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Structure and chemical modification in oxide glasses

by J. W. ZWANZIGER
Department of Chemistry, Indiana University, Bloomington, IN 47405, USA

The structure of oxide glass consists of relatively well defined oxide polyhedra,
with significant disorder in the linkages between these groups. We review recent
progress in understanding these structures, including the length scales over which
they exist, and how they may be modified chemically. We discuss two primary
experimental methods: nuclear magnetic resonance (NMR) spectroscopy and
neutron diffraction. We explain how several methods for achieving high resolution
in solid-state NMR may be applied to glasses, and how the data from NMR and
neutron diffraction may be used together to generate large models that are
consistent with both sets. Specific examples are used to illustrate these points,
including glasses based on borates, phosphates and tellurites.

1. Introduction

Glasses have no long-range order, but their structure at shorter ranges is well
defined, if complex. We shall discuss glass structure using the terminology of Elliott[1,
2], identifying three length scales: short, intermediate and long range. Short-range
order persists over one or two chemical bonds and consists of the basic polyhedra and
coordination shells making up the glass. Intermediate-range order extends from
(roughly) 5 to 20 A and describes how the polyhedra are linked, the clustering or
avoidance of cations, and so forth. Certain hints of structures persisting beyond about
20 1&, which is the cut-off to long-range order, have been described [3], but essentially
glass is isotropic on this length scale and we shall not discuss such structures here.

Fundamental interest in these structures stems from the desire to understand the
glass transition, which is surely one of the least-understood transitions in physical
science, particularly in light of the more or less common-place nature of glass. Glass
is formed conventionally by freezing a liquid faster than it can crystallize, meaning that
thermal energy is removed from the melt on a time scale faster than the liquid structure
can settle into a crystalline array. The melt is then presumably trapped in a local free-
energy minimum, without enough thermal energy to escape the barriers. This
picturesque description of the glass transition is meant to be only heuristic, in
particular because it posits glass formation as an essentially thermodynamic event.
There are currently several rather sharply opposed theories of the glass transition,
some of which are explicitly kinetic, rather than thermodynamic [4-7]. Here we shall
discuss the structure of the glass after it has formed but not discuss further the
transition itself, except to point out that the structures that we determine reflect the
transition indirectly, as they are the structures that froze in as the time scale of
dynamics became long.

The technological interest in glass structure arises from the impact that it has on
the many uses of glass. For example, some glasses show remarkably high ionic
conductivity,on par with that of dilute aqueous salt solutions[8, 9]. This phenomenon
is quite intriguing, given that the glasses are otherwise hard brittle solids [10]. The
electronic conductivity in these materials is still very low, making them candidates for
all-solid-state batteries. The glass structure plays an importantrole in the conductivity
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of a particular composition, in that additives can be included which open up the glass
matrix, allowing easier movement of otherwise trapped ions [8, 11, 12]. In order to
exploit and understand this conductivity, it is essential to find which structures give
rise to it and how they may be modulated.

Over the past several years, our laboratory has made progress in discovering the
structure on both short- and intermediate-range order in several different glass
systems. To accomplish this we used a variety of one- and two-dimensional nuclear
magnetic resonance (NMR) experiments, neutron diffraction and modelling. Our
results show how intermediate-range order arises in these different families and
provides some answers to questions concerning how this order impacts the bulk
properties of the glasses.

The purpose of this review is to explain the methods that we used to obtain these
results, and to interpret the results in the context of current notions of glass structure
and applications. We shall describe three glass systems: borates, phosphates and
tellurites. All three are typical oxide glass-forming families, consisting of a network
former (boron oxide (B,0,), phosphorus pentoxide (P,0,), and tellurium dioxide
(TeO,) respectively) and a modifier (alkali metal oxides in the borates and tellurites,
silver oxide in the phosphates). Additionally, the silver phosphate (AgPO,) glasses are
further modified with the salt silver iodide (Agl). The standard view of the solid-state
chemistry of such glasses is that the modifier acts to cleave network bonds, creating
non-bridging oxygen (NBO) atoms as it does so. The salt is presumed to dissolve into
the structure without causing any further bond breaking. We shall show that this
paradigm, while qualitatively correct, gives only a gross picture of the structures of
these families. In the silicates, in contrast, this view of the modification is essentially
quantitative. The glasses considered here differ from silicates owing to the different
bonding motifs favoured by the different main-group elements.

In the next section we shall explain the experimental methods used, concentrating
on the NMR techniques and the modelling algorithm. The neutron diffraction
methods that we use are fairly standard and will be reviewed very briefly. Then we
describe the structural information that we have uncovered in some detail, for each
system. In the borates we discuss the basic bonding pattern in pure B,O, glass, and
how already at this level intermediate-range order is an important feature. We then
show how different elements in the glass are modified preferentially by the addition of
alkali oxide. Then we discuss silver iodide—silver phosphate glasses and show how with
a combination of silver and phosphorus NMR we could determine important details
of the silver conduction process. Finally, in tellurites we show how NMR and neutron
diffraction can be combined with reverse Monte Carlo modelling to generate uniform
models of the glass structure, and how these models are used to analyse the origin of
composition-dependent intermediate-range order in this system.

2. Experimental methods
2.1. Nuclear magnetic resonance

2.1.1. Resolution of distinct sites

NMR is an exceptional technique for probing the short-range structure of a
material, whether solid or liquid. Chemically specific information can be obtained on
the types of distinct atomic site, their relative occupancy and their connectivity, both
through bond and through space. This information is usually easier to extract from
liquid samples than from solid samples, because of the isotropic averaging on the
experimental time scale. For solid samples, the anisotropy of spin interactionsinduces
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additional inhomogeneous line broadening which obscures much of the desired
information. This broadening can be controlled and even removed, however, by
judicious modulation of the sample during the course of the experiment [13-15]. The
point is that the full isotropic averaging present in a liquid is more than sufficient to
remove the inhomogeneous broadenings, because the interactions that give rise to
them transform not like tensors of all ranks, but only of a limited set [14].

Forexample, the chemical shift, which provides us with much of the basic chemical
information about different sites, can be viewed as a Cartesian tensor coupling the
angular momentum to the magnetic field [13]. This tensor can be profitably
decomposed into its spherical components, which include a rank-0 term (the isotropic
shift, observed in NMR experiments on liquids) and a rank-2 term. The latter term
givesrise to inhomogeneousbroadeningbut, owing to the transformational properties
of rank-2 spherical tensors, full isotropic averaging is unnecessary to remove it. Rank-
2 tensors transform under rotations in the same way as d orbitals and thus have an
angular node at 2) = cos™! (1 /3'/%), the ‘magic angle’. Rotating the sample about an
axis fixed at an angle O with respect to the external magnetic field modulates the rank-
2 part of the chemical shift interaction such thatit is scaled by P,(cos 6), where P, is the
second Legendre polynomial; magic angle spinning (M AS) is achieved when 6= 62,
because P,(cos 02)) = 0. Under these conditions the inhomogeneous broadening is
removed. This is the well known MAS technique.

