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a b s t r a c t

Antimony silicate glasses, of general formula xSb2O3 � (1�x)SiO2 (0.1rxr0.78), have been prepared by

melt-quenching and their structures studied using 29Si MAS NMR spectroscopy, 121Sb Mössbauer

spectroscopy and Raman spectroscopy. Oxidation during melting gives rise to Sb5 + in concentrations,

which increase linearly with x to give a value of �10% when x¼0.78. 121Sb Mössbauer spectra show

Mössbauer shifts and quadrupole splittings consistent with Sb3 + in a [:SbO3] trigonal pyramid, similar

to that in crystalline Sb2O3. A broad band in the Raman spectrum at �410 cm�1 is due to the vibrations

of such a unit. The dependence of the silicon Qn speciation on x can be interpreted by the formation of

Sb–O–Sb links possibly to form rings of 4 [:SbO3] units such as are found in valentinite.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Antimony oxide, Sb2O3, contains the lone-pair cation Sb3 +,
which has the electron configuration 4d105s2. The non-bonding
5s2 ‘‘lone-pair’’ of electrons can remain spherically symmetric or
the 5s2 can hybridise with 5p (and even 5d) to produce a lone-pair
which is positioned to one side of the cation to an extent which is
determined by the pz character of the hybridisation. This situation
is common in the lower oxidation state of several heavy metals
(Sn2 +, Te4 +, Tl+, Pb2 +, Bi3 +). We have been examining the
environments of such cations in glass networks, partly to see if
the lack of long-range order has any effect on the geometry of the
cation environment but also because some of these oxides can be
the major and indeed sole components of glasses. The asymmetric
distribution of polarisable charge can lead to interesting non-
linear optical behaviour in materials containing such cations and
glasses containing Sb2O3 have been investigated as laser hosts and
waveguides because of their large, third-order, non-linear optical
coefficients [1,2]. The mixed-valence capacity of antimony has
also led to the study of the conduction properties of the silicate
glasses [3,4].

Zachariasen [5] predicted that Sb2O3 should itself be a glass
former although, until recently [6], Sb2O3 glass could only be
prepared with the inclusion (deliberate or accidental) of a few
percent of a second oxide [7–11] or anion [12]. There have been
various reports of antimony borate [11,13–17], silicate [18],
germanate [18] and arsenate glass systems [18], indicating that
ll rights reserved.

and).
glass formation is possible over most of the composition range.
Bednarik and Neely [7,8] prepared v-Sb2O3 in a quartz ampoule
and the resulting product, when they used spectroscopically pure
Sb2O3 as a starting material, contained 2.4 mole% SiO2. Terashima
et al. [11] produced Sb2O3 by a similar route and inductively
coupled plasma analysis indicated the presence of 2 mole% SiO2,
which was also evident in the infra-red spectrum from the
material. Datta et al. [4] used a sol–gel route to produce
xSb2O3 � (1�x)SiO2 glasses with x¼0.07 and 0.23, which they
used for AC resistivity measurements. Their purpose in using the
sol–gel method was to keep the fabrication temperature down so
as to increase the proportion of the higher oxidation state, Sb5 +.
Ellison and Sen [18] performed Sb K-edge extended X-ray
absorption fine-structure spectroscopic (EXAFS) studies on
xSb2O3 � (1�x)SiO2 conventionally melted glasses with analysed
compositions x¼0.12–0.81. They obtained a Sb–O coordination
number of 3 and Sb–O distances in the range 1.945–1.970 Å for
these glasses and also for similar compositions where B2O3, P2O5,
GeO2 or As2O3 was the network former instead of SiO2. This is
consistent with Sb having a trigonal pyramidal arrangement of
oxygen atoms to one side of the cation, with the lone-pair of
electrons to the other ([:SbO3]). This can also be considered as a
pseudo-tetrahedral unit with one vertex occupied by the lone-
pair. There is more extensive literature on the antimony borate
glass system [11,13–17] and the results from the various
techniques employed in those studies are in agreement with the
description of the local environment of Sb3 + published by Ellison
and Sen [18].

Herein we report a multi-technique study of the structure and
properties of antimony silicate glasses and describe the local
environments of antimony and silicon.
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2. Experimental

2.1. Sample preparation

Glass samples of nominal composition xSb2O3 � (1�x)SiO2 (x¼0.1,
0.2, 0.3, 0.4, 0.5, 0.55, 0.6, 0.7, 0.8) were produced from powdered
Wacomsil quartz (499.9% purity) and Sb2O3 (99.6%) in batches of
25–50 g. Powders were mixed and heated in silica crucibles (to avoid
introduction of other elements) with silica or alumina lids. The
temperatures used to melt the glasses (Table 1) depended on the SiO2

content, which raises the melting point considerably. They were
heated from room temperature to the required melting temperature
at 10 1C/min and then held for �15 min to achieve mixing before
being cooled, either by splat quenching or by cooling in the crucible at
room temperature (Table 1). Samples were stored in a desiccator until
required for analysis.

