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Abstract
Neutron diffraction, Al MAS NMR and ?’Al Double Quantum MAS NMR results are presented and

analysed to determine the local environments of the cations in a series of aluminium tellurite
glasses. Total scattering results show that, within a maximum Te-O distance of 2.36 A, tellurium
exhibits a mix of [TeOsE] and [TeO4E] environments (E = electron lone-pair), with a linear reduction
in the average tellurium-oxygen coordination number as Al,0z; is added to the glass. This is
accompanied by a linear decrease in the average aluminium-oxygen coordination number as [AlQ,]
units form at the expense of [AlOg] units, whilst the fraction of [AlOs] units remains roughly constant.
A consideration of the bonding requirements of the five structural units in the glass, [TeOsE],
[TeO4E], [AlO.], [AIOs] and [AlOg] has allowed a direct quantitative relationship between tellurium-
oxygen and aluminium-oxygen coordination numbers to be derived for the first time, and this has
been successfully extended to the boron tellurite system. Double Quantum 2’Al MAS NMR indicates
that, in contrast to previous reports, the shortest Al...Al separations are significantly smaller (~3.2 A)
than expected for a uniform distribution and there is a preference for [AlOg]-[AlOg] and [AlO4]-[AlO4]
corner sharing polyhedra. These associations support a new structural model which successfully
applies the principle of charge balance to describe the interaction of tellurium and aluminium and
identifies and explains the clustering of [AlO,] polyhedra in the glass and their preferred
associations. [AlOe] and [TeO4E] units dominate the network in TeO»-rich glasses and [AlO4]™ units

form to stabilise the [TeOsE]* units as alumina is added to the glass.



1 Introduction
Tellurite glasses have a range of superior functional properties, when compared to silica, which

make them promising candidates for a range of optical applications in the near and mid infra-red
(IR). These properties include: higher refractive indices,® larger third-order non-linear optical
coefficients,? lower phonon energies and extended transmittance into the infra-red.! In addition,
tellurites can solubilise larger quantities of rare-earth (RE) ions than silicates without fluorescence
quenching,® have good ionic conductivity and exhibit high dielectric constants.” ® However, the
exploitation of tellurite glasses is often limited by low melting points, poor durability and small
regions of thermal stability. To address these problems, optimised glass compositions often include
a number of modifiers to control functional properties, including transition metal oxides, to increase
softening temperature, and alkali oxides, to improve glass stability. How these modifiers interact
with the glass network, and each other, to give rise to the property changes is still poorly

understood.

Full exploitation of the potential of tellurite glasses requires an understanding of the
interdependence of glass composition, structure, and functional properties. A number of studies
have shown that the tellurium environment is converted from four-coordinated pseudo-trigonal
bipyramid structures ([TeO4E]) in TeO,-rich glasses, to pseudo-tetrahedral [TeOsE] units (E
represents the electron lone-pair and is henceforth omitted) as modifier (X,On) is added to the glass
network.”% In these discussions there was an underpinning assumption that the tellurium-oxygen
coordination number for a glass of a particular composition will match that of an analogous tellurite
crystal (i.e. amorphous TeO,, like a-TeO,, will be entirely composed of [TeO4] units) and the change
in coordination number is driven by the need to accommodate the modifier in the network.!?
These two assumptions suggest that there should be a smooth and linear change in tellurium-oxygen
coordination number, nr.o, with modifier content. Our recent measurement of amorphous TeO; has
yielded a tellurium-oxygen coordination number of 3.68(4)'* which necessitates that ~1/3 of
tellurium atoms in amorphous TeO, are in [TeOs] environments and, to preserve stoichiometry, ~1/6
of oxygen atoms must form terminal Te=0 bonds.'** This result has been critical to developing a
model that accurately predicts the non-linear variation in tellurium-oxygen coordination number

3 and subsequent work demonstrated that the

with composition in potassium tellurite glasses,!
model is applicable to other alkali-modified glasses.’* Changes in tellurium-oxygen coordination
number were used to explain changes in functional properties with composition, including: glass
transition temperature, T,'* the change in the activation energy of enthalpy relaxation,>'’ the
mean square displacement of Te as measured by Mossbauer in sodium tellurite glasses,*>?'” the AC
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conductivity of tellurite glasses, and the conductivity of lithium tellurite glasses.? It is important



to extend this insight to achieve a better understanding of the roles that non-alkali oxides play in

modifying the network structure of tellurite glasses.

The addition of alumina to a tellurite glass can strongly alter its functional properties with small
amounts of Al,Os having significant effects on thermal properties such as T; and glass stability, AT (=
T« — Ty where Ty is the onset of the first devitrification event). The addition of 2.5 mol% Al,Os, for
instance, to a silver tellurite glass was shown to increase glass stability by 32 °C 22 and the
substitution of 2 mol% Al,O; in place of ZnO in an Yb,0; doped zinc potassium tellurite glass
increased T; by 26 °C and AT by 20 °C.2 Furthermore alumina is known to improve optical
properties by improving the dispersion of RE ions in glasses. Wang et al.2 demonstrated that 2
mol% ALO; in a Yb,O; doped tellurite glass increased emission cross section by 0.5 pm? and
increased fluorescence lifetime by 0.19 ms and Nogami and Abe 2* showed that the substitution of
10 mol% Al;Osinto a silicate glass doped with 5 wt% Eu,0s increased fluorescence by a factor of 2.
They attributed this improvement in fluorescence to the preferential association of the RE3* ion with
Al-O™ bonds in [AlOs] polyhedra resulting in better dispersion of RE ions through the glass.*
Understanding the role of Al,Os in tellurite glasses is also important because a number of studies in
the literature have measured the functional properties of tellurite glasses melted in alumina
crucibles. It has been shown that between 2.5 %2 and 18 2> mol% Al,O3 can enter a tellurite glass
network when melted in alumina crucibles and this has an important effect on the structure and
properties of the glass. For example, a study of Ag,0-TeO, glasses showed that when melting in
alumina the concentration of Al,0s, homogeneity, colour and thermal properties of the glass

obtained varied with melting time.?

The strong variation in the functional properties, including increased glass stability and increased
fluorescence, that alumina can impart to a tellurite glass allows us to infer that Al,O; plays a
significant role in modifying the network structure. However, there have been very few studies to
investigate the interaction of aluminium and tellurium in a glass network. One XANES and EXAFS
study of aluminium tellurites has shown that the tellurium environments in the glass become
increasingly three-coordinated as Al,Os; is added to the network.?2 Raman spectra for tellurites
modified with 1, 2, 3 and 4 mol% Al,0; showed a rapid increase in the intensity of the peak at 740
cm™ % which was attributed to vibrations of [TeOs] units, indicating their formation even at low
modifier concentrations. A Al and *Te NMR study of the Al,0s-TeO; binary glasses containing up
to 14.3 mol% Al,03; showed that aluminium adopts a mix of 4, 5 and 6 coordinated sites and the
fractions of the higher coordinated species of both [AlO,] and [TeO,] decrease with added modifier?

whilst a Al MAS NMR study of Al,0s-Ta,0s-TeO; glasses also demonstrated that the average



aluminium coordination number decreases as Al,O; replaces TeO; in the glass.?® Recently Kaur et
al.”® presented a combination of Raman spectroscopy and 2’Al MAS NMR to qualitatively show that,
in glasses containing between 1 and 20 mol% Al,Os, both the tellurium and aluminium coordination
number decrease as aluminium is added to the glass. The present study is the first to combine
neutron diffraction and advanced ?’Al MAS NMR to provide a quantitative measurement of the local
environments of both aluminium and tellurium in a series of aluminium tellurite glasses. It
successfully applies the principle of charge balance to derive a new structural model to describe
their interaction and furthermore identifies and explains the clustering of [AlO,] polyhedra that is

observed in the glass and their preferred associations.