MAS NMR is of great utility in the study of polycrystalline solids, and also in the
study of glass structure. Because the short-range order in glass is quite similar to that
in crystalline materials, NM R remains an effective probe, although the resonances are
broadened by the disorder. Thus line-narrowing techniques such as MAS retain their
effectiveness, and MAS NMR has yielded significant information on the structure of
a variety of glasses. It has been used in studies of silicates [16—18] and phosphates[19,
20] to show the types and concentrations of silicate and phosphate polyhedra present
in the glass. Recently, extensions of M AS to several dimensions have appeared, which
further facilitate studies of spin-} nuclei in glass. These include off-angle-MAS
correlation experiments [21], and variable-angle correlation spectroscopy [22-24],
both of which yield high-resolution spectra correlated with structurally informative
anisotropic shift dimensions.

The limitation of the MAS technique is that, while it is effective at removing
inhomogeneous broadenings arising from rank-2 interactions, not all the significant
anisotropicinteractionsare rank 2. The problematicinteraction typically encountered
is the quadrupole effect, which arises from the coupling between the non-spherical
charge distribution in the nucleus and the electric field gradient generated by the
surrounding electron distribution [25]. Spin-} nuclei have strictly spherical charge
distributions, so the important cases of 'H, BC, #Si and *P are not subject to
quadrupoleinteractions. However, about two thirds of the nucleiin the periodic table
have spin greater than :;, including * B, YO, #Na and # Al, all of which are important
in glass science. Because the quadrupole interaction (for the above examples) is
typically of strength 1-5 M Hz,compared with Zeeman splittingsof order 50-100 M Hz
and chemical shift anisotropy of 50-200 ppm (0.0025-0.02 M Hz), the quadrupole
effect is a significant perturbation which could render the NMR of such nuclei
infeasible. This isin fact essentially the case for integer spins such as *N. For half-odd-
integer spins, such as the four examples listed above, the quadrupole interaction has
no effect on the resonance linewidth, at least to first order. In fact, this statement must
be qualified, as follows: the selection rule for observationin NMR is Am =+ 1, where
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m is the magnetic quantum number. The quadrupole interaction is bilinear in the
nuclear angular momentum, which means that the transition frequency for the so-
called central transition, between m = ¢ and m =— ¢, is unaffected by quadrupole
effects. This fortunate circumstances arises owing to the bilinearity of the interaction,
which causes the frequencies to depend on m?; thus both m levels in the central
transition shift but shift equally. The satellite transitions are inhomogeneously
broadened in first order, although they can be observed under special circumstances;
this forms the basis of the satellite transition spectroscopy technique [26]. Integer-spin
quadrupolar nuclei have no transitions analogous to the central transition, making
their observation difficult.

At second order in the quadrupole interaction, even the central transition is
inhomogeneously broadened. Because the quadrupoleinteraction also transforms like
a rank-2 spherical tensor, it might seem that this broadening can be removed by M AS.
In fact, it could, at first order. However, the second-order effect is best viewed as
arising from the recoupling of the rank-2 interaction with itself, which generates terms
that transform like rank 0, rank 2 and rank 4 (the odd terms are absent owing to
symmetry) [15]. Because the quadrupoleinteractionis so strong, even the second-order
term is significant, imposing inhomogeneouslinewidthsin the range 10-30 kHz for the
examples quoted above. These linewidths are sufficient to mask the desired chemical
information. MAS averages away the rank-2 component, and some of the rank-4
term, but yields linewidths still some 5 kHz broad in typical cases. Because the rank-
4 term, which transforms the same way as does a g orbital, has no orbital node
coincident with that of the rank-2 term, spinning about a single axis alone cannot
average away the second-order quadrupole anisotropy.

Over the lastdecade, several new methods have become available which accomplish
for half-odd-integer quadrupole nuclei the type of resolution enhancement that MAS
did for spin-} systems. While none is as convenient to use as MAS, this will hopefully
change as they are developed further. These new methods depend on modulating the
space and spin degrees of freedom of the interactions in ways that average out both
first- and second-rank interactions. Double rotation (DOR) is the most direct of these
methods and works by spinning the sample about a moving axis [27-30]. The main
sample holder rotatesat about 1 kHz, aboutan axis at the 62' magic angle. Within this
holder, the sample is contained in a secondary holder which rotates independently of
the main rotor, at an angle 6% with respect to the main rotor axis, chosen such that
P (cos @)= 0. The inner rotor rotates at typically 5 kHz. The NMR experiment is
then a simple pulse-acquire sequence, much like MAS. The spectrum contains the
central transition frequencies, free of inhomogeneous broadening. However, because
the outer rotor spins so slowly, the spectrum also contains a proliferation of spinning
side bands, which complicates analysis (particularly of relative intensities). The
experiment is also quite difficult to perform, and the equipment is specialized and
costly.

Dynamic angle spinning (DAS) also requires a specialized probe but is mechanic-
ally easier to implement [29, 31-33]. In this experiment the sample spins again about
a time-dependentaxis, but now the time dependenceis discrete rather than continuous.
Spinner axis angles 0, and 6, are chosen to satisfy the simultaneous equations

P,(cos @) = kP,(cosb,), (D)
P (cos @)= kP(cosb,), 2)

where k is a positive constant. Because of the negative sign, the anisotropy acquired by
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the signal during the evolution at 6, is cancelled by the anisotropy acquired during
acquisition at 6,, resulting in an echo which evolves with only the isotropic frequency
components. The experiment is performed as a two-dimensional sequence, in which
the indirect dimension corresponds to 6, evolution. Detection is carried out during 6,
evolution,and the two periods are separated by a magnetization storage period during
which the sample is reoriented from 6, to 6,. The rotor spins at upwards of 5 kHz
during the entire experiment, and it requires 20-40 ms to change the rotor orientation.
This waiting time is the main limitation of this experiment, because in some cases the
dipole coupling is sufficiently strong to quench the stored signal during the
reorientation. DOR does not suffer from this limitation, but the two-dimensional
nature of DAS has its own advantages, which we shall illustrate below.

Both DOR and DAS yield high-resolution spectra of distinct sites separated by
their isotropic shifts. This shift contains the well known isotropic chemical shift, as in
MAS, but additionally it includes a quadrupolar part, which arises from the second-
order expansion of the quadrupole Hamiltonian. This point can be confusing, because
the quadrupole Hamiltonian is traceless; so under isotropicaveraging, as in liquids, no
shift due to quadrupole coupling is possible. In the solid state, however, the system is
static and it is most convenient to describe the interactions using static (Van Vleck)
perturbation theory [34]. At first order, only the m = 0 component (which commutes
with the Zeeman Hamiltonian) is present and, as noted above, gives no shift to the
central transition. At second order, the rank-2 quadrupole is recoupled with itself,
giving ranks 0-4; the rank-0 term is the second-order quadrupole shift. It takes the
form (in parts per million):

529 = i equ h
o 40 v

0

X 108, (3)

U+ D=2 o
1221 1) 3

for a spin-I nucleus, Larmor frequency v,, quadrupole interaction equ/h and
quadrupole asymmetry n. Note that it vanishes at high fields. The field dependence
makes it possible to separate this term from the chemical shift, if DAS or DOR spectra
are acquired at several field strengths.