2.2. Sample characterisation

2.2.1. X-ray diffraction (XRD)

X-ray diffraction was used to check the samples for amor-
phousness and also to identify any crystal phases formed.
Diffraction was performed on a Bruker D5005 diffractometer
with Cu Ka radiation at 40 kV–30 mA with slit size 11 and a
12 mm footprint on sample. Scans were run over 15–601 (2y) with
0.021 (2y) increments and acquisition time 3–25 s per increment
depending on signal/noise levels.

2.2.2. Energy dispersive X-ray analysis (EDX)

A JEOL 6100 Scanning Electron Microscope was used with
10 kV accelerating voltage for EDX analysis. Powdered samples
were mounted on carbon sticky pads on aluminium stubs and
three measurements were taken on different areas of each sample
in order to estimate the extent of any inhomogeneity.

2.2.3. Mössbauer spectroscopy (MS)

Mössbauer spectroscopy was performed on powdered sam-
ples, at 77 K, using a room temperature 121Sb source (Ca121mSnO3)
with constant acceleration drive. The velocity scale was calibrated
with a 57Fe Mössbauer absorber and a 57Co source. The detector
was a liquid nitrogen-cooled, intrinsic germanium, solid-state
detector and the temperature of the glass sample was controlled
using a continuous-flow liquid helium cryostat. The velocity scale
was subsequently converted to the standard InSb reference
Table 1
Summary of glass samples produced, composition and production methods.

x-Sb2O3 mole fraction Batch size (g) Max temp
(1C)720

Nominal EDX analysis
70.025

0.1 C 0.10 25 1600

0.2 C 0.23 25 1400

0.3 C 0.31 25 1400

0.4 C 0.38 25 1400

0.5 C 0.45 25 1400

0.55 SQ 0.60 35 1150

0.6 C 0.44 25 1400

0.6a C 0.42 25 1400

0.6 SQ 0.66 50 1150

0.7 SQ 0.70 35 1150

0.8 SQ 0.78 35 1150

Cooling method ‘‘C’’ – cooled in crucible, ‘‘SQ’’ – splat-quenched.

a Sample held at temperature for a long period to determine effect on Sb

oxidation state.
by adding 8.6 mm s�1. The similarity of the recoil-free fractions
(f-factors) at 77 K for Sb3 + and Sb5 + was checked using a sample
of cervantite (Sb2O4�Sb3 +Sb5 +O4), known to contain equal
proportions of Sb3 + and Sb5 +, and the integrated areas of the
two peaks were found to be equal. Assuming that the environ-
ments, and hence Debye temperatures, of the species in Sb2O4 are
similar to those in the glasses studied, we can regard the
integrated areas of the peaks in the spectra from the glasses as
being proportional to the populations of the two oxidation states.
However, it should be noted that variable temperature measure-
ments which we conducted on antimony borate glasses showed
that an �20% increase in Sb(III) relative intensity can occur on
cooling from 77 to 10 K [unpublished].

2.2.4. Density

Densities (r) were determined using a Micromeritics AccuPyc
1330 pycnometer with helium as the displacement fluid. Molar
volumes (VM) were then calculated using VM¼r/M, where M is the
molar mass according to the unit formula xSb2O3 � (1�x)SiO2.

2.2.5. Raman spectroscopy (RS)

Raman spectroscopy was performed using a Renishaw Invia
Raman Spectrometer equipped with a 20 mW laser source of
wavelength 514 nm. Measurements were taken with 10 mW
incident laser power at 50� magnification at room temperature
over a wavenumber range of 100–3200 cm�1, taking 60 scans at
10 s per acquisition, at 100% power. In addition to the glasses,
measurements were also performed on crystalline Sb2O3 poly-
morphs, senarmontite (commercial) and valentinite (produced by
mechanical milling [19]).

2.2.6. Differential thermal analysis (DTA)

Differential thermal analysis was performed using a Stanton-
Redcroft DTA 673-4 with a heating/cooling rate of 10 1C min�1

over the temperature range 30–1450 1C. Powdered samples, of
typical mass 160 mg, were contained in the 90%Pt/10%Rh sample
crucible and the equivalent mass of quartz was used as the
reference. Data were obtained at ambient pressure in either static
air or argon flowing at a rate of 250 ml min�1.