2 Experimental section

2.1 Sample preparation and characterisation
Aluminium tellurite glasses with nominal compositions of 5, 10, 15 and 20 mol% Al,O; were

prepared by placing a suitable mixture of Al,O; (Alfa Aesar, > 99 mol%) and TeO; (Alfa Aesar, 99.99
mol%) in Pt/Rh crucibles and heating to 800 °C, at a ramp rate of 5 °C/minute. All glasses were
modified with 0.1 mol% Fe,0s to shorten data collection times in NMR experiments. The glass melt
was held at temperature for 30 minutes before being splat-quenched using steel plates. Where
appropriate, results for these glasses are compared with those obtained for a bulk sample of pure

amorphous TeO,, the preparation of which has been reported previously.*®

The precursor chemicals were carefully weighed and mixed before melting to ensure that the
resultant glass would be as homogeneous as possible. However, when quenching the glasses, a
macroscopic phase separation was observed for the nominally 15 and 20 mol% Al,O3 aluminium
tellurite glasses, with the formation of clear and cloudy areas of sample. X-ray diffraction was used
to identify the components of the cloudy regions but, otherwise, only the clear portions of the glass
were selected for further experiments. The compositions of all clear samples were measured using a
PANalytical MiniPal4 to collect X-ray Fluorescence (XRF) spectra. Following initial analysis, an
additional aluminium tellurite glass containing 2.5 mol% Al,O3 was produced for the neutron

diffraction and NMR experiments.

Density measurements were carried out on the clear samples using a Micromeritics pycnometer
with helium as the displacement fluid and the values compared with the literature. For the 15 and
20 mol% Al,03 aluminium tellurite samples there was significant discrepancy between measured and
literature densities indicating that the compositions for these samples differ from the nominal. Two

methods were used to determine an accurate composition for each sample. Firstly, XRF analysis was



performed, as above, and Table 1 gives the concentration of Al,Os after scaling relative to that
measured for the 5 mol% Al,0; sample. The second approach was to calculate the composition of
each sample by comparing its measured density to the line of best fit through the literature data
shown in Figure S1. The results from this analysis are also given in Table 1 and there is excellent
agreement between the compositions determined by XRF and density measurements. The revised

glass compositions used in all future analysis are x = 2.5, 5, 10, 12.5 and 16 mol% Al,Os.

Differential thermal analysis (DTA) was performed using a DTA 673-4 1500C thermal analyser with
alumina as reference and Pt/10Rh crucibles. The sample and reference were heated at 10 °C/minute

to 600 °C — 800 °C (depending on alumina content) and then allowed to Newtonian cool.

Scanning electron microscopy (Zeiss SUPRA 55-VP 20 kV) and micro-Raman spectroscopy (Horiba
LabRam Evo Spectrometer, 488 nm, x50 objective) were performed on the 10 and 12.5 % Al,Os;

samples in order to obtain further information on the microstructure in these samples.

2.2 Neutron diffraction
The glass fragments were placed inside a cylindrical vanadium container of inner diameter 8.3 mm

for the neutron diffraction measurements. These containers were thin-walled, with a vanadium
thickness of 25 um, in order to reduce the magnitude of the experimental corrections. The neutron
diffraction patterns were measured using the GeM diffractometer 3° at the ISIS neutron spallation
source (Rutherford Appleton Laboratory, Oxfordshire, UK). Measurements of an 8 mm diameter
vanadium rod, the empty instrument and empty container were made for normalisation and data
corrections. The scattering data were reduced and corrected for attenuation, multiple scattering
and self scattering using standard Gudrun 3! and ATLAS *? software to give the distinct scattering,
i(Q). Thesei(Q)v Q spectra were fitted with a quadratic, of the form A+BQ? at low Q to
extrapolate the datato Q =0. Once fully corrected, the i(Q) data were Fourier transformed, with a
maximum momentum transfer, Qmax, of 35 A, This yielded the total correlation functions, T(r), of

the form:

Qmax

2
T(r) = dmp®r + = f Qi(Q)M(Q) sin(rQ) dQ (1)
0

where p° is the atomic humber density and M(Q) is the Lorch modification function used to reduce
the termination ripples in T (r) that arise from the finite maximum experimental value of Q.3* The
resolution in real-space depends upon the modification function used and the maximum momentum
transfer, Qax, Of the experimental data. Each correlation function is a weighted summation over all

the pairwise combinations of elements in the sample, t;;/(1):



T(r) = Z ciby by ey (1) (2)
g

where ¢; is the atomic fraction and b; is the coherent neutron scattering length of element [. Any
resolvable peak in T(r) that arises solely from interatomic distances between atoms of element [
and I’ can be fitted to extract an area, 4,;7, and position, r;;7, for the peak. Using these parameters,
along with the weighted coefficient for t;; (r) given in Equation 2, the coordination number, n;;,

can be calculated according to

T Ay
(2 - 5lll)clblbll (3)

ny =

where §;;r is the Kronecker delta.

Calculations of the contribution of the AI-O peak to T(r), subtraction of the Al-O peak and

subsequent fitting to the residual Te-O peak were carried out using the ATLAS software.3?

2.3 27A]l MAS-NMR
Most Al MAS NMR spectra were taken at 221.5 MHz using a Bruker Avance Il 850 MHz (20 T)

spectrometer with a 3.2 mm probe spinning at an MAS frequency of 20 kHz. For the 1D experiments,
a pulse width of 0.8 us (n/6) was used. The spectra were referenced to the [AlOg] peak in yttrium
aluminium garnet (YAG), which was set at 0.7 ppm with respect to the primary reference 0.1M
aqueous [Al(H20)e)**. 1D spectra were also taken at 11.75 T using a Bruker Avance Ill 500 MHz
spectrometer and at 14.1 T using a Bruker Avance |+ 600 MHz spectrometer. In both cases, 3.2 mm
probes were used with MAS frequency 15 kHz. At 11.75T a pulse width of 0.5 us was used whilst, at
14.1 T, the pulse width was 1.35 us; a recycle delay of 5s was used for the majority of 1D
experiments. The spectra for glasses with 12.5 and 16 mol% alumina content showed evidence of a
small amount of crystallisation, affecting the [AlOg] peak. However, the crystalline material had a
much longer relaxation time, Ty, (see figure S2) so that use of a shortened recycle delay of 0.25 s for
the 12.5 mol% Al,O; sample spectrum ensured that the crystal phase made an almost negligible
contribution to the signal and allowed 2D experiments to be performed in a reasonable time.
Double quantum (DQ) experiments were performed on this sample using a R2,' symmetry-based
sequence for DQ homonuclear recoupling with a recoupling radio-frequency that matches a rotary
resonance condition (n=2)%* i.e. with an effective rf field strength of 40kHz (13.33 kHz solution
value). For this sequence, sensitivity is dependent on the offset frequency used and both the power
level for the recoupling pulses and the offset were optimised experimentally choosing a frequency
near the [AlOs] resonance. Spectra were taken at five different mixing times from 0.8 ms to 3.2 ms

and the integrated intensities of the features in the DQ spectra were used to construct build-up



curves. For each mixing time, between 144 and 256 t; slices were acquired with 512 co-added
transients and a recycle delay of 0.25 s. The States procedure® was applied to obtain phase sensitive

spectra.