Quite recently a third possibility to remove rank-2 broadenings has appeared,
called multiple-quantum magic angle spinning (MQM AS)[35, 36]. This experiment is
quite like DAS in spirit, but the two evolution periods differ not by spinning axis but
by the coherence levels they use. In MQ M AS, a triple-quantum transition (nominally
forbidden under direct excitation but achievable with long pulses and/or multiple
pulses) is correlated with a single-quantum coherence during detection. The fre-
quenciesofthe coherences are related by equationssimilar to equation (2),and an echo
isobtained which again evolves at only the isotropic frequencies. The advantage of this
experiment is that spinning at only the normal magic angle is required; so no
specialized equipment is needed and the experiment is mechanically simple. The
disadvantage is that excitation of the triple-quantum coherence is quite difficult and is
particularly difficult to do in a quantitativeway if there are multiple sites with different
local environments. It is also difficult to perform on glasses, but initial results appear
promising [37, 38].

2.1.2. Measurement of site—site distances

In addition to determining the nature and occupancy of binding sites in glass,
NMR is useful for estimating the distances between sites. This is accomplished
through the magnetic dipole interaction, which falls off with distance as r"3. We have
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used both the so-called second moment M, of the dipole interaction and two-
dimensional experiments, which are explicitly sensitive to the dipole interaction itself,
to estimate distances.

The second moment arises from a series expansion of the effect of the dipole
coupling on the resonance line shape [39, 40]. It can be evaluated exactly, although it
arises from a macroscopic number of coupled spins, because it depends on traces of the
spin operators which can be evaluated in any basis and not necessarily the eigenbasis.
The second moment takes the form

) 31—3c0s?6,:\>
M,= E”/x;lzz (E . ) , (4)

J Tij

where yis the gyromagneticratio, 6;;is the angle between internuclear vectorr,— r; and
the external field direction, and r;; is the internuclear separation. £, is a spin-dependent
constant that includes matrix element effects that depend on which transitions are
being excited [41]. The second moment can be measured from spin echoes [42, 43],
because the normalized echo intensity decays as

o _ M, Mo (5)
1(0) 21 41

so, at short refocusing times 7, the decay is linear in 2 with slope — M2/2. Elements of
the material structure are encoded in M,, which can be seen most clearly by
recognizing that the sum over r; in equation (4) can be replaced with an integral over
the radial distribution function, since that function yields the number of particles
found at a given distance r from a test particle at the origin [44]. Therefore we have

1 (4 2
v, Jﬂmgﬁ(rld,’ ©
J r'] r

where p, is the bulk number density of the species in question and g(r) is the pair
distribution function of that species. With this formalism measurements of M, can be
quickly compared with models of the glass structure as expressed through their g(r)
functions. The experiment is carried out on a static sample, and so site selectivity is not
particularly good.

More direct measurements of distance are obtained through two-dimensional
NMR experiments that include explicit sensitivity to the dipole coupling. We have
used the radio-frequency dipole recoupling (RFDR) method to study glass structure
[45-47]. This experiment is carried out under M AS conditions; so good site selectivity
is achieved. Since the dipole interaction is a rank-2 interaction, it is removed by MAS;
the RFDR method re-introduces it, by applying a train of = pulses during a mixing
time, which are synchronized with the rotor frequency. The result is a correlation
between the indirect dimension, which isan M AS spectrum, and the direct dimension,
also an M AS spectrum, with the correlation generated by dipole coupling during the
intermediate mixing time. Cross-peaks are thus obtained which show magnetization
that originated on one site during the indirect dimension, transferred to a second site
during mixing time, and finally detected there during the direct dimension. Because of
the r~2? dependence, only physically close sites can exchange magnetization in this way,
resulting in a map of proximity of different types of site. This is quite powerful but is
unfortunately difficult to interpret quantitatively. The dynamics of magnetization
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exchange depend on the distance, as noted, but also on the chemical shift difference
between the sites and the relative orientation of the chemical shift tensors between the
sites [47, 48]. This last complication is serious, because obtaining the shift tensor
orientations with respect to a molecular frame of reference is a time-consuming task
usually necessitating single crystals. While this dependence is not strong enough to
invalidate RFDR, it does render it better as a qualitative, rather than quantitative,
probe.

2.2. Neutron diffraction

Because of the diverse length scales of importance in glass structure, the use of
complementary structural probes provides a much more detailed picture of the
structure than any one experiment alone can provide. Neutron diffraction is
particularly convenient as a scattering probe of disordered materials and, because of
its sensitivity to longer-range correlations, nicely complements NMR data [49].

The neutron data that we shall discuss was acquired on the glass, liquids and
amorphous diffractometer (GLAD) at the intense pulsed neutron source (IPNS) at
Argonne National Laboratory [50]. IPNS is a spallation neutron source, which
providespulsesof neutronswith a substantialspread of energy. The GLAD instrument
is a time-of-flight diffractometer, in which an array of helium detectors measure the
diffracted neutrons, recording both the scattering angle 26 and the flight time of each
event. The flight time and path length are combined to determine the wavelength A of
each scattered neutron, and this information plus the scattering angle gives the
momentum transfer through Q = (4xsin 9)//1. Because of the range of energies and
angles covered by the detectors, a wide range of Q values can be collected
simultaneously, improving efficiency. Moreover, the instrument has been designed to
optimize the Q range, while maintaining satisfactory resolution; good statistics out to
0 =40 A~ are achievable.

The experiment yields the total structure factor S(Q), which, using the Faber—
Ziman formalism, is composed of partial structure factors weighted by both the
concentrations ¢; and coherent scattering lengths b, as

S(Q)= X W, ;S (0), (7)

where
_ _ 2
I/I/i’j: befbjCj/(z bici) . (8)

Thus the measured S(Q) contains a considerable amount of information, combining
asitdoes the n(n+ 1)/2 distinct correlations between the n types of atom in the sample.
Presentation of the data as S(Q) is helpful to assess longer-range correlations,
which appear as features at low Q [2]; the short-range structure is easier to study in real
space, that is from the total pair distribution function G(r). This function is obtained
from S(Q) as
Qumax

G(r) = p,+ Z%J O[S(Q)— 1]sin(Qr) dQ, )
n*rJ,
where p, is the bulk number density and Q ., is the maximum Q value obtained in the
experiment. This latter cut-off gives rise to truncation artefacts which complicate the
analysis of the real-space data. We now turn to alternative means of analysing the
information in S(Q).
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2.3. Reverse Monte Carlo modelling

To model the glass structure in a way consistent with our experiments we use the
reverse Monte Carlo (RMC) method, due to McGreevy and colleagues [51, 52] and
Wicks [12]. In this technique, a model of a material is constructed without the use of
interatomic potentials. To optimize the model, atoms in it are moved at random and,
at each stage, the structure factors, the pair distribution functions, or both are
calculated and compared with experiment. If agreement with experiment is improved,
in the least-squares sense, the move is accepted while, if agreement isnotimproved, the
move is accepted with a probability dependent upon the uncertainty in the data sets.
In this way, structures are generated that are consistent with experimental data. The
limitations of this method arise primarily from the limited and possibly noisy data sets
used to perform the optimization. For example, a three-component material is
described by six partial structure factors, but almost never are six independent
measurements available. Then the RM C optimizations must be done on a limited data
set, and it has been found that structures consistent with the given data but
inconsistent with reasonable chemical principles are easily generated. Additional
constraints in the forms of nearest-neighbour cut-offs and coordination numbers are
then added to the RMC calculation to account for this additional information.
Particular care must then be exercised to avoid undue bias in the resulting structure.
While the procedure can (and has) been criticized on the basis of requiring these
additional constraints, it is our opinion that this feature is actually identical with more
traditional methods of analysis, in which distances are extracted from real-space
scattering data and then assigned on the basis of which bond lengths would be
chemically reasonable. RMC merely automates this process and pinpoints errors
much more vividly. RMC has also made vivid the /ack of information in a total
structure factor, given that excellent visual fits can be obtained for models that are not
chemically reasonable. This again argues for building chemical insight into both the
starting configuration of a model and the constraints under which it is optimized.