2.2.7. 29Si magic-angle-spinning (MAS) nuclear magnetic resonance

(NMR)
29Si MAS NMR spectra were acquired at 8.5 T using a CMX360

Infinity spectrometer at 71.54 MHz. Samples were held in a 6 mm
zirconia rotor and an MAS frequency of 5.5–6 kHz employed. A pulse
width of 2 ms (301 tip angle), a pre-acquisition delay of 30 ms and
pulse delay of 60 s were used to obtain quantitative spectra.
Approximately 1000–2000 acquisitions were taken to obtain suffi-
cient S/N for spectra to be analysed by peak fitting and an exponential
line broadening of 150 Hz was applied prior to Fourier transform.
3. Results

3.1. Glass formation

Most compositions formed yellow glasses, with the colour
intensity increasing with Sb2O3 content, and the XRD patterns were
typical of an amorphous structure. The x¼0.1 nominal composition
did not melt fully and crystalline quartz was detected in the sample
by XRD. Some macroscopic (several mm3) phase separation was
observed in the nominal x¼0.3 glass, which had been cooled in the
crucible, giving regions of lighter and darker yellow. The compara-
tively slow cooling of this sample had possibly encouraged this
separation. The regions were easily mechanically separated from
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each other and subsequent measurements were conducted on the
lighter yellow phase, which was determined by EDX to be closest in
composition to the nominal.
3.2. EDX analysis

The compositions of the glasses, as determined by EDX
analysis, are summarised in Table 1 and plotted against the
nominal compositions in Fig. 1 which shows the problems
associated with melting small quantities of batch, at high
temperature, and then cooling relatively slowly. The EDX
analysed compositions of such glasses, for nominal x40.4, are
all equivalent to x�0.45 and indicate that either antimony oxide
loss has occurred (by volatilisation) or that excessive reaction
with the crucible material (silica) has taken place. Remaking the
glasses with larger batch size, lower melting temperature and
using splat quenching reduced these problems. All the
quantitative EDX measurements here have an associated error
of 72%; however, some samples showed nearly 72.5% deviation
from the mean between different positions on the sample and
therefore this value is used as an estimate of the overall error in
composition in subsequent data processing.
Fig. 1. Comparison of nominal and EDX analysed compositions of xSb2O3 � (1�x)-

SiO2 glasses: (’) small batch, high temperature and (&) large batch, low

temperature (see Table 1 for details). The solid line is y¼x.

Fig. 2. Change in glass transition temperature, Tg, as a function of analysed

composition, x, of xSb2O3 � (1�x)SiO2 glasses: (’) air and (&) argon.
3.3. Thermal analysis

DTA traces showed a single glass transition temperature, Tg. At
higher temperatures, a general exothermic rise in the background
occurred due to oxidation of those samples run in air. Fig. 2
summarises the values of Tg for the different glass compositions
studied here. There are significant and non-systematic differences
between the Tg values obtained for DTA samples run in air and in
argon but the general trend is for a decrease in Tg with increase in
x until the value for v-Sb2O3 [6] is reached at 250 1C.
3.4. Density and molar volume

Densities are plotted as a function of mole fraction of Sb2O3 in
Fig. 3(a) and the corresponding molar volumes are plotted in
Fig. 3(b). Also plotted (solid lines) are the theoretical values for
both r and VM, calculated using a weighted combination of the
Fig. 3. (a) Density as a function of nominal (’) and analysed (&) composition, x,

of xSb2O3 � (1�x)SiO2 glasses, compared with that predicted by simple linear

combination (dotted line) and using the formula r¼ ðx*MSb2 O3
þð1�xÞ*MSiO2

Þ=VM

(solid line) where VM ¼ x*VMðSb2 O3 Þ
þð1�xÞ*VMðSiO2 Þ

. The error bars for density are

smaller than the symbols. (b) Molar volume as a function of nominal (’) and

analysed (&) composition, x, of xSb2O3 � (1�x)SiO2 glasses, compared with that

predicted by simple linear combination (line) VM ¼ x*VMðSb2O3Þþð1�xÞ*VMðSiO2Þ.
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values for the end members

VM ¼ x*VMðSb2O3Þþð1�xÞ*VMðSiO2Þ

and

r¼ ðx*MSb2O3
þð1�xÞ*MSiO2

Þ=VM ,

where MSb2O3
and MSiO2

are the molar masses of the oxides; 291.5
and 60.1 g respectively. Fig. 3(a) also shows the simple linear
interpolation of the end member densities (dotted line).