2.4 Simulation of 27AINMR Double Quantum build-up curves
The simulations to determine the build-up of the DQ signal for various dipolar couplings, and thus

the internuclear distances, were conducted using SIMPSON3® to determine how the signal increases
as the mixing time becomes longer. The simulations replicated the experiment as described by Wang
et al.3” The parameters (shift, &is0; quadrupole coupling constant, Co, and asymmetry parameter, n)
for the different sites were selected to be consistent with the 1D Al NMR spectra. The build-up
curves and the DQ efficiency were found to be only weakly dependent on Cq and n. The number of
gamma angles was set to 7 and the crystal file was selected to be REP 66, chosen to be large enough
that the results were reliable but so that computational power did not become a problem. The
dipole vector and the major axis of the electric field gradient were parallel. Although the calculated
maximum signal intensity changed when the axes were made perpendicular the signal build-up

curve was similar. The intensity of the signal was determined by taking the first point of the FID.

2.5 125Te NMR
Static 1*Te NMR was performed at 4.7 T using a 7.5 mm Varian probe tuned to a frequency of

63.2 MHz. Spectra were obtained using a 7 - t - 27 pulse echo sequence with 7= 2 us (~n/2) and a
sweep width of 500 kHz. A 30 s pulse delay was sufficient to give quantitative spectra. Spectra were
accumulated with typically 10000 acquisitions and 2 - 4 kHz line broadening was applied to suppress
noise. A 1M aqueous solution of telluric acid was used as the chemical shift reference (713 ppm with

respect to the primary reference (CHs),Te).

3 Results

3.1 Sample characterisation
The thermal analysis scans of the clear samples in Figure 1a show that there is a single glass

transition temperature, Tg, for amorphous TeO,. However, for all of the aluminium tellurite samples,
two T; events are observed. The measured Tg values are given in Table 1 and are plotted in Figure 1b
to show that both T; values increase linearly with alumina content, when the revised compositions
are used. This is further evidence that the correct compositions have been determined. Two Tg
events were also reported by Kaur et al. for a 20 mol% Al,O; sample but the rest of their samples

contained only 7 mol% or less Al,03 and no second T, was visible.?



3.2 Neutron diffraction
Figure 2 shows the distinct scattering data, i(Q), measured for the aluminium tellurite glasses. The

data measured for samples containing between 2.5 and 10 mol% Al,Os exhibit no Bragg peaks,
indicating that samples of these compositions are fully amorphous. Despite the use of only clear
portions of sample, the glass modified with 12.5 mol% Al,03; has some slight evidence of crystallinity
in i(Q) while that modified with 16 mol% Al,O; additionally exhibits sharp, well-defined Bragg peaks
from a-Al;Os in addition to the main glass features. Figure S3 in supplementary information shows

the low Q region of i(Q) in more detail for the samples exhibiting Bragg peaks.

The total correlation functions, T(r), for each aluminium tellurite sample are shown in Figure 3 with
the previously reported correlation function for amorphous Te0,.1* The correlation functions for the
aluminium-tellurite samples show a marked similarity to amorphous TeO,, exhibiting two peaks
centred at ~1.9 A and ~2.8 A. The first peak in amorphous TeO, has a broad distribution and has
been attributed to Te-O bond lengths present in the glass, while the second peak is attributed
predominately to O-O distances. The lack of a separate peak in the aluminium tellurites arising from
Al-O bond lengths indicates that there is a significant overlap of the Te-O and Al-O distances in these
glasses. It is necessary to deconvolute these two contributions to the first peak in the correlation

function before the tellurium-oxygen coordination number, nreo, can be measured.

3.3 27Al MAS NMR

3.3.1 1-D MAS NMR

Figure 4 shows the Al MAS NMR spectra for each sample measured at 20 T. All samples have three
broad peaks centred at approximately 6, 32 and 56 ppm which arise from [AlIOg], [AlOs] and [AlO4]
environments in the glass respectively. They are sufficiently well resolved at this field to allow
accurate deconvolution of the data. The assignment is based on observations of Al** in glasses and
minerals®®#! and the shifts are consistent with those reported by Kaur et al.?° and Sakida et al.?” for
the Al,03-TeO, system. Although the 12.5 and 16 mol% Al,O; glasses give predominantly broad
amorphous NMR spectra, they have a small sharp feature (hardly noticeable for the 12.5 % sample)
at ~6 ppm that overlaps with the [AlOg] peak from the amorphous phase. In addition, the 16 mol%
Al,O3 spectrum has a second, stronger, sharp peak at ~15 ppm. The samples have been doped with
0.1 mol% Fe,0s with the Fe ions dispersed throughout the glass network. However, the Fe ions do
not appear to be substituted in the crystal phases since the aluminium nuclei in the glass have a
significantly (>> 10 times) faster relaxation rate than those in the crystal phases. Figure S2 in the
supplementary information shows a series of spectra collected for the 16 mol% sample with

different delays. The shapes and relative intensities of the [AlO4] and [AlOs] peaks are unchanged as



the recycle delay is reduced. Similarly, for the 12.5 mol. % sample, where there is only a small
amount of crystalline material, the relative intensity of the [AlO¢] glass peak is unchanged down to
the shortest recycle delay used, 0.05s, allowing accurate measurement of the relative amounts of

the three co-ordination environments in the glass.

The proportions of aluminium in the three environments in the glasses were determined using 4 s
pulse delay spectra for the four lowest Al,O3 concentrations and, to ensure minimal contribution
from the crystalline phase, a 0.05 s pulse delay spectrum for the highest Al,03 content sample. The
contributions from the [AlO4] and [AlOs] species to the centre band peaks were approximated as
Gaussian line shapes and that from the [AlIO¢] as either a pseudo-Voigt (70% Lorentzian) line shape
or a biGaussian line shape — the latter being the procedure adopted by Sakida et al.,?” both giving
similar results. As a further check the centre band peaks were also integrated to find the peak areas
using a region of interest for each peak defined by the minima separating it from its neighbouring
peaks. The three approaches gave values which agree within error (£ 1%) for all but the 16 mol%
Al,0; sample, where the crystal peaks proved to be incompletely suppressed even by the 0.05 s
pulse delay (see Figure S2 for effect of changing pulse delay). The percentages of [AlO,], [AlOs] and
[AlIO¢g] units are given in Table 2 and are also shown in Figure 5 where the values can be compared

with those reported by Sakida et al.?” and Kaur et al.?®

Z7Al NMR spectra were also collected at two additional fields, 11.75 and 14.1 T, in order to estimate
the chemical shift dispersion and quadrupole parameters for each [AlO,] species. Figure S4a in
supplementary information shows the NMR spectra collected at the three fields for the 10 mol%
Al;05 aluminium tellurite sample, chosen for the absence of crystal peaks. A comparison of the NMR
spectra shows a progressive narrowing of the peaks with increasing field and a gradual downfield
shift of the peak centre of gravity, &g Which is related to the isotropic chemical shift for #Al,
nuclear spin / =5/2, by
3 P

cog = 6]50 T oA~ o (4)
; 500 v}

where  is the Larmor frequency of *’Al at the given field; and Pq is the quadrupole coupling

product.