The need for extensive data sets presents an experimental challenge, which has
been met admirably by several groups combining neutron diffraction with wide-angle
X-ray scattering and extended X-ray absorption fine structure (EXAFS) [11, 12,
53-55]. We shall present a different approach to this problem, in which we combine
neutron diffraction data with NMR results, in the form of coordination numbers and
distances from second-moment measurements, to generate models consistent with all
available data.

Having outlined the methods used for study, we now turn to specific examples of
their applications.

3. Boron oxide glass and its modification

B,O, is an important additive to commercial glasses, in part because it has the
unusual property of raising the glass transition temperature, even in the presence of
modifiers. This occurs because the threefold-coordinated boron in B0, is converted
to fourfold-coordinated BO; species, thereby increasing the average network coor-
dination. This glass system has been studied by many techniques[56-61], and was the
first to be examined using NMR [62]. It is an interesting system from a fundamental
point of view, because the crystalline form of B,0, cannot be made under ambient
pressure conditions [63]. Thus one can study glass formation over a very wide range of
preparation conditions. Also intriguing is the presence of boroxolrings, B,O,, linked
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-20 0
Total Shift (ppm)

Figure 1. "B DAS NMR spectrum of B,0O, glass, showing resolution of two distinct boron
sites: (*), spinning side bands. The stronger is assigned to boroxol rings, and the weaker
to BO, units not in rings. The relative intensities are 0.7:0.3.

in the structure, which would constitute quite well defined intermediate-range order.
As we shall discuss, the concentration of these units is a point of controversy in this
material.

Here we review NMR studies of borate glasses, focusing on the issues listed above:
intermediate range order in pure B,O,. and modification of the sites.

3.1. Boron and oxygen sites from nuclear magnetic resonance

Figure 1 shows the "B DAS NMR spectrum of B,0, glass [60]. This spectrum
shows two partially overlapping resonances, with intensity ratio of about 0.7:0.3. The
two resonances have isotropic shifts of 4.7 ppm and 1.0 ppm at 8.4 T respectively;
these shiftsare the sum of the isotropicchemical shift and the second-order quadrupole
shift (equation (3)). The contributions can be separated by performing the experiment
at a different field; we have done this and find the parameters given in table 1. On the
basis of the intensities (0.7 and 0.3) we assigned the down-field resonance to boroxol
ring boron, and the up-field resonance to non-ring BO, units,in agreement with earlier
work which suggested that between 60% and 80% of the boron are in boroxol rings.
The chemical shifts as assigned in table 1 are in agreement with ab initio results of
Tossell [64].

In alkali-oxide-modified glasses, as we shall discuss in more detail below,
resonances with isotropic shifts of 4.7 ppm and 1.0 ppm are again observed at 8.4 T,
with a third resonance at — 0.3 ppm appearing as the alkali oxide concentration is
increased. Here we wish to discuss the results obtained from the NMR spectra of
potassium borate crystals [65]. The crystal structures of the compounds studied are all
known, and so the boron resonances can be assigned unambiguously from their
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Table 1. Parameters of "B Resonances in B,0, glass at 8.4 T magnetic field: relative
populations, total isotropic shifts, isotropic chemical shifts and quadrupole products.
Shifts are relative to BF,-Et,0. The quadrupole product is given by P,=
(equ/h)(1+ 172/3)1/2, with equ/h the quadrupole coupling and n the quadrupole
asymmetry.

61»«) 6CS PQ
Population (ppm) (ppm) (MHz)

0.7 4.7 18.0 2.7
0.3 1.0 13.0 2.6

Table 2. Isotropic shifts of boron in various structural units found in borate crystals, at 8.4 T
relative to BF,*Et,0.

Structural Isotropic shift
unit (ppm)
Non-ring BO, 1.0-2.3
BO; -0.3
BO,: metaborate 4.9
BO,: pentaborate 3.7
BO,: triborate 3.8
BO,: di-triborate 5.4
BO,: diborate 5.4

3+

intensities. The assignments are shown in table 2. The first point to note is that boron
in the metaborate ring, B,O?", has an isotropic shift of 4.9 ppm, almost identical with
the 4.7 ppm shift seen in the glass. The metaborate ringisa planar boroxolring capped
by a NBO atom. Next, in the crystals, non-ring BO, groups are found in the range
1.0-2.3 ppm, with the down-field shift arising from a BO, group with two BO;
neighbours. BO, groups in modified boroxol rings have isotropic shifts within a part
per million of the metaborate shift, never farther upfield than 3.8 ppm. These results
on crystalline compounds are, in our opinion, only consistent with assignment of the
4.7 ppm shift in the glass to boroxol rings, and the 1.0 ppm shift to non-ring BO,
groups. This assignment leads to 70% of the boron in boroxol rings, and to 30% in
non-ring units, in agreement with numerous previous estimates [59, 66, 67]. On the
other hand, it must be noted that several computational studies of glassy B,O,
structure find only a small fraction of rings, essentially what would be present through
statistical linkages alone [68, 69]. It is not clear that these models yield two distinct
boron sites, of the type observed in the NMR and nuclear quadrupole resonance
experiments [58, 60], and so they are difficult to reconcile with the present data.

The different borate units are linked through oxygen, and using the DOR
experiment we were able to resolve three different oxygen sites, with relative intensities
0f 0.5:0.3:0.2 [61]. The shifts and quadrupole parameters indicate that all three sites
are bridging oxygen. To assign these sites we constructed a model based on the
assumption that four resolvable oxygen sites could be present: oxygen in boroxol
rings, oxygen bridging boroxol rings, oxygen bridging rings and non-ring BO,, and
finally oxygen bridging two non-ring BO, units. Two facts were used to constrain the
concentrations of these four units: the ratio of oxygen to boron in the glass (3:2) and
the fraction of boron present in rings (0.7, based on our NMR data on these samples).
This is sufficient to constrain the oxygen site populationsleaving only a single degree
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of freedom. For example, consider the ring oxygen. Call the number of ring boron
atoms R; then there are also R ring oxygen atoms, since the ring compositionis B,O,,.
The fraction of ring oxygen is then R/N, where N is the total number of oxygen atoms,
but N/M = 3/2, where M is the total number of boron atoms. Therefore R/NZ
2R/3M =0.7X 2/3 = 0.47, since for the fraction of boron in rings R/M =0.7. We
thusassign the experimentally observed resonance with intensity 0.5 as the ring oxygen
site (note that there are no adjustable parameters in this assignment). For the other
three oxygen sites, two independent equations may be derived, following reasoning
similar to the above. The solutions of these equations may be found in terms of one of
the three unknowns, and they show that there is only one region of solution space that
correspondsto the observed intensitiesof0.5,0.3 and 0.2, namely when the population
of ring to non-ring bridging oxygen is small.