This assumes that there is little change in the structural
units involved when they are in combination in the glass. The end
member values for VM used were 55.2 cm3 mole�1 for v-Sb2O3

[6] and 27.3 cm3 mole�1 for v-SiO2. Figs. 3(a) and (b) show some
(�2.5–3.0%) negative deviation from the calculated r curve and
some positive deviation of the VM values. This could mean that mixing
of the Sb and Si polyhedra requires extra free volume. The calculation
does not take into account the presence of any Sb5+ in the glasses,
which would most likely adopt octahedral coordination with �6%
increase in site volume – a minor contribution to the discrepancy.

Density values reported by Datta et al. [4] are also shown in
Figs. 3(a) and (b). These values deviate significantly from our
results and also the calculated densities but, since these samples
were prepared by a sol–gel route, there was possibly some
porosity or retained organics in the structure.
Fig. 4. (a) 121Sb Mössbauer spectrum from the x¼0.78 sample of xSb2O3 � (1�x)-

SiO2. The velocity axis has been corrected to the InSb standard: (+) data; (——)

total fit; ( � � � � � � ) individual fits and (b) Change in Mössbauer shift, d, with

analysed composition, x, of xSb2O3 � (1�x)SiO2.
3.5. Mössbauer

A representative Mössbauer spectrum is shown in Fig. 4(a) for
the x¼0.78 sample. The peaks in this spectrum arise from Sb3 +,
with a Mössbauer shift, d, of ��3.8 mm s�1 and Sb5 +, with a d of
�9 mm s�1. They were fitted with a lineshape consistent with
the 7/225/2 transition and the parameters obtained (Mössbauer
shift, quadrupole splitting, width and area) are summarised in
Table 2. The quadrupole splitting is difficult to discriminate from
the width, given the complex lineshape and poor signal-to-noise,
particularly for the much smaller Sb5 + peak. Hence the errors are
large and no systematic change can be discerned. However, the
Mössbauer shift for Sb3 + showed small, but systematic, changes
with composition (Fig. 4(b)), implying that the average Sb
environment is changing subtly as the concentration of Sb2O3 is
increased. A change to more negative values of Mössbauer shift
could imply that the 121Sb nucleus is becoming more shielded as x

increases (the fractional change in the nuclear radius, dR/R, on
going from the ground state to the excited state is negative
for 121Sb), i.e. there is greater s-electron density at the nucleus.
This can reflect changes in coordination number, next-
nearest neighbour, Sb–O bond length or O–Sb–O bond angle
(a consequence of the amount of pz character in the lone-pair)
[20]. We have not taken into account any contribution from the
second-order Doppler shift but this may reasonably be expected
to be very similar for the various compositions. A large
quadrupole splitting, D, of �21 mm s�1 is associated with Sb3 +,
indicative of the highly asymmetric distribution of electric field
about the [:SbO3] trigonal pyramid unit with its lone-pair of
electrons. The quadrupole splitting for the more symmetric
typical [SbO6] environment of Sb5 + is ��5 mm s�1 but this is
difficult to separate from the linewidth contribution and is of
doubtful accuracy. These Mössbauer parameters are close in value
to those observed for antimony borate glasses [15] where d values
were reported to be ��3.8 mm s�1 for Sb3 + and �8.9 mm s�1

for Sb5 + whilst D �18 mm s�1 was quoted for Sb3 +. The closeness
of these values to those for valentinite, Sb2O3 (d¼�3.32 mm s�1;
D¼18.3 mm s�1) [21] and crystalline Sb2O5 (d¼8.54 mm s�1;
D¼�3.72 mm s�1) [22] emphasises the similarities of the Sb
environments in the glass and the corresponding crystals. This is
in contrast to the Mossbauer parameters of Sb3 + and Sb5 + in
cervantite (Sb2O4). In this work the measured values d(Sb3 +)¼
�6.8(3) mm s�1, D(Sb3 +)¼18.0(3) mm s�1, d(Sb5 +)¼9.1(2) mm
s�1, D(Sb5 +)¼7.3(7) mm s�1 for cervantite are in only fair
agreement with those of Kajitani [21], d(Sb3 +)¼�6.02 mm s�1,
D(Sb3 +)¼15.6 mm s�1, d(Sb5 +)¼8.85 mm s�1, D(Sb5 +)¼�5.1
mm s�1 but it is clear that, while the Sb3 + and Sb5 +

environments in the glasses are similar to those in crystalline
Sb2O3 and Sb2O5, respectively, they are different from those in
cervantite.