PQ2 = CQZ(l + 772/3) (5)

Cq is the mean nuclear quadrupole coupling constant (which is a measure of the electric field

gradient (EFG) around the nucleus) and 7, where 0 < 77 < 1, the asymmetry parameter.®® Figure S4b
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shows a plot of &g versus 1/(1o)? for the various [AlO,] species at the different fields. Fitting straight
lines to the plots gives an intercept of 8s and a slope of —3P4%/500 from which values of Cq can be
extracted if an estimate of 7 is available. The values of the parameters obtained using equations 4

and 5 are summarised in Table 3.

Chemical shift dispersion (csd) is an important parameter for glasses since it reflects the distributions
in the structural parameters which describe the range of environments experienced by a nucleus in
an amorphous material. Since the MAS peak width contains contributions from both the 2" order
quadrupolar interaction (inversely proportional to field) and from csd (proportional to field)
information about the csd associated with each site can be obtained from the change in peak width
with field. For Gaussian lines, such as are observed here, if measurements are taken at two fields B;

and B; the full-widths at half-maximum can be expressed as *

FWHM? =W3 + W2

csd

B\ 8\ (6)
FWHMZZ:(B—1] Wé+(—2] w2

2 Bl =
where W4 is the contribution from the chemical shift dispersion and Wq the contribution from
guadrupolar broadening. The values obtained for Wq and Wesq for [AlO4], [AlOs] and [AlOg] in the 10
mol% Al,O3 glass are summarised in Table 3 which shows that the chemical shift dispersion is the

major contribution to the linewidth for all of the sites at this 20T.

3.3.2 Double quantum (DQ) homonuclear NMR
A DQ MAS NMR experiment is a powerful method for probing the spatial distribution of aluminium
nuclei because the DQ signal is strongly dependent on the distance r between atoms, since the
dipolar coupling constant, bj (in Hz), between nucleiiand jis
2

bij = po #2;% (7)
Note that, as we are dealing with a glass, there will be a range of distances and of relative
orientations of the dipolar vector and electric field gradient which will affect both the DQ efficiency
and the signal build-up. Nevertheless, if the aluminium nuclei were distributed uniformly throughout
the glass, the dipolar coupling would be so weak (~30 Hz) that the DQ signal would be almost
unobservable.”® In the 2D DQ spectrum, peaks that arise along the diagonal line, (w, 2w), are
autocorrelation peaks which indicates a dipolar interaction between two atoms with the same

chemical shift. Off-diagonal pairs of interactions, (wa, wa+ ws) and (ws, wa+ ws), correspond to

correlations between atoms with different chemical shifts. Figure 6 shows the DQ spectrum
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measured for the 12.5 mol% Al,03 aluminium tellurite glass using a mixing time of 3.2 ms. The two
strongest peaks are the autocorrelation peaks at (6, 12) and (54, 108), which correspond to
interactions between two [AlOg] units and two [AlO4] units respectively. This indicates that there is
strong clustering of like pairs of [AlOg] and [AlO4] but not [AlIOs]. The signals measured for the off-
diagonal pairs are weaker, indicating longer distances between unlike aluminium units. There is a
weak peak at (33, 66) seen more clearly in slices taken through the spectrum near this point on the
DQ axis (Figure S5 in Sl), which arise from the interaction between two [AlOs] units indicating that
these units are significantly further apart than other autocorrelation pairs, suggesting a more

random distribution of this species.

Figure 7 shows the experimentally measured build-up curve for interactions between two [AlOg]
units, taken from measurements at five different mixing times, together with simulated curves
calculated using SIMPSON.3® The simulations used the Cq values given in Table 3 for the 12.5 mol%
Al,O3 sample and n was assumed to be 0.5. Each simulated line is for a dipolar coupling frequency
corresponding to a 5% change in the distance between a pair of atoms. Note that these simulations
are for isolated pairs of nuclei and for longer mixing times the effect of more distant aluminium
nuclei will become important, thus the magnitude of the dipolar coupling is most easily determined
from the initial part of the build-up. Furthermore, since our samples are glasses with a range of
distances, it is the shortest distance, with the strongest dipolar coupling, which will give the fastest
and strongest build-up. The initial build-up for the [AlOg]-[AlOg] correlation in Figure 7 corresponds
most closely to a dipolar coupling of ~250 Hz, a distance of ~3.2 A. The build-up curves for all six
[AlIO,]-[AIOR] configurations are shown in Figure S6 in the supplementary information. The distances

associated with the build-up curves that most closely match each interaction are given in Table 4.

4 Discussion

4.1 Sample Characterisation

4.1.1 Phase formation

The synthesis conditions for the glasses used in this study (see Section 2.1) were almost identical to
those used by Kaur (heat to 850 °C; 30 min hold; splat quench), Tagiara (heat to 800 - 900 °C; 30 min
hold; splat quench between pre-heated plates) and Sakida (heat to 820-950°C; 10 min hold; splat
quench). The nominally 15 and 20 mol.% Al,Os aluminium tellurite glasses exhibited large scale
phase separation into clear and cloudy portions. Similar separation has been observed in the boron
tellurite glass system (> 20 mol% B,0s) which may provide a model for the immiscibility in the

aluminium tellurite system.*® The cloudy glass pieces were not part of the structural study,
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however the XRD pattern from those portions of the nominal 20 mol% Al,Os cloudy showed
diffraction peaks from o-Al,Os and also from the oxidised phase, aluminium tellurate, Al,Te40¢* in
addition to >90 % residual glass. The compositional analysis of the clear phases for 15 and 20 mol.%
Al,Os, carried out using density and XRF measurements, shows that they have a higher TeO; content
than the nominal value (Table 1). A similar effect is observed in boron tellurites. Density values
(Figure S1) measured for the 5 and 10 mol.% Al,O3 glasses matched the values reported in the
literature for these compositions. The two T, events observed by DTA (Figure 1a) for all the clear
aluminium tellurite glasses studied indicate the presence of a glass-in-glass phase separated
structure of dimension significantly smaller than the wavelength of visible light. Micro-Raman,
electron microscopy and an examination of the low Q region of the neutron diffraction data have
failed to yield more information about the nature of the phase separation. The linear change with
composition of both glass transition temperatures (Figure 1b) suggests that, rather than the
nucleation and growth of one fixed composition phase such as amorphous TeO; in a second Al;Os-
containing glass phase, there is spinodal decomposition into two glass phases of varying
composition. Plotting the lower glass transition temperatures, Tq1, against the measured overall
composition of the glasses results in a trend line which passes though the expected value of T, for
amorphous TeO, and the published values for single phase aluminium tellurite glasses.?® ?° The near
parallel trend of the higher glass transition temperatures, Tg;, measured would, if due to the same
compositional dependence, indicate an ~8 mol% difference in Al,O; content between the two
phases, with the higher T, arising from an Al,Os rich glass. The glass phases that form can therefore
be considered as one series based on the structure of TeO, glass, modified with increasing amounts
of Al,0s, and a second series of glasses, possibly related to an Al,Te407 crystal phase.*® Two T, values
are reported by Kaur et al. for a 20 mol.% Al,O5 aluminium tellurite glass, and they fit the trends
observed in this study.?® Comparing the results from these two studies suggests that phase

separation occurs in Al,03-TeO, glasses composed of 2 5 mol.% Al,0s.