A small concentration of ring to non-ring connections suggests that the glass
consists of regions rich in boroxol rings, and regions poor in rings. From the size of
rings and the assumption that each ring on the surface of a ring-rich region makes a
single connection to non-ring BO, units, we estimated the size of the ring-rich regions
to be about 20-40 A. Interestingly, recent light-scattering measurements at the glass
transitions in B,O, are consistent with structural inhomogeneities on this length scale
[3,70]. Indeed, intermediate-range order is conjectured to be universal in glass
formation. Our data suggests its structural origin in this particular material.

3.2. How the sites are modified

Because of the presence of both boroxol rings and non-ring BO, units in the pure
glass and melt [71] the modification to BO; could happen at either site or both.
Considerable work using Raman spectroscopy indicates that the pure boroxol rings
are modified in some way, as the sharp 808 cm™! peak indicative of the boroxol rings
diminishes in intensity and is replaced by a broader feature at about 770 cm™!.

Figure 2 shows "B spectra of K ,O-modified borate glasses, which also provide a
way to follow the structural changes upon modification. In this figure it is clear that,
asmore modifieris added, the less intense peak at 1.0 ppm decreases in intensity, while
a new feature grows at — 0.3 ppm. The strong feature at 4.7 ppm decreases slightly.
These three resonances are all well fitted by Gaussian line shapes, and from such fits
the relative intensities of the three resonances can be extracted.

At 0% modifier (pure B,O, glass) the features in the NMR spectra are due to
boroxol ring boron (4.7 ppm) and non-ring BO, units (1.0 ppm). The feature at
— 0.3 ppmisdue to four-coordinated boron (table 2). Asnoted above, Raman spectra
strongly indicate that the symmetric boroxol ring is modified, presumably being
converted to triborate (two threefold- and one fourfold-coordinated boron in a ring)
and more complex ring structures. DAS NMR also indicates that substantial
modification occurs at the non-ring BO, sites, which decrease markedly in intensity as
modifier is added [65, 72].

We constructed a model of the modification by using the NMR data to quantify
theloss of loose BO, unitsand the gain of BO; units (of all types),and the Raman data
to quantify the loss of boroxol rings [65]. The NMR data show only a slight loss of
intensity at the 4.7 ppm peak, as a function of modifier; recall that this peak is due to
boroxol rings in pure B,O, glass. However (table 2), we found that BO, groups in all
sorts of rings have a shift of about 4.7 ppm, whether in boroxol rings or in modified
rings. Thus the 4.7 ppm peak quantifies the fraction of threefold-coordinated boron
in rings of all types. The resulting model fits both the NMR and the Raman data. It
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Figure2. "B DAS spectra of potassium borate glass, as a function of added modifier. Note the
loss of intensity at 1.0 ppm and gain at — 0.3 ppm; the latter site is due to four-
coordinated boron. The amounts of added potassium oxide (K,0) are as follows: (a)
0 mol% ; (b) 8 mol% ; (¢) 13 mol% ; (d) 18 mol% ; (e) 23 mol% ; (f) 28 mol% ; (g)
33 mol% ; (h) 38 mol%.

makes two particularly interesting predictions: first, that the non-ring BO, sites are
modified at a somewhat higher rate than the boroxol ring boron and, secondly, that,
once a loose BO, site has been modified, there is a propensity for neighbouring sites to
close around it, making an additional modified ring. Both predictions suggest that
rings are particularly stabilizing features in this system.

4. Silver iodide—silver phosphate: a superionic conductor

Agl-AgPO, glasses are intriguing examples of fast-ion conductors. These systems
contain P,O as network former and Ag,0O as network modifier and undergo typical
modification chemistry. Addition of the modifier M,0 cleaves the network, creating
NBO atoms, charge compensated by M* cations. Glasses consisting of only Ag, O and
P,O, do not show particularly remarkable conductivity properties. Inclusion of the
salt Agl, however, is accompanied by orders-of-magnitude increases in ionic
conductivity, while the electronic conductivity remains low. In glasses with over 50%
Agl, the conductivity is comparable with those of dilute aqueous salt solutions, while
the material as a whole remains a hard brittle solid. Good ion conductors such as this
are attractive candidates for electrochemical applications such as batteries, sensors
and fuel cells, and the possibility of making all-solid-state or even all-glass batteries is
appealing,because of their potentialease of fabrication and resistance against leakage.

The mechanism of ion motion in glassy fast-ion conductors remains unclear,
despite considerable research. In particular, the connection between the glass structure
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and ionic mobility has been difficult to discover but is especially interesting given the
orders of magnitude difference in time scale of the ion dynamics as against structural
dynamics that develops below the grass transition temperature. An early conjecture
was that the added Agl is somehow stabilized into the a-Agl phase, a known fast-ion
conducting crystal that is stable above 147 °C. Evidence for this came from the
conductivity of the glasses as a function of added A gl, which appeared to extrapolate
towards the conductivity of pure a-Agl, and several X-ray scattering measurements.
Recent diffraction measurements and modelling have suggested that, in contrast, the
added Agl does not form clusters but in fact dissolves essentially homogeneously into
the glass, functioning instead to open up the structure of the material.

In the following we shall discuss studies that we have made with NMR on
Agl-AgPO, glasses, directed both at probing the silver dynamics and at investigating
changes in the phosphate network.

4.1. ' Ag nuclear magnetic resonance: a probe of cation binding and dynamics

While”Li, a relatively convenient NM R nucleus, has been used extensively to study
lithium conducting materials, ' A g, which is a rather difficult NM R nucleus, has been
used only rarely to study silver conductors [73-75]. The difficulties include low
frequency (16.7 MHz at 8.46 T), large chemical shift range and long relaxation times.
Nonethelessthe large chemical shift range provides a good opportunity, because of the
sensitive structural discrimination it affords.

We found that the chemical shift of ' Ag in Agl-AgPO, glasses varies strongly
with added Agl [75]. Because of the high conductivities in these glasses, even at the
10% Agllevela motionally narrowed ' Agspectrum is obtained, and line-narrowing
techniques such as MAS are unnecessary. The chemical shift as a function of Agl
shows a nonlinear dependence reminiscent of silver in ethylamine-halide solutions
[76]. This indicates that the silver is coordinated to both oxygen and iodine over the
course of the experiment. M oreover, the nonlinear shift behaviouras a function of Agl
indicates that the effects are not merely additive, which argues against the presence of
separated Agl and AgPO, domains in the material. Our conclusion from this
experiment is that Agl dissolves homogeneously into the glass, and the silver cations
interact with both oxide and iodide anions.

The dynamics of the silver cations can be probed through variable-temperature
experiments. The silver resonance narrows appreciably as temperature is increased, as
expected. Most significantly, at low temperatures where motion has slowed below the
NMR timescale, even M AS did not resolve more than a single broadened site,. This is
strong evidence for structural homogeneity of the silver sites and again argues against
Agl domains within the phosphate matrix. It also suggests that a strong electrolyte
pictureis most appropriate for this glass electrolyte, as all cationsappear to be mobile,
and the conductivity is determined principally by their mobility (as opposed to
concentration).

4.2. ® P nuclear magnetic resonance studies of the phosphate network
Asnotedin section 2.1.2, the RFDR experiment provides a convenient qualitative
probe of distances in a glass. We have used this experiment to probe the structural
effect of added Agl in AgPO, glasses, and the results are shown in figures 3 and 4.
Figure 3 shows the two-dimensional *P spectra of glassy AgPO, and
(Agl),, (AgPO,), . The chemistry suggests, and MAS experiments confirm, that these
glasses consist of only a single type of phosphate site, which has two bridging and two
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Figure 3. RFDR *P spectra of Agl-AgPO, glasses: (a) glassy AgPO,; (b) (Agl),, (AgPO,), .
Both are shown at a mixing time of 12.6 ms. The single site in each is due to phosphate

with two bridging oxygen and two NBO ligands, the only type of phosphorus in these
glasses.