The other values obtained from the fitting are the areas of the
two peaks which, if the same f-factors are assumed for the two
species, are in the same ratio as their abundances. The change in
the percentage of Sb present in the Sb5 + state with x is shown in
Fig. 5. The data are reasonably well fitted by a straight line of
slope 0.12. This contrasts with the corresponding data from
antimony borate glasses [15] where a power law fit of y¼25x1.7 is
required (Fig. 5).
3.6. Raman spectroscopy

Fig. 6(a) shows Raman spectra from some of the glass
compositions studied. The left-hand side of the figure shows the
low frequency region, which is dominated by Sb–O vibrations,
whilst the right-hand side, with a 5x expanded y-scale, covers the



Table 2
Mössbauer parameters.

x Mössbauer parameters for Sb3+ Mössbauer parameters for Sb5+

Shift d

(mm s�1)

Quadrupole

splitting D

(mm s�1)

Width
(mm s�1)

Area (%) Shift d

(mm s�1)

Quadrupole

splitting D

(mm s�1)

Width
(mm s�1)

Area (%)

0.23 �3.74 (3) 21.6 (3) 4.58 (10) 96.7 (5) 10.3 (4) �12 (4) 2.5 (11) 3.3 (5)

0.42 �3.76 (2) 19.9 (2) 3.98 (4) 94.8 (5) 9.18 (7) 3 (2) 2.5 5.2 (5)

0.44 �3.83 (4) 21.1 (4) 4.61 (12) 94.4 (5) 9.27 (14) �4 (2) 2.5 5.6 (5)

0.6 �3.87 (2) 20.8 (2) 4.33 (5) 93.1 (5) 9.04 (6) �4.9 (14) 2.3 (3) 6.9 (5)

0.7 �3.91 (2) 20.8 (2) 4.36 (5) 91.6 (5) 9.13 (5) �5.7 (9) 2.1 (2) 8.4 (5)

0.8 �3.93 (4) 21.9 (4) 4.45 (12) 90.1 (5) 9.05 (9) �5 (3) 3.3 (6) 9.9 (5)

Shifts are referenced to InSb. Numbers in brackets are errors on last significant figures. Where these are missing, the parameter has been fixed.

Fig. 5. Percentage of antimony present as Sb5 +, derived from 121Sb Mössbauer

measurements: (’) data from the xSb2O3 � (1�x)SiO2 system, with linear fit; (&)

data from the xSb2O3 � (1�x)B2O3 system, with power law fit.
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region where the Si–O vibrations dominate (though it should be
noted that there are features in this region even in pure v-Sb2O3).
The feature at �720 cm�1 is associated with non-bridging
oxygens (NBO) and the feature at �950 cm�1 is associated with
bridging oxygens (BO). The former increases in area as x increases.
Fig. 6(b) compares the Raman spectrum from a xSb2O3 � (1�x)SiO2

glass (x¼0.43) with spectra from the two crystalline polymorphs
of Sb2O3, senarmontite and valentinite. The spectra from the
crystalline polymorphs are consistent with those previously
reported [23] and there are no significant similarities between
the vibrational spectra of the glass and those of the crystals.
Terashima et al. [11], in their study of Sb2O3–B2O3 glasses,
assigned a broad signal at �440 cm�1 to bending modes of the
[:SbO3] unit and we similarly assign the intense band at
�410 cm�1 in the spectra from the Sb2O3–SiO2 glasses.
Fig. 6. (a) Comparison of Raman spectra from xSb2O3 � (1�x)SiO2 glasses for

x¼0.38, 0.45, 0.66, 0.7, 0.78. The y-axis of the right hand portion of the graph has

been expanded by x5 and (b) Comparison of the Raman spectrum from one of the

xSb2O3 � (1�x)SiO2 glasses with x¼0.45 and spectra from the crystalline

polymorphs of Sb2O3, valentinite and senarmontite.
3.7. 29Si NMR

A selection of the 29Si MAS NMR spectra obtained from the
glasses is shown in Fig. 7. The peaks are generally broad and
slightly asymmetric and no spinning sidebands are visible. The
degree of asymmetry changes with composition. The main change
to the spectrum as x is increased is in the position of the peak
maximum, which initially remains fairly constant and then moves
steadily to less negative values (more deshielded) as shown
in Fig. 8 in comparison with similar plots for the SnO–SiO2

[24] and PbO–SiO2 glasses [25]. Here x is replaced by x0 from
x0Sb2/3O � (1�x0)SiO2 to allow a consistent basis for comparison
and to eliminate the effect of different charges on the cations. It
can be seen that the 29Si peak position remains unchanged up to



Fig. 7. 29Si MAS NMR spectra from xSb2O3 � (1�x)SiO2 glasses with x¼0.23, 0.32,

0.45, 0.60, 0.66, 0.78.