It is not possible to quantify the amount of each phase in the glass accurately. However, a qualitative
assessment can be made using the observations outlined above. There is the good agreement
between the measured density of the 5 and 10 mol% Al,Os aluminium tellurite glasses with the
literature, and this, supported by EDX analysis, indicates that the overall composition of these two
glasses has not varied significantly from the nominal value. Furthermore, the close agreement
between the trendline fitted through the T, values in Figure 1b with the T temperatures reported
for single phase glasses, indicates that, for each glass, the composition of the Tz phase matches the
nominal glass composition. If the 5 or 10 mol% Al,03 aluminium tellurite glasses were composed of a

significant amount of the second, higher Ty, phases then the bulk density of the glass would not
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match the density of the nominal composition. For example, a glass composed of 70% of the Ty
phase (nominal composition) and 30% of the Tg, phase (the Al,Osrich phase) would have a density
~0.1 gcm lower than the density for the nominal composition. This difference, which is much larger
than the error in the measurement, is not observed and so it is likely that the high alumina glass

phase yielding the higher T, values is present as significantly less than 30% of the glass.

Further comments on the microstructure of the glasses used in the current study can be found in the

SI.

4.1.2 27A11D NMR

Table 2 and Figure 5 give a comparison of [AlO,] species concentration in these glasses with the
values reported by Sakida et al.?’ (data taken at 9.4 T) and Kaur et al.?° (data taken at 11.74 T).
Whilst there is general agreement on the trends with composition, there are some differences which
are most probably due to the much poorer resolution of their lower field data owing to the
significantly larger quadrupole line broadening (proportional 1/Bo). It is clear that increasing addition
of Al,0; to the TeO; glass network causes a reduction in the fraction of [AlOg] units and a
corresponding increase in the fraction of [AlO4] units. As a result, the average aluminium-oxygen
coordination number reduced from 5.31(5) in the 2.5 mol% Al,O3 aluminium tellurite glass to 4.98(5)
in the glass containing 16 mol% Al,Os. Similar trends were also seen by Youngman and Aitken in the
more complex Al,0s-Ta,0s-TeO; glass system.?® Table 2 also gives the peak (centroid) positions
which, within error, are invariant with composition. The multifield data allow estimation of the &,
the chemical shift dispersion, and the quadrupole product values (Table 3) with the shifts obtained

by Sakida et al. being similar to those reported here.?’

The occurrence of three aluminium co-ordination states in glasses is uncommon. In alkali (alkaline
earth) aluminosilicate glasses (R2O(R’0)-Al,03-Si0;) in the per-alkaline composition range
(R20(R’0)/Al,05 > 1) aluminium is usually present as [AlO4] charge-balanced by R*(R’%*).%2%9 |n the
less-common, per-aluminous (R2O(R’0)/Al,0; < 1) glasses, [AlOs] and small amounts of [AlOg] are
also present.*° However, the Al,0s-SiO, glass series, like the Al,03-TeO; series, is composed of two
network formers and in fast quenched binary Al,03-SiO; glasses significant amounts of all three co-
ordinations are observed. It is postulated that this mix of coordination states occurs because a
network of [SiO4] and [AlO4] tetrahedra are charge balanced via the formation of 5- and 6-
coordinated Al.%>>! Large quantities of each coordination state are also observed in sol-gel prepared

43, 52

samples of Al,03-Si0O, and Al,0s-P,0s glasses.

The three co-ordination states are also observed in amorphous alumina prepared by various routes:

anodic films;3* %3 thin films (predominantly [AlO4] and [AlOs]);*® and sol-gel (also mainly [AlO4] and
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[AIOs]).**>* However, in these cases the Al(IV) isotropic shift is significantly (> + 10 ppm) bigger and
the Pos are much larger (~7.5 MHz for films formed from aqueous solutions)*® than observed here
for the tellurite glasses, indicating a very different local environment. Figure S7 in supplementary
information compares the isotropic shifts for the various [AlO,] species observed in amorphous Al,O3
and also in binary and ternary aluminate glasses. The & values show a linear decrease with
increasing mean electronegativity (Allred-Rochow) calculated for each glass using the weighted
values for the contributing cation components. The values for the Al,03-TeO, system are consistent

with this trend.

There are no reports of the Al quadrupole parameters in Al,0s-TeO; glasses in the literature.
However, the values for Pq or Cq (Table 3) can be compared with those for other Al-containing

/'42

glasses. In Na/K aluminosilicate glasses, Schmidt et al.** obtained Cq values for [AlO4] of typically
~4.4 MHz for anhydrous glasses but decreasing to ~3.4 MHz in hydrous glasses, reflecting a more
symmetric environment. Thomsen et al.>® reported Pq values for [AlO4] in Na/K Ca aluminosilicate
glasses ranging from 5 to 7.5 MHz depending on Al/Si ratio and charge balancing cation content.
Weber et al.>! found that increasing the SiO, content of Al,0s-SiO; binary glasses increased the Pq
values (MHz) of the different [AlIO,] species from 5.13 to 5.81 (n =4), 5.15t0 5.5 (n = 5) and 4.22 to
4.62 (n =6). The values reported here are similar to those found in aluminophosphate glasses (2.8 —
3.9 MHz)* but are generally smaller than for aluminosilicate glasses and are much smaller than for
crystalline samples. This likely reflects the more symmetric environments of 2’Al in the tellurite
network where much of the structural strain of the amorphous state can be accommodated by
distortion of the [TeO,] polyhedra, with their lone-pair of electrons, and even by coordination
change. The quadrupolar coupling constant for the 10 mol% Al,O3 aluminium tellurite glass is largest

for [AlO4] implying that the distortion of the tetrahedron is greater than that of the [AlOs] or [AlOg]

polyhedra.

The values obtained for Wq and W4 for [AlO4], [AlOs] and [AlOg] in the 10 mol% Al,O; glass are
summarised in Table 3. Chemical shift dispersion is the major contribution to the line width for all
three species. This reflects the large range of local environments experienced by Al, where the first
coordination sphere contains 4, 5 or 6 oxygen atoms connected to either Al or Te, which in turn can
have different co-ordinations: [AlO,] (n = 4, 5, 6) or [TeO,] (n = 3, 4). Sato et al.*°, investigating
rapidly quenched Al,03-SiO; glasses, measured a Cq of approximately 3 to 3.5 MHz for both 4- and 5-
coordinated Al, similar to the values found here for Al,03-TeO; glasses. However, they reported that

the width of the [AlO4] peak was largely due to W s whilst that of [AlOg] at 8.45T was due to Wa.
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4.2 The tellurium-oxygen coordination number
Figure 8a shows the first peak in the neutron total correlation function, T(r), for 6 tellurite glasses

containing between 0-16 mol% TeO,. There is a systematic change in the area and position of the
peak as increasing amounts of Al,0; are added to the glass. These changes arise from the
contributions of overlapping Al-O and Te-O correlations in the glass. As Al,O3 is added to the glass
there is a shift in the peak position to shorter distances as the contribution from the Te-O peak
decreases. This results in a decrease in intensity in the region of 2-2.3 A, while the increased

contribution from the Al-O peak results in an increase in intensity at ~1.75-1.9 A