NBO ligands. The result is a structure consisting of long phosphate chains, or possibly
rings. Diffraction measurements do not indicate the presence of small rings; large rings
are probably indistinguishable from long chains. The RFDR data show a single
phosphate site, with exchange intensity that spreads into the two-dimensional plane
during the mixing time of the experiment. Physically, this represents magnetization
that transferred from one chemically equivalent but physically distinct site to another
during the portion of the experiment in which dipole coupling is reintroduced.
Interestingly, at equal mixing times, figure 3 shows that the sample with 40% Agl
retains a non-exchanged component, while the sample without Agl shows complete
exchange at the same mixing time. The difference between exchanged and non-
exchanged magnetization is shown graphically in figure 4. This surprising result is
consistent with models of this glass, which predict that the structural effect of Agl is
in part to spread the phosphatechains apart. Our results indicate that,as Aglisadded,
magnetization is increasingly trapped and does not exchange as readily, in part we
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Figure 4. Ratio of non-exchanged to exchanged magnetization for AgPO, ([J) and
(Agl),,(AgPO,), (O), as a function of mixing time. Note the exponential decrease for
AgPO,, and the plateau for (Agl), (AgPO,), . indicating a significant fraction of very

slowly exchanging magnetization.
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believe because there are fewer near neighbours with which to exchange. While the
number of nearest neighbours stays fixed at two, owing to the phosphate chain
structure it must be remembered that the r 2 form of the interaction is long range, in
the sense that frzdr/r'd diverges logarithmically. Therefore, more distant spins are as
significant as nearby spins, and the experiment probes the net loss of neighbours over
extended length scales, and not just short range. Thus the NMR results give direct
confirmation of the models constructed on the basis of diffraction data [12].

5. Tellurites: nuclear magnetic resonance, crystallography and neutron diffraction

The third system that we shall discuss is tellurite-based glass, that is glass in which
TeO, is the glass network former. Because of the lone electron pair on each tellurium
atom, the nonlinear optical susceptibility of these glasses is quite high [77, 78]. This
feature, coupled with the good solubility of rare-earth ions in tellurites, has generated
interest in this system as a potential optical switching material and laser host.
Fundamentally, it is intriguing that TeO, itself is only a marginally good glass former,
in contrast with other four-coordinated oxides such as silica (Si0,). M odified tellurites,
on the other hand, typically show a broad range of good glass formation [79-81]. Here
we shall be concerned with alkali oxide-modified tellurites, of the form
(M,0) (TeO,),_,, with M an alkali metal. Heo et al. [80] showed that, in this system,
sodium tellurite is particularly stable, especially at the x = 0.20 composition. Here
stability is meant in the sense of warming the glass above the glass transition
temperature while still avoiding crystallization. Their data is summarized in figure 5.
Most intriguingly, the composition of the reported stability maximum coincides with
one of the crystal phases in this system, Na,Te O,.

Earlier studies of tellurite glass structure focused primarily on changes in the
tellurite matrix upon modification[79, 80, 82-85]. Pure tellurite (TeO,) is a fully linked
network of TeO,, trigonal bipyramids (the lone pair occupying one of the equatorial
sites) [86], while alkali tellurite (M,TeO,) is an ionic solid consisting of TeO}” anions
[87]. The glass-forming range lies between these extremes, and it is important to
discover how the network responds to intermediate levels of modifier. Unfortunately,
there were significant gaps in the knowledge of the crystal chemistry of telluritesin this
range [88]. Without crystal data for comparison it is particularly difficult to interpret
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Figure 5. Difference between crystallization temperature 7, upon heating and glass transition
temperature, T;, scaled to T, for (Na,0) (TeO,),_ glasses as a function of added sodium
oxide (Na,0). The peak at 20 mol% suggests that this composition is particularly stable
against devitrification. (Data taken from [80].)

data on such a complex glass. To approach this problem we have combined three
techniques: crystallography to fill in the gaps in the solid-state chemistry of the crystal
phases, NMR to measure the environments of the modifying ions, and neutron
diffraction to probe changes in the tellurite network. The results of these studies are
combined in a consistent way using RMC modelling, to generate models of the glass
structure consistent with the available experimental data.

5.1. Bonding in the tellurites

The solid-state chemistry of the tellurites is somewhat more complex than, for
example, silicates. While the tellurium atoms remain as Te'’, their coordination
numbers change, and the formal charge on the anions change, as modifiers are added.
In silicate glasses, in contrast, silicon remains fourfold coordinated as modifiers such
as alkali oxides are added; the primary change in the short-range structure is that
bridging oxygen bonds are cleaved as the newly introduced oxygen are incorporated
into the network, resulting in NBO with formal charge of — 1. In tellurites, on the
otherhand, the structure of the unmodified material consists ofTeO4/2 units, with four
bridging bonds in a three-dimensional network, while the M, TeO, composition (that
is 50% added modifier M,O, with M an alkali metal) consists of M™ cations
coordinated by TeO? anions. In the TeO2™ anion the formal charge is obviously — 2,
while there are three NBO atoms and the oxidation number of tellurium is still four.
The charges on the oxygen are delocalized across several centres, owing to the
participation of d orbitalsin the basic bonding scheme. In fact, d bondingis significant
already in unmodified TeO, because, in addition to the four bonds in which each
tellurium atom participates, each must also accommodate a lone pair of electrons. The
lone pair provides added richness to the chemistry and also confers utility on tellurite
glasses in the form of high nonlinear optical susceptibilities, compared with more
traditional oxide glasses.

Between the unmodified TeO, and fully modified M,TeO, lies the glass-forming
compositionsof the tellurites, which, depending on the particular alkalimodifier M in
use, occur in roughly the 5-30 mol% range [80]. In this range lies two more crystal
phases: M,Te O, (20% modifier) and M,Te, O, (33% modifier) [88]. Crystal
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structures for some of these phases were known, but not the potassium versions, and
in particular not the key sodium compounds. We were able to grow single crystals of
M,Te, O, and M,Te O, both with M = Na and with M = K [89-91]. In addition to
providing important reference data on the tellurite structures, with which the glasses
may be compared, these results give us the opportunity to identify structural trends in
the tellurites, as the cation size is changed. Our key conclusions in this regard are two.
First, we found that the number of NBO atoms at a given composition depends
markedly on the identity of the modifying cation. This result is not at all expected on
the basis of the simple picture of modifiers acting simply to cleave bridging bonds,
leaving NBO atoms behind. In fact, we found that, in the tellurites, larger ions induce
a higher number of NBO atoms, at the 20% and 33% compositions; at the 50%
composition, the ratio of NBO atoms to modifying ions is always 3:2. The numbers
are summarized in table 3. A similar trend exists for the types of tellurite structure
produced, which range from TeO,, (four bridging oxygen atoms), in pure tellurite, to
the TeO2™ anions of the 50% modified compounds, which have three NBO atoms and
a total charge of — 2. In between are found a variety of species, such as TeO,,,07, with
three bridging oxygen atoms and one NBO atom, and so forth. The trend again is that
the large cations induce the more highly charged groups, with more NBO atoms per
tellurium atom, more quickly. The data are summarized in table 4.