Fig. 8. Change in 29Si peak shift with composition, x, in xM2/zO � (1�x)SiO2, where z

is the charge on the cation and M¼Pb (J), Sn (m), Sb (&).

Fig. 9. 29Si MAS NMR spectrum of x¼0.23 glass: (a) 2-peak fit and (b) 3-peak fit.

Points are data, dotted lines are individual fits and the solid line is the overall fit.

M. Mee et al. / Journal of Solid State Chemistry 183 (2010) 1925–19341930
x0 ¼0.48 (x¼0.23), implying that either there is no mixing of the
two networks or that there is little difference between Si–O–Sb
and Si–O–Si linkages.

The spectra were fitted with Gaussian lineshapes. However,
the absence of detail in the spectrum lineshape means that an
unambiguous fit cannot be obtained and various constraints need
to be applied. An example of the fitting is shown in Fig. 9 for the
x¼0.23 sample. The peak in the spectrum is asymmetric and
therefore a single Gaussian is insufficient to fit the spectrum.
Fig. 9(a) shows a 2-peak fit but, whilst this is a satisfactory (and
unconstrained) fit, the intensities of the 2 peaks are inconsistent
with this concentration of Sb2O3. If Sb2O3 were considered to be a
conventional modifier oxide, and a binary distribution of Qn

species were a good description of the glass structure, then no Q4

species should be present at x¼0.23 because each molecule of
Sb2O3 would produce 6 non-bridging oxygens (NBO) giving the
number of bridging oxygens (BO) per silicon as 1.1 – i.e.
predominantly Q1 and some Q2. The chemical shifts of the peaks
in the 2-peak fit in Fig. 9(a) are �11271 and �10471 ppm,
which are typical of Q4 and Q3, respectively. Even if Sb2O3 were
considered to produce only 2 NBO per molecule, the NBO/Si ratio
would be 2.3 – i.e. a mixture of Q3 and Q2. Moreover, the line
widths of the peaks are inconsistent with previous NMR studies of
silicates which show greater widths for the more constrained Q4

species. Thus a 3-peak fit of the spectrum was attempted. This
could only be achieved by assuming a statistical distribution of Qn

species in which the abundances of species as a function of x are
given by the following equations:

%Q4 ¼ 100�
2�3x

2�2x

� �4

%Q3 ¼ 100� 4�
x

2�2x

h i 2�3x

2�2x

� �3

%Q2 ¼ 100� 6�
x

2�2x

h i2 2�3x

2�2x

� �2

%Q1 ¼ 100� 4�
x

2�2x

h i3 2�3x

2�2x

� �

%Q0 ¼ 100�
x

2�2x

h i4

The areas of the fitted peaks were then constrained to be in the
ratio predicted by the statistical model and, whilst the other
parameters (chemical shift, halfwidth) could be refined, this is
predominantly simulation rather than fit. The results of this are
shown in Fig. 9(b), where the spectrum from x¼0.23 is accurately
simulated by three peaks from Q4, Q3 and Q2 (Q1 and Q0 can be
neglected at this composition). Fig. 10 shows a 4-peak fit to the
spectrum from the x¼0.31 sample. Here we chose not only to fix
the Q3 intensity but also to fix the halfwidths of the other three
peaks. Again an acceptable simulation/fit of the spectrum was
achieved. Beyond x¼0.38, the statistical model is less successful
at simulating the spectra and further fitting used only the
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constraint that the halfwidths should remain at the values
determined for the lower values of x. Fig. 11 shows a 5-peak fit
to the spectrum from the x¼0.66 sample. Fig. 12 shows how the
abundances of the various Qn species change with composition, x,
in comparison with the changes predicted on the basis of applying
the statistical model to the xSb2O3 � (1�x)SiO2 system assuming
that 2 ‘‘NBO’’ are formed for each Sb2O3 molecule. In the context
of this system, ‘‘NBO’’ are Si–O–Sb oxygen links where there will
be significant covalence in the bonding (v.i.).
4. Discussion

The Mössbauer parameters obtained for the dominant Sb3 +

species in the glasses are typical of the trigonal pyramid [:SbO3]
units produced by the presence of the lone-pair of electrons in a
hybridised sxpy orbital. This result is consistent with the EXAFS
data of Ellison and Sen [18] who report a Sb–O coordination of 3
and Sb–O distance of �1.95–1.97 Å, which are close to the values
observed for senarmontite where the O–Sb–O angle is close to
Fig. 10. 29Si MAS NMR spectrum of x¼0.31 glass: 4-peak fit. Points are data,

dotted lines are individual fits and the solid line is the overall fit.