To deconvolute the two contributions to the first peak in T{(r) it was necessary to simulate the
contribution arising from the Al-O environments present in the glass. This was done using the Al
speciation information obtained from the 2’Al MAS NMR spectra, following the process previously
outlined for the tin borate glass system, where aluminium was found to be present in low
concentrations.’® To simulate a peak in T{(r) arising from Al-O bonds it is necessary to know the
position, area and width of the peak. The NMR spectra, shown in Figure 5, exhibit three peaks
arising from [AlO4], [AlOs] and [AlO¢] environments and the relative percentages of these
environments present in each glass are quantified in Table 2. From these results it is possible not
only to calculate an average aluminium-oxygen coordination number, nao, but also to calculate a
likely average bond length, rao, by using electrostatic bond strength to calculate the average Al-O
bond lengths for 4-, 5- and 6- coordinated Al atoms.>” Using these estimates for nao and rao it was
then possible to estimate the area, Ao, of the Al-O peak in the correlation function using equation
(3). Therefore, from ?’Al MAS NMR measurements it is possible to estimate both the average
position and the area of the Al-O peak in the correlation function. Finally, a peak width of 0.1 A" was
assumed. This width is slightly broader than that used to simulate the Al-O peak in the tin borate
glass system, 0.085 A% but was found, through systematic trials, to be the most appropriate
thermal broadening for this system. Figure 8b shows the correlation function, T(r), measured for the
16 mol% Al,O3 aluminium tellurite glass together with an Al-O peak simulated using the method
outlined above. When the simulated peak is subtracted from the measured T{(r), the residual is
assumed to be due solely to Te-O correlations. Figure 8c shows the extracted Te-O distribution for
each composition. With the Al-O peak removed from the first peak in each T(r), the residual varies
linearly with composition in both size and position. As the amount of Al,Os in the glass is increased,
the area of the Te-O peak is reduced and the Te-O peak position shifts to shorter bond lengths. This

behaviour is similar to that observed for alkali tellurites. 314

The area under the Te-O peak was integrated to an rmax of 2.35 to calculate Y. rrogA7eo-2 Using

these results and the partial correlation function coefficient for Te-O, 2cr.br.bo, the total tellurium-
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oxygen coordination number for each sample can be calculated using equation (3). The resultant
coordination numbers are given in Table 5 and the variation with composition is plotted, along with
the values for naio, in Figure 9a. There is a correlation between the Te and Al environments, with the
average coordination number of both decreasing linearly as Al,03 is added to the glass. A reduction
in the coordination number of tellurium is consistent with an increase in the number of [TeOsE] units
present in the glass with increased modifier content and this is in excellent agreement with the
previously reported behaviour of tellurite glasses. 7*° Furthermore, the linear changes in average
coordination number for both tellurium and aluminium are consistent with the linear changes in

density and T; observed.

Figure 9b compares the rate of change of nr.o for aluminium tellurites with that measured for a
series of potassium tellurites®® to show that the effect of these two modifiers on the glass network is
very different. The tellurium-oxygen coordination number in potassium tellurite glasses does not
vary significantly from 3.68 until more than 14.3 mol% K,0 has been added to the glass. In contrast,
the tellurium-oxygen coordination number in aluminium tellurites begins to decrease immediately
upon adding modifier oxide to the glass. To explain this different behaviour, a new structural model
must be found. The observed relationship between the local environments of Al and Te is similar to
the behaviour observed in boron tellurites,** where the addition of B,0s to a glass results in an
increase in the average boron coordination number and a decrease in the average tellurium

coordination number.

4.3 A structural model for the interaction of cations in the aluminium and

boron tellurite glass systems
Aluminium and boron might be expected to have a similar effect on the tellurite glass network

because they both a) enter the network as M,0s; and b) are able to change coordination
environment depending on the network structure. Therefore, this section will consider a previously

proposed model for boron tellurites and how it can be adapted for the aluminium tellurite system.

Sekiya et al. > have previously proposed a model to explain the interaction of boron and tellurium
in the boron tellurite glass system. It was suggested that the formation of [BO4] units is concurrent
with that of [TeOs] units such that the overall positive charge on a [TeOs] unit is compensated for by
the negative charge on a [BO4] unit. It was also proposed that these units are preferentially bonded
together to provide charge balance, with every oxygen cation that is used to convert a [BOs] unitto a
[BO4] unit necessitating the reduction of a [TeO4] unit to a [TeOs] unit. Based upon this model we
have previously used !B MAS NMR to calculate the expected number of [TeOs] units in the glass.*

To make this calculation it is necessary to know the total number of Te-O bonds available in the
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glass. This number can be calculated for a glass of composition x B,Os- (100 — x) TeO, by
considering that there are there are 3x 4+ 2(100 — x) oxygen atoms in the glass, and each of these
can be assumed to form two bonds to a cation. Of these potential oxygen bonds, 2x * ng, are
required to satisfy the coordination number (ngy) for the 2x boron atoms present in the glass.
Therefore, number of oxygens with the potential to form O-Te bonds is given by 2[3x + 2(100 —
x)] — 2x * ngy and the average number of bonds per tellurium atom is given by dividing through by

the number of Te atoms in the glass, (100 — x):

2[3x +2(100 — x)] — 2x * ngy
Mreo = 100 — x

(8)

Using equation (8) it was found that there was a large discrepancy between the predicted tellurium-
oxygen coordination numbers and those measured using neutron diffraction.** The calculation
suggests that tellurium should have, on average, ~0.5 more bonds to oxygen than measured. This
mismatch was attributed to the overlap of the Te-O and Os...0s peaks in the correlation function.
However, equation (8) is based upon the assumption that tellurium is entirely 4 coordinated in
amorphous TeO; and that all oxygen atoms in the glass are bridging, bonding to two cations. Our
recent neutron diffraction study of amorphous TeO; has indicated that approximately one in three
tellurium atoms are three coordinated, yielding an average O-Te coordination number of 11/6.%3
This lower O-Te coordination number arises because each [TeOs] unit must have one terminal
oxygen (an oxygen double bonded to tellurium) associated with it to preserve stoichiometry. If the
number of available oxygen atoms provided by each TeO; unit in the glass is corrected from 2 to
11/6, a new equation for the coordination number of tellurium with composition is calculated, given

in equation (9)

2 [3X + (1—61) (100 — x)] — 2x * gy (9)

Mreo = 100 — x

Using this revised equation, the differences between the calculated and measured values for nreo in
the boron tellurite samples are reduced to ~0.2, as shown in Figure 9b. These values are closer to,
but still significantly above, the measured values and the remaining discrepancy is attributed to the
problem of deconvoluting the overlapping partials in the correlation function to extract the full Te-O

bond distribution.

In contrast to the overlap between the Te-O and Os...0g peaks in the correlation functions for boron

tellurites, there is much less difficulty in fitting the Te-O bond length distribution for aluminium
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tellurite glasses as the Al-O peak which overlaps the Te-O peak can be simulated from Al MAS NMR
data (Figure 8). Therefore, equation (9) has been adapted to work for this system. Unfortunately, a
direct adaptation, substituting naio for ngo, results in a change in nreo, with composition that is too
rapid. The mismatch between calculation and experiment cannot be accounted for by potential
errors in extracting nreo from the neutron data as in this calculation nearly all the tellurium atoms
would become ~3 coordinated by 12.5 mol% Al,Os;. The Raman spectra for this glass composition in
Figure S8c does not support this. An adjustment to the calculation was made to consider the
possible effects on the presence of [AlOg] units on the number of available oxygen bonds. In a-Al,O3
each oxygen atom forms four bonds to six coordinated Al atoms,®! rather than two, to preserve
electrostatic change balance. A revised version of equation 9 has been developed to take into
account that Al-O bonds associated with [AlOg] units need half the number of oxygen atoms that a
[BOx], [AlO.] or [AlOs] unit requires. This new equation to relate ny;p and nr,q is given in equation

10.

2[3x+(%)(100—x)] —x*Ai?6*6—2x*Ai(l)5*5—2x*Ail?4*4 (10)
Nreo = 100 — x

The percentage of Al atoms in AlO4, AlOs and AlOs units, measured using Al MAS NMR, are given in
Table 2 and were used in equation 10. The resultant calculated values for nr,o are shown with those
measured experimentally (taken from Table 5) in Figure 9b. There is excellent agreement between

the two sets of values, with a difference of < 0.03.