The explanation for this cation size dependence, we believe, arises from the
bulkiness of the produced anions. The target structure in this system is the TeO%"
anion; all modification leads to this eventually. Along the way, however, intermediate
structures are formed which must pack around the cations. In all these structures, the
negative charge can be delocalized over several oxygen atoms. It seems reasonable that
the larger structures will pack less efficiently around small cations, such as lithium,
owing to Coulomb repulsion effects. This would explain why fewer NBO atoms are
formed in the lithium compounds, since a high degree of NBO formation requires a
high degree of charge delocalization, and hence large bulky tellurite anions. This
Coulomb repulsion is less severe in the potassium and caesium cases, since the much
larger cations provide more surrounding space in which to pack the tellurite anions.
More charge delocalization is then possible, leading to more NBO formation.

5.2. The distribution of modifiers

While much attention in this field has focussed on changes in the network upon
modification, we have just seen that the modifying ions themselves play a significant
role, by dictating the structure of their surroundings. The alkali ion environment is
difficult to probe in glasses; notable successes have been achieved using EXAFS
[92-94]. We have used NMR to study the modifiers, in particular sodium in sodium
tellurite glasses [44, 89, 95].

#Na is a convenient NMR nucleus, which is 100% abundant, has spin 3 and
resonates at 95 MHz in an 8.4 T magnet (in which protons resonate at 360 M Hz).
Because of the quadrupole moment and small chemical shift range, little direct
information is obtainable using conventional solid-state NMR techniques such as
MAS. Using DAS and comparing the results from several magnetic fields, however,
we could obtain good results on the average environment that the sodium cations
occupy as a function of modifier content [89, 95]. In contrast with applicationsof DAS
to borates, discussed in section 3, the goal here was not to resolve similar sites, but
rather to measure the average isotropic shift parameters. In these glasses there are not
distinct classes of cation sites, rather there is a broad distribution of sites. Under
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Table 3. Cation and NBO in alkali tellurite crystals. Listed for each composition are the
coordination numbers CN of oxygen around the crystallographically distinct alkali
cation sites, and the number of NBO atoms per oxygen, alkali cation and tellurium atom
per formula unit. Note the strong cation size dependence, particularly in the number of
NBO atoms per alkali cation.

Modifier
(mol%) Composition M* CN NBO per O NBO per M* NBO per Te

0 a-TeO, — 0 — 0
B-TeO, — 0 — 0
20 Na,Te, O, 4,5 0.22 1.0 0.5
K,Te,O, 6,7 0.44 2.0 1.0
Cs,Te,O, 6,7 0.44 2.0 1.0
33 a-Li,Te,O; 3,4 0.4 1.0 1.0
B-Li,Te, O, 3,4 0.4 1.0 1.0
Na,Te O, 5,6 0.6 1.5 1.5
K,Te,O, 7,7 0.6 1.5 1.5
Cs,Te O, 6,9 0.8 2.0 2.0
50 Li,TeO, 4,4 1.0 1.5 3.0
Na,TeO, 6,6 1.0 1.5 3.0
K,TeO, 6,6,6 1.0 1.5 3.0
Cs,TeO, 6,6,6 1.0 1.5 3.0

Table 4. Tellurite structures found in different alkali tellurite crystals.

M odifier

(mol%) Composition TeO,,, Te,,,0" TeO,,, TeO,,,0; TeOz"

0 a-TeO, 1
B-TeO, 1

20 Na,Te,O, 1
K2T6405)
Cs,Te, O,

33 o-Li,Te,O,
B-Li,Te,O,
Na,Te,O,,
K,Te, O,
Cs,Te, O,

— = NN [NS I NS ]

o -

50 Li,TeO,
Na,TeO,
K,TeO,
Cs,TeO,

—_— e —

conventional MAS, however, this distribution is broadened additionally by the
anisotropic portions of the chemical shift and quadrupole interactions. With DAS we
could measure the pure isotropic shift pattern, still broadened by disorder but with no
contribution from anisotropy. This shift, as noted above, includes both the chemical
shift and the second-order quadrupole effects, which we disentangled by acquiring the
data at two different magnetic field strengths.

The quadrupole parameter, shown in figure 6, reflects primarily the local symmetry
of the oxygen shell that coordinates the sodium cation. For ionic interactions such as
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Figure 6. Quadrupole product P,= (equ/h)(1+ 172/3)1/2 for sodium in (Na,0)(TeO,),_,
glasses as a function of added Na,O. Here equ/h is the strength of the quadrupole
interaction, and nthe asymmetry of the interaction. Local environments with tetrahedral
or greater symmetry have equ/h =0, so the increase in P, at least 20 mol% Na,O
suggests a decrease in local symmetry around the sodium cations. The open symbols show
P, for crystals of the given compositions.
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Figure 7. Estimated coordination number of oxygen around sodium in (Na,0)(TeO,) _,
glasses, as a function of added Na,O. This estimation is based on the sodium chemical
shift. Note the abrupt onset of decline near 20 mol% modifier.

these a point-charge model is adequate [96], and within this model it is clear that
tetrahedral or greater symmetry gives zero quadrupole interaction. Figure 6 shows a
low quadrupoleinteraction until the 20 mol% modifier concentration, at which point
the interaction strength increases abruptly. This signals a decrease in the local
symmetry around the cations. The interaction strength in the Na,Te O, crystal,
however, is substantially higher than in the glass, indicating that the sodium
coordinationshellin the crystal is significantly more strained (locally) than in the glass.
This is not unreasonable, since the crystal must have lower total free energy, while the
glass can have more relaxed local structure but higher overall free energy.

The chemical shift of alkali cations in oxides, and sodium in particular,depends on
the number and proximity of the oxygen atoms that coordinate it [96, 97]. Therefore,
from the sodium chemical shift as a function of composition, we could estimate the
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Figure 8. Magnetic-dipole weighted second moment of sodium distribution in
(Na,0)(TeO,),_, glass, as a function of added Na,O. This quantity is derived from spin-
echo measurements, and is related to the proximity of sodium cations. Note the sharp
increase at 20 mol%.

sodium coordination number. The coordination number is plotted in figure 7 and
shows, similarly to the quadrupole interaction data, an abrupt change near the
20 mol% modifier concentration. At low modifier content an average cation is
coordinated by about 6 oxygen neighbours,butthisnumber decreases roughly linearly
with increasing modifier concentration at the 20 mol% level and above. We conjecture
from these results that the local coordination shell is becoming dominated by NBO
atoms, in accord with our findings from crystallography, which showed an increase in
NBO content at higher modifier levels. The onset of coordination number decrease is
fairly abrupt and, like the quadrupoleinteraction data, signals a substantial change in
glass structure at this composition.