Fig. 11. 29Si MAS NMR spectrum of x¼0.66 glass: 5-peak fit. Points are data,

dotted lines are individual fits and the solid line is the overall fit.

Fig. 12. Change in abundance of the various Qn species as a function of analysed

composition, x, in xSb2O3 � (1�x)SiO2: (a) Q4 (’) and Q3 (J); (b) Q2 (m), Q1 (r) and

Q0 (� ). Solid lines are the dependencies predicted by the statistical distribution

assuming only 2 ‘‘NBO’’ per molecule of Sb2O3. Dotted lines are polynomial fits to

the data points.
tetrahedral. The low coordination number for Sb–O indicates that
it could easily take part in a glass network and we need to
understand its effect on the silicate units.

The NMR results give a Qn distribution, which is very different
from that associated with conventional modifier oxides but we
can use the same approach to try to understand how the [:SbO3]
units are bonded into the silicate network. The x parameter used
in the equations for a statistical distribution (v.s.) are based on the
general formula xR2O � (1�x)SiO2 i.e. for an alkali, R2O (or alkaline
earth, RO) silicate, where every unit of cation charge translates
into a NBO. In the case of Sb2O3, there is three times as much
nominal charge per oxide unit and therefore one molecule of
Sb2O3 should yield 6 NBO. This would result in all Si becoming
isolated Q0 species at x¼0.4 which is not consistent with the Qn

population determined from NMR. When referring to conven-
tional modifiers, it is usual to expect glass formation to become
difficult when there are more than 2 NBO per Si – i.e. at x¼0.25.



Fig. 13. Structural units for (a) 2 ‘‘NBO’’ per Sb2O3 model; (b) 1 ‘‘NBO’’ per Sb2O3

model; and (c) valentinite (drawn using Atoms V6.2)
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This is plainly not the case and suggests that Sb2O3 should not be
treated as a conventional modifier. Since Sb2O3 is known to be
itself capable of glass formation, albeit with difficulty, this is not
surprising. We must therefore think in terms of Si–O–Sb bonds
rather than NBO but we will retain this convenient, though
inaccurate, label during our discussion.

We also need to consider the effect of the existence of Sb–O–Sb
links in the glass network. This could begin to occur when the
number of Si–O–Si links falls below a certain number, or such
links could be present even at low concentrations. Models for the
latter can be devised where the antimony-oxygen structural units,
containing different Sb–O–Sb links, are altered so as to modify the
number of NBO formed per Sb2O3 unit. The resulting distribution
of these NBO amongst the Si atoms will result in Qn distributions
which can be calculated using the statistical formulae above and
compared with those determined experimentally. The possible
structural units which might enter the glass are summarised in
Table 3, along with the number of NBO which this would generate
for each molecule of Sb2O3. The first unit is the isolated [:SbO3]
pyramid, thus there are 6 ‘‘NBO’’ per Sb2O3 molecule. The second
unit comprises two [:SbO3] pyramids which share a corner. This
unit can thus form 4 ‘‘NBO’’ per Sb2O3 molecule. The third unit
could be two [:SbO3] pyramids which share an edge and thus
provide 2 ‘‘NBO’’ per Sb2O3 molecule. The last unit would then
have two of the previous units joined at one corner and thus
giving 1 ‘‘NBO’’ per Sb2O3 molecule. However, edge-sharing does
not occur to any significant extent in networks and a more likely
description of the 2 ‘‘NBO’’ and 1 ‘‘NBO’’ units is that they consist
of 8-membered rings (4 [:SbO3] pyramids joined at corners) –
single in the case of the 2 ‘‘NBO’’ unit (Fig. 13(a)) and fused in
threes in the case of the 1 ‘‘NBO’’ (Fig. 13(b)). The 2 ‘‘NBO’’ and 1
‘‘NBO’’ units resemble fragments of the valentinite structure [26]
(Fig. 13(c)). The compositions of the glasses are then expressed in
terms of the mole fractions of Sb2O3 when described by these
structural units and assuming that they are the sole species
present. The experimental Qn distributions are then plotted
against mole fraction Sb2O3 in Figs. 14(a)–(e) and compared
with the lines predicted by the statistical model for the different
structural units in Table 3. It is apparent from these plots that the
Qn distributions are best described by the introduction of 2 ‘‘NBO’’
units into the structure up to the x�0.5 composition and by
introduction of 1 ‘‘NBO’’ units beyond this.