It should be noted that the suggestion of four coordinated oxygen associated with [AlOg] units which
has been made to explain the experimental results is unusual. However, the question of bonding in
tellurites is complex.®*%3 Using bond valence there is an argument to be made that tellurium atoms
in y-TeO; are 5-coordinated and that these long bonds persist in the glass, playing a small but
significant role in the network.®* Long Te-0O bonds in the tellurium-oxygen bond length distribution
(rre0 >1.97 A) have a bond valence of less than one and so it is not unreasonable to consider that
oxygen atoms in these bonds could accept several weak O-Al bonds to [AlOg] units to help reach a
total oxygen valence of 2. These longer Te-O bonds are primarily associated with [TeO,] units ([TeOs]
units form three short bonds to oxygen with a bond valence of 1 or more) suggesting a possible link
between [TeQ,] and [AlO¢] units in the glass. 70 NMR experiments might provide useful insights on
this.

In conclusion, an accurate value for the tellurium-oxygen coordination number can be calculated

when the fractions of the [AIO,] units in the glass are known. The monotonic decrease in the
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coordination number of aluminium directly drives the decrease in the number of [TeOs] units.

Clearly with two phases present the model will best represent the dominant phase.

The equation derived above is an important step in improving the understanding of how tellurite
glasses behave, showing that the same mechanism underpins the behaviour of tellurite glasses
modified with two different trivalent cations, B,Os; and Al,Os. Extracting a tellurium-oxygen
coordination number from neutron scattering data is difficult, requiring use of central facilities and
multistage data analysis. The ability to predict the tellurium coordination number from ?’Al or 1'B
NMR measurements is a significantly faster, cheaper and more accessible method for characterising
the structure of the glass. However, to enable structure-property relationships to be developed for
industrially relevant multicomponent glasses it is necessary to understand how a range of different
network modifiers compete with each other for bonds to oxygen. A study of the interaction of Al,03
and K;0 within a tellurite glass network is the logical next step as the individual behaviours of these

two modifiers are now well understood.

4.4 Al...Al distances.
Each peak in a 2D double quantum spectrum corresponds to a particular combination of AlOy units,

thus the build—up of the [AlO4-AlO,] peak, which occurs at (54, 108) ppm, is not affected by AlOsor
AlOs. Similarly the [AlOs-AlO4] peak at (12, 66) ppm is not affected by nearby AlOs or AlQe- Since the
glass contains about 1/3 of each coordination this effectively reduces the already low concentration
of Al to very low levels such that multispin effects are likely to be particularly small for the strongest
interactions (shortest distances) such as AlO;-AlO, and AlOs-AlOs. Note that a uniform dispersion of
aluminium atoms throughout the 12.5 mol.% Al,Osaluminium tellurite glass would give an average
distance between any particular combination of aluminium atoms [AlO,-AlOm] of ~8 A. For the
higher Al content phase, assuming that the composition is ~ 8 mol.% richer, the closest [AlOn-AlOm]
distance would still be > 7 A. However, the existence of a relatively strong DQ signal shows that
Al...Al distances are very much less than this. In particular there is a strong preference for like-like
clustering of [AlOQ4] and [AlOg] in contrast to e.g. [AlOs]-[AlOs] units for which the signal is weak and
the build-up slow, indicating that they are much further apart. It is not possible to make a precise
estimate of the uncertainty in the distances but it can be seen from the simulations (figs 7 and S6)
that a change in the dipole coupling corresponding to a distance change of 5% leads to a significantly
worse agreement with experiment. Table 4 shows the distances, derived from the DQ build-up
curves, between the [AIO,] units which indicate that the [AlOg] units are closest together, with a
separation of ~3.2 A, with [AlO4] units being as close as 3.3 A. In a-Al,Os, which is comprised solely
of [AlOg] units, there are two types of Al-O-Al distances present®!: where two [AlOg] units are edge

sharing the distance between Al atoms is between 2.65-2.80 A and where two [AlO¢] units are corner
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sharing the distance between Al atoms increases to 3.20-3.50 A. The distances found in this work
therefore indicate that there is a fraction of corner sharing [AlO4]-[AlO4] units and [AlOg]-[AlOg] units
in the glass but there are no direct (bonded through oxygen) linkages between other [AIO,] units.
Unlike aluminium pairs have closest approaches of between 4.2 and 4.4 A, while [AlOs] units are still
further apart, > 4.7 A. This corner sharing of [AlO4]-[AlO4] units and [AlOg]-[AlO¢] units contrasts with
the conclusion by Sakida et al.?” that AI-O—Al bridging bonds are hardly formed in Al,0s—TeO, glasses
in the composition range which they studied (<14.3 mol% Al,Os). In high-alumina Al,0s-SiO; glasses
formed by levitation melting Al...Al separations of 3.2 A were observed by Weber et al.>! using X-
ray/ND difference functions. This preference for [AlO4]-[AlO4] association and [AlOg]-[AlOg]
association is consistent with the derived relationship between aluminium and tellurium
coordination numbers. As the concentration of Al;Os in aluminium tellurites increases, there is an
increase in the number of [AlO4] and [TeOs] units and a corresponding decrease in the fraction of
[AlO¢] and [TeO.] units. These changes suggest that some level of preferred bonding, and hence
clustering, must occur. [AlOg] units are charge neutral if the oxygen atoms associated with them are
four coordinated. In the above model, these Ale-O bonds are the only ones assumed to have
oxygens with such high coordination numbers, and so it is likely that [AlOg] units would cluster
together to share oxygen atoms. The [AlO,] units which form as Al,0O3 is added to the glass have an
overall negative charge associated with them, which balances the formation of positively charged
[TeOs] units. Therefore, it is also likely that [TeOs]* and [AlO4]™ units cluster together. This tendency
for clustering of [AlOg] units and of [AlO,] and [TeOs] units could be the source of the two T; events
in the aluminium tellurite glasses and, coupled with the effects of oxidation, provide the mechanism
for the macroscopic crystal phase separation which is observed in the higher Al,Os; containing

tellurite glasses.

5 Conclusions
This paper presents the first comprehensive structural study of aluminium tellurites where the

tellurium-oxygen and aluminium-oxygen coordination numbers have been quantitatively
determined using combined neutron scattering and 2’Al MAS NMR. Both the aluminium-oxygen and
tellurium oxygen coordination numbers decrease as Al,0s is added to the glass network. A reduction
in the coordination number of tellurium with increased modifier content is consistent with an
increase in the number of [TeOs] units present in the glass, in excellent agreement with the
previously reported behaviour of tellurite glasses. However, unlike alkali tellurites, where the
tellurium-oxygen coordination number does not change at low alkali oxide contents, the addition of

Al,O; reduces the tellurium-oxygen coordination number linearly. A direct linear correlation
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between Te-0 and Al-O environments is observed and a charge balance model has been successfully
applied for the first time to predict the tellurium-oxygen coordination number using Al MAS NMR
alone. This model will best represent the dominant phase in the glasses. DQ MAS NMR
measurements support these findings indicating that there is a significant fraction of corner sharing
(~20%) for [AlO4] units and [AlOg] units. This occurs as [AlO¢] and [TeO4] units dominate the network
in TeO; rich glasses and [AlO4]" units form to stabilise the presence of [TeOs]" units as alumina is
added to the glass. Clustering such as this could explain the presence of two Tg events in the
aluminium tellurite glasses and indicate incipient phase separation in the glass that manifests when

high concentrations of Al,Os are present in the network.