The proximity of modifying cations to each other is further evidence for significant
structural change in the sodium tellurite system. We used spin-echo NMR measure-
ments to determine this proximity [44]. In the absence of motion, spin echoes decay
primarily owing to magnetic dipole coupling, an interaction that has an r~? distance
dependence. In sodium tellurites, there is negligible heteronuclear contributionsto this
decay, owing to the low abundance and low gyromagnetic ratio of NMR active
isotopes of oxygen and tellurium. We could therefore use the methodology outlined in
section 2.1.2 to measure the second moment M, of the sodium dipole distribution and
to relate it to an integral over g(r), the sodium pair distribution function. The M, data
for sodium tellurite glasses is reproduced in figure 8. Note the monotonicincrease with
increasing sodium content; this is a trivial consequence of the increased sodium
density, and hence closer proximity and increased M,. More interesting is the sharp
increase in M, at, again, the 20 mol% concentration, suggesting an abrupt decrease in
typical Na—Na contact distances.

A full model of the glass structure must include not only the modifier ion
environment but also the structure of the glass network. This is not easily accessible
from NMR ; so to probe it we use neutron diffraction. We turn to these studies now.

5.3. Neutron diffraction and models of the glass
The NMR measurements described above are particularly effective as probes of
the local environment of the cations. The glass structure over longer length scales is
studied more effectively using scattering experiments, and in particular neutron
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Table 5. Faber-Ziman weighting factors for neutron diffraction in (Na,0) (TeO,),_, glasses,
as a function of Na,O content.

Na,O
(mol%) Wre, te Wie, o Wre, na Wo, 0 Wo, na Wi, na
10 0.095 0.400 0.026 0.423 0.055 0.002
15 0.087 0.378 0.038 0.411 0.082 0.004
20 0.079 0.355 0.049 0.400 0.110 0.008
25 0.071 0.333 0.059 0.388 0.137 0.012
30 0.064 0.310 0.068 0.377 0.164 0.018
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Figure 9. The total Faber-Ziman structure factor S(Q) for (Na,0)(TeO,), _ glass, obtained

using neutron diffraction. The Na,O contents, from bottom to top, are 12 mol%,
15 mol%, 20 mol%, 25 mol% and 28 mol%. The curves are offset by 0.5 units.

diffraction. We have made neutron diffraction measurements on a variety of alkali
tellurites and here present some of our first results on (Na,0) (TeO,), _, glasses.

Figure 9 shows the result of a neutron diffraction measurement on a glass, namely
the function S(Q). This function expresses the intensity of scattering by the sample at
momentum transfer Q. The sine Fourier transform of S(Q) is related to the pair
distribution function, from which real-space information about the atomic co-
ordination and bond lengths may be extracted. The problem is that each of these
functions is comprised of partial distribution functions (equation (7) and (8)). In
(Na,0) (TeO,),_, there are six such partials, with weight factors as given in table 5.
Note that Te—O and O-O correlations make the largest contributions to the structure
factors, because of the high concentrations. The Te-Te contribution is less, and the
contributions involving sodium are much less, owing to the low concentrations and
smaller scattering length of sodium. Thus direct interpretation of the real space data
associated with the total S(Q) in this system yields information mainly about the Te-O
and the O-O distances.

To build more complete models we have extended the RM C formalism outlined in
section 2.3 to include not only fits to S(Q) and/or g(r) from scattering data, but also
the results of NMR measurements on proximity of neighbouring nuclei. For
(Na,0)(TeO,),_ . glasses this is relatively simple, because as we showed above
(equation (6)) the second moment from NMR can be mapped onto an integral over the
relevant pair distribution function. These pair distribution functions are calculated as
a standard part of the RMC algorithm; so incorporation of M, as an additional
constraintis simply a matter of calculatingan additionalintegral. Table 5 indicates the
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Figure 10. Data and RMC fits to (¢) S(Q) and (b) G(r), with residuals, for (Na,0), (TeO),,
glass. The fits also incorporate constraints on the sodium coordination number and
Na-Na proximity derived from NMR data.

advantage of this procedure; the contribution of sodium to the partials is always small,
in bothneutron scattering and X-ray scattering; so additionalinformation is necessary
to constrain the positions of the cations appropriately.

We are carrying out this procedure on models of (NazCD))X(TeOZ)l_X with 3750
atoms, which occupy a cubic sample cell of roughly 20 A per side. The RMC
procedure is run to fit to both S(Q) and the total g(r), the Na—O coordination number
derived from the NMR experiments described above (figure 7), and the sodium M,
values as derived from spin-echo measurements, also as described above (figure 8).
Information from the crystallography that we have done was used to set the closest-
approach distances of the different atom pairs. Figure 10 shows the fits to the data,
with residuals.

The fits are visually excellent, but caution must always be exercised in interpreting
these models since although we combined NMR with neutron diffraction, we are still
short of a total data set constraining all six partials. Nonetheless, the coordination
numbers, bond lengths and bond angles that the models predict agree reasonably with
those obtained from crystallography, giving confidence that the RMC algorithm is
yielding useful information.

From the RM C models we seek to discover how the structure changes with added
modifier. Our first result is shown in figure 11, which shows the Na-Na pair
distribution function as Na, O is added to the glass. Figure 8 indicated that the second
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Figure 11. Na-Na partial pair distribution functions for (Na,0) (TeO,), _ glass, derived from

RMC models. Na,O contents, from bottom to top, are 12 mol%, 15 mol%, 20 mol%,
25 mol% and 28 mol%. The curves are offset by 2 units.

moment of the sodium distribution increases markedly at 20 mol% ; here we see this
effect in the full model. Recall that M, was used in constructing these models, but that
there are many g(r) values consistent with the same M,. Whatis shown here is the g(r)
consistent with not only the measured M, value but also the neutron diffraction data
(figure 9) and coordination constraints derived from NMR (figure 7). The g(r) values
at low modifier content are quite spread out, showing even less of an initial peak than
would a hard-sphere distribution at these densities. This suggests that the sodium
cations may actually avoid each other at low densities. At the critical 20 mol%
concentration and above, the initial peak exceeds what would be found in a hard-
sphere distribution, with the greatest deviation at 20 mol%. Taking the hard-sphere
distribution as the most random case, these data suggest that, at 20 mol% and above,
the sodium cations show significant clustering, while below 20 mol% they may
actually avoid each other.

6. Summary

In this paper we have reviewed recent progress in structural studies of glass,
concentrating on our own work and its relation to other studies in this field. The
explosive recent growth in NMR techniques for complex solids has provided a rich
new set of tools for workers in this area, tools which become even more powerful when
combined with complementary methods that probe different length scales. We have
tried to illustrate the power of these new methods through results on three systems:
borates, phosphates and tellurites.

In terms of future directions, several possibilities suggest themselves. On the
methodological side, two NMR experiments appear to be critical. First, the distance
measurement techniques that we have such as RFDR, while qualitatively useful, lack
quantitative precision. The difficulties with modelling spin exchange in the presence of
differently oriented shift tensors are serious and must be overcome if these experiments
are to realize their potential. Secondly, the MQMAS experiment is currently
undergoingintensive development; it has the potentialof replacing DOR and DAS as
the experiment of choice but has not reached that stage yet, especially for glasses where
its resolution is often disappointing compared with DAS. It is not clear why this
should be, but we and the others have observed this. However, once the multiple-
quantum transitions are fully understood and controlled, this experiment is likely to
be of great utility in glass studies.
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Finally, in terms of materials science, as opposed to methods development, it now
seems clear that the methodological tools are developed to the point where a new
generation of studies of the relation of atomic scale structure to bulk properties of
glasses appear feasible. Hopefully the sophisticated structural measurements that we
can now make will shortly lead to breakthroughsin understanding practical materials
properties.
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