Possible phase separation of the glass into SiO2 and Sb2O3-rich
regions must also be considered as an explanation of the Qn

distributions. There is no visible evidence of phase separation in
samples in the current study, with the exception of the x¼0.3
sample. Since the separation here was macroscopic – regions
several mm in extent – this is thought to be a mixing problem.
Only the regions with composition x¼0.31 were used in
measurements. Ellison and Sen [18] comment on the invariance
with concentration of the Sb–O distance in the various glass
systems which they studied, though there was some dependence
on the network oxide with which Sb2O3 was combined. From the
Table 3
Structural units possibly formed by Sb2O3 in the glass; their mole fraction; and the nu

Structural unit Description

Sb3 + Isolated [:SbO3] pyramids

(O–)2Sb–O–Sb(–O)2 2 pyramids joined at one corner

O–Sb¼O2¼Sb–O 2 pyramids joined at one edge

OR [O–SboO2/2]4 4 pyramids joined in a ring

O–Sb¼O2¼Sb–O–Sb¼O2¼Sb–O 2 of the above units connected

OR [O–SboO2/2]4[SbO3/2]4 3 fused rings
limited next-nearest neighbour information, which they could
obtain from the Sb K-edge EXAFS of arsenate and germanate
glasses, they state that ‘‘antimony mixes very homogeneously
with other glass forming constituents’’. The single, and smoothly
changing with x, Tg values which we obtain for these glasses also
indicate single phase samples. The isomer shifts from the 121Sb
Mössbauer measurements also vary smoothly with composition
and there is no evidence of changing peak width which would
occur if regions of different environments were present. Datta
et al. [4] ascribe some of the electrical phenomena, which they
observed to layers of varying antimony concentration in their
sample. Since these samples were made by a sol–gel route and
have anomalously low densities, they cannot reasonably be
compared with the glasses in this study.

It is notable that the Q4 chemical shift, which results from
these fits is ��114 ppm. This is somewhat larger than the �109
to �112 ppm usually reported for Q4 with all Q4 next-nearest
neighbours and could indicate a shortening of the Si–O bond or an
mber of NBO (Si–O–Sb links) which would be associated with them.

Mole fraction in terms of x NBO/Sb2O3

3x/(1+2x) 6

2x/(1+x) 4

x 2

x/(2�x) 1



Fig. 14. Qn abundances plotted against mole fraction of the effective structural units listed in Table 2. The lines are the values predicted by the statistical model for different

numbers of NBO per Sb2O3 molecule: (– – –) 6 NBO; ( � � � � � � ) 4 NBO; (—) 2 NBO; and (–.–.) 1 NBO.
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increase in the mean Si–O–X bond angle. Various empirical
relationships have been derived for the dependence of chemical
shift, d, on bond length in crystalline silicates [27]. These are
mostly linear – of the form d¼a(dSi�O)�b, where a and b are
constants obtained for particular series of related silicates and
which are useful predictors within their parent series but less
good outside. A universal formula, which is only an approxima-
tion for most series, is d¼999(dSi–O)�1709 [27]. A d value of
�114 ppm would then correspond to a Si–O bond length of
1.5966 Å. This can be compared to a value of 1.61–1.62 Å in v-SiO2

and a value of 1.6088 Å in a 0.168SnO �0.832SiO2 glass [28]
though these values correspond to the centres of distributions
which range from �1.5 to �1.8 Å at their base. The mean Si–O
bond length determined by diffraction measurements on binary
silicate glasses generally increases as the second component (X) is
added. This is a consequence of the increase in the Si–O(Si) bond
length whilst the Si–O(X) bond length shortens (for X modifier).
Similar empirical linear relationships exist between d and some
trigonometric function of the mean Si–O–X bond angle but these
are even more series specific[27].
5. Conclusions

Sb2O3 can be incorporated into SiO2 to give single phase
glasses over at least the range 0.1rxr0.8 in xSb2O3 � (1�x)SiO2.
Physical parameters such as density, molar volume, glass
transition temperature change smoothly with x, as also do the
fraction of Sb5 + formed and the Mössbauer isomer shift.
The change in the Qn population with x can be related to the
incorporation of Sb2O3 structural fragments in the glasses. Below
x�0.5, the fragments are probably (Sb4O4O4/2) rings with 4 NBO
(O4/2), whilst above x�0.5, the fragments are composed of 3 rings
fused together to give (Sb8O10O4/2) units with 4 NBO. The
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existence of such units should be evidenced in diffraction studies
by the presence of characteristic Sb?Sb distances at concentra-
tions where they should not statistically exist.
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