6 Supporting Information
Figure S1: Density values for glasses used in this study compared with literature. Figure S2: Effect of

pulse delay on 2’Al NMR MAS spectra obtained at 20 T from the 16 mol% Al,Os aluminium tellurite
sample. Figure $S3: The low Q region (1-7 A?) of the distinct scattering, i(Q), for the 12.5 and 16
mol% Al,Os; samples showing Bragg peaks from a-Al,O3 and Al,TeOs. Figure S4: (a) A comparison of
the NMR spectra collected at three different fields for the 10 mol% Al,O 3 aluminium tellurite glass
used to derive & and Pq. Figure S5: Slices taken through the direct dimension in the DQ spectrum in
Figure 6 of the main text in order to give an indication of the different distributions in intensity of
the 4-6, 5-5, and 6-4 peaks. Figure S6: Experimental and simulated build up curves for the DQ MAS
NMR experiment for all glass compositions. Figure S7: The isotropic shifts, &, reported for the
different [AlIO,] species in Al,Os glass and aluminate glasses plotted against the electronegativity
values (Allred-Rochow) for Al and the second metal. S8: Comments on the microstructure of the
glasses used in this study; Figure S8a: Typical SEM image of 12.5 mol% Al,Os glass; Figure S8b:
Typical SEM image of 10 mol% Al,0s glass; Figure S8c: Micro-Raman spectra from 5 (blue), 10 (green)
and 12.5 (red) mol% Al,Os glasses; Figure S8d: Overlay of 2°Te static NMR spectra of 10 mol% Al,03

(black) and 12.5 mol% Al,Os (red) glasses (normalised to maximum intensity).
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Tables
Nominal Density Density derived XBF Compos!t|on
.\ . derived used in Tgl T2

composition | +/- 0.031 composition composition analysis Q) +1 | () +1
(mol% AlLO3) | (g/cm?) (mol% Al,O3) (mol% Al,Os) (Mol% Al,03)
0 5.60 - 0 0 300 -
2.5 - - 2.5 2.5
5 5.373 5.35 5 5 329 364
10 5.125 10.53 9.89 10 354 396
15 5.037 12.37 12.40 12.5 361 405
20 4.889 15.47 16.24 16 380 419
Table 1: density, T, and composition of the aluminium tellurite glasses.

Nominal [AIO4] [AIOs] | [AIOd] AVg. Fao

composition 55.5(5)* 31.7(5)* 5 (1)* Avg. Nao (A) +

(mol% Al,O3) 0.005

% of each [AlO,] species present (1)

2.5 20 29 51 5.31(5) 1.867

5 24 30 46 5.22(5) 1.859

10 32 32 36 5.04(5) 1.845

12.5 35 33 32 4.97(5) 1.842

16** 37 28 35 4.98(5) 1.835

Table 2: Abundance of [AlO,] species present in the aluminium tellurite glasses and the resulting
average aluminium-oxygen coordination number, nao, which is used to calculate an average
aluminium-oxygen bond length, rao, using the relationship developed by Brese and O’Keefe. >’

* Peak centroid (ppm) from integration. ** Average for samples not containing crystals.

species | S Pq Co* W, # Wesd

(ppm) | (MHz) | (MHz) | (ppm) | (ppm)
[AlO4] 55.7(5) | 3.9(3) | 3.7(1) | 3.5(3) | 8.4(6)
[AIOs] 33(1) 3.1(3) | 3.0(1) | 7.5(7) | 9.8(9)
[AlO¢] 8(1) 2.6(3) | 2.5 5.3(4) | 8.4(6)

Table 3: Chemical shifts, ds,, quadrupole parameters and contribution to the line width from
chemical shift dispersion for the three Al co-ordination species in the 10 mol% Al,03 aluminium

tellurite glass.

*calculated assuming an 77 value of 0.5 (note maximal effect of 70on Cqis 10%). # at 20 T (850 MHz).
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Al...Al distance (+/- 5%)

Al unit [AlO6] [AlOs] [AlO4]

[AlOg] 3.2 4.2 4.3
[AlOs] 4.2 4.7 4.4
[AlO4] 4.3 4.4 3.3

Table 4: The distances (+/- 5%) between different [AlO,] units in the 12.5 mol.%Al,03 aluminium
tellurite glass, derived from the DQ %Al MAS NMR build-up curves, that most closely match
experiment assuming isolated spin pairs.

mol% Al,Os Tre0Are0 | 2Crebrebg | Nreo

0 0.83(1) 0.2244 3.69(5)
2.5 0.78(1) 0.2152 3.62(5)
5 0.74(1) 0.2063 3.58(5)
10 0.65(1) 0.1893 3.45(5)
12.5 0.62(1) 0.1812 3.41(5)
16 0.56(1) 0.1703 3.31(5)

Table 5: The integrated value for distance multiplied by area for the TeO peak in T(r) and the derived
tellurium—oxygen coordination numbers.
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Figure 1: a) Differential Thermal Analysis scans for the aluminium tellurite glass samples and

amorphous Te0,.'® The data are offset for clarity and tick marks indicate the glass transition events.

b) the glass transition temperatures, T, plotted against composition for each sample. The T; values

reported by Tagiara et al. 2 and Kaur et al.?® are also shown.
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Figure 2: The distinct scattering, i(Q), for the aluminium tellurite glass samples, with successive

offsets of 0.2 for clarity.
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Figure 3: The total correlation functions, T(r), for the aluminium tellurites shown with T(r) for

amorphous Te0,.1® Data are offset by 0.5 for clarity.
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Figure 4: Al MAS NMR spectra for all samples measured at 20 T. The peaks arising from [AlQ,],

[AIOs] and [AlOg] species are readily identified. The data are offset for clarity.
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Figure 5: The percentages of [AlO4], [AlOs] and [AlIOs] units determined in each glass composition
using Al MAS NMR. The results from this study (solid shapes) are compared with those reported by

Kaur et al. (open shapes)® and Sakida et al. (crossed shapes).?”’
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Figure 6: A 2D Double Quantum ?’Al MAS NMR spectrum for the 12.5 mol% Al,O3 aluminium tellurite

glass collected with a mixing time of 3.2ms. Minimum contour 3.5%, multiplier 1.15
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Figure 7: The experimental build-up curves for the [AlOg] — [AlOg] correlation at different mixing
times together with the simulated intensities for a range of dipole coupling constants in Hz. Each
simulated build up curve corresponds to a 5% change in distance. Build-up curves for other

interactions are shown in the supplementary information.
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Figure 8: a) the first peak in the correlation function for the aluminium tellurites, b) the contribution
to the first peak in the correlation function for the 16 mol% Al,0; aluminium tellurite glass arising
from Al-O bonds (black dashed line) and Te-O bonds (Purple dashed lines) and c) the first peak in the

correlation function with the simulated contribution from Al-O bonds removed.
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Figure 9: a) the change in tellurium-oxygen and aluminum-oxygen coordination numbers with
aluminium oxide content and b) a comparison of the change in tellurium-oxygen coordination
number with MO for potassium tellurites,®* boron tellurites,* and aluminium tellurites (solid
shapes). The open shapes show the calculated tellurium-oxygen coordination number for boron
tellurites, using the boron-oxygen coordination number and equation 9, and aluminium tellurites,

using the aluminium-oxygen coordination number (Table 2) and equation 10.
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