot (Fig. 5(a)) indicates
that the Al–O bonding does not signiﬁcantly alter with
composition.
When the Pb–O peak identiﬁed in T(r) at 2.25 Å was ﬁtted (Fig. 6), it was found to have a coordination number
signiﬁcantly less than three, the minimum value expected.
When a shoulder in the residual from the initial ﬁt was treated as a second smaller Pb–O peak, the coordination number increased to 3. This indicates that there is a marked
asymmetry to the Pb–O bond length distribution in the
glass. The majority of bonds are short, having a length of
2.25 Å, while a smaller fraction are longer. This is similar
to the asymmetric Pb–O bonding observed in lead gallate
glasses [9,10].
The tPb–O(r) plot, shown in Fig. 5(b), indicates some variation in the Pb–O coordination with composition. For
72.5 mol% PbO the Pb–O peak has a smaller area than
for the four other compositions, suggesting a lower coordination number for the lead and this is conﬁrmed by the ﬁt
results for the two Pb–O peaks (Table 2). In addition to
this, the Pb–O peak shifts to a slightly shorter bond length
with increasing PbO content. The area of the 125 cm1
peak in the Raman H–H spectra (Fig. 3(a)) increases
strongly with composition. (The outlying point, for the
76.7 mol% PbO glass was measured for a very small fragment, and this may not have been representative of the
bulk composition. Hence this point can be neglected.)
Studies on lead silicate glasses [14] show that there is an
H–H polarized peak at 138 cm1 which behaves in a similar manner with increasing lead oxide content. This
125 cm1 peak can be assigned to the vibrations of the
Pb–O bonds [14] and Fig. 3(b) shows a clear shift in frequency for this peak. The increase in frequency of the
vibrations with increasing PbO suggests that the Pb–O
bond lengths are becoming shorter and stronger [14], consistent with the neutron data.
There are found to be two very diﬀerent types of coordination environment for the lone pair ion Pb2+ in divalent
lead compounds [24]. The lead ion may be surrounded
either by a symmetric distribution of ligands, or an asymmetric distribution of ligands with an identiﬁable void in
the distribution of bonds to the ligands. For low coordination numbers (2–5) the environment is asymmetric with
short bond lengths, whilst for high coordination numbers
(9 and 10) the environment is symmetric with long bond
lengths. For intermediate coordination numbers (6–8) both
types of environment are found. The PbO–Al2O3 phase
diagram [3] shows only one crystal phase at a composition
close to the eutectic, and this is Pb9Al8O21 [25] (with a composition 69.3 mol% PbO). Al–O is tetrahedrally coordinated in this structure, with bond lengths similar to those
observed in the glasses. The lead ions in crystalline
Pb9Al8O21 are located on three crystallographically unique
sites, and both symmetric and asymmetric types of coordination are present. 11% of the Pb ions are on a site with a

symmetric environment, a high coordination number
(nPbO = 8) and long Pb–O bond lengths (2.43 and
2.74 Å). The other two Pb sites have asymmetric environments based on a PbO3 trigonal pyramid, with Pb–O bond
lengths varying from 2.25 to 2.40 Å. The majority of the
lead ions on asymmetric sites also have a longer Pb–O
bond at 2.75 Å – similar in length to the bonds around
the symmetric Pb site.
The ﬁt results in Table 2 show that there are short Pb–O
bonds in the glasses of length 2.25 Å, and this is clear evidence that the glass contains asymmetric lead sites, because
symmetric lead sites do not have such short bond lengths.
The most common three coordinated lead site in crystalline
Pb9Al8O21 has two short bonds at 2.25 and 2.29 Å, and one
longer bond at 2.40 Å, and the Pb–O coordination number
and the distribution of Pb–O bond lengths in the glasses
(see Table 2) suggest a similar three coordinated environment for the lead ions in the glasses. In crystalline
Pb9Al8O21 there are longer Pb–O bonds of length
2.75 Å, but it is not presently possible to determine
whether Pb–O bonds of similar length occur in the glass
samples, because of the presence of the much larger O–O
peak in the correlation function. The O–O bond length
extracted from the neutron correlation function is longer
than expected for an AlO4 tetrahedral unit, and this could
be due to longer Pb–O bonds in this region. Such longer
Pb–O bonds could arise either from the presence of a proportion of lead ions on symmetric sites, or from longer
bonds to the asymmetric sites. In order to determine
whether longer Pb–O bonds are present it is necessary to
use an experimental technique which yields element-speciﬁc
information on the correlations and a Pb edge EXAFS
experiment is planned.
6. Conclusions
The range of bulk glass formation for the lead aluminate
system was found to be from 72.5 to 80.0 mol% PbO. This
range is much more restricted than has previously been
reported in the literature [1,4]. Neutron diﬀraction and
27
Al MAS NMR studies show that the aluminium in lead
aluminate glass is tetrahedrally coordinated, whilst the lead
is three coordinated in an asymmetric trigonal pyramid
arrangement. The asymmetric distribution of Pb–O distances can be modelled using two bond lengths at
2.25 Å and 2.47 Å, with coordination numbers of
2.4 and 0.5, respectively. There are similarities to the
lead gallate system [9,10] and to the Pb9Al8O21 crystal
structure [25]. The results from both neutron diﬀraction
and Raman scattering indicate that the Pb–O bond lengths
become shorter with increasing lead content.
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