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Abstract

Neutron diffraction data on lanthanide-bearing sodium silicate glasses were collected using the glass, liquid and amorphous materials
diffractometer (GLAD) at the intense pulsed neutron source (IPNS), Argonne. Measurements were made on four glass samples; a sodium
silicate base glass with no added lanthanide, a sample with 6 mol% La2O3 added to the base composition, and two isotopically-distinct
samples containing 6 mol% Dy2O3. Of the Dy-bearing samples, one contained natural enrichment Dy, and the other a ‘null scattering’
mixture of natural and 162Dy isotopes. The first-order isotope difference of the scattering from the Dy-bearing samples revealed a Dy–O
nearest-neighbor distance of 2.3 Å and a mean coordination number of 5.9 oxygen atoms around each dysprosium ion; the latter is in
good agreement with the coordination number derived from bond–valence theory. The results for the La-bearing glass were also con-
sistent with a sixfold coordination of oxygen atoms around the rare earth. The diffraction data are used in combination with Reverse
Monte Carlo modeling techniques to interpreter the structural role of the rare earth ions. From these models, it is apparent that there
is competition between monovalent sodium ions and the rare earth ions for the same non-bridging oxygen atoms. As a result the addition
of rare earth ions appears to cause disruption of the Na-rich percolation domains characteristic of the sodium silicate base glass. These
neutron results are consistent with the formation of a specific lanthanide Q3 as suggested by NMR and Raman spectroscopy, but offer no
direct evidence for the formation of ‘oxide-like’ lanthanide clusters.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Composition, and hence structure, has a big impact on
the solubility of rare earth (RE) ions in silicate liquids
and glasses [1,2]. The luminescence properties closely cou-
pled the dispersion of RE ions throughout the glass net-
work because the fluorescence is strongly influenced by
the local environment [3,4]. The RE local structure also
affects the physical properties of RE-bearing glasses, for
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example, the potential for leaching and the long-term sta-
bility of the glass host. Along with the potential for cluster-
ing, which impacts the effectiveness of neutron-absorbing
ions such as Gd(III), these are crucial considerations in
the evaluation of proposed radioactive waste hosts [3,5].

The behavior of RE ions in silicate liquids is also of
interest to the geochemical community. In particular, the
concentrations of these elements are used as indicators
for both the origin and evolution of magmatic systems
[6]. Although the partitioning of RE ions between liquids
and crystallizing phases is frequently described in terms
of liquid structure [7], little is understood about the activity
of RE components in natural silicate liquids.

The lanthanide series has a high formal charge so it is
not surprising that RE ions have a strong influence on glass



Table 1
Compositions (atom fractions) and number densities of silicate glass
samples

Element Na3S base
glass

Base glass + 6 mol%

natDy2O3
nullDy2O3 La2O3

Na 0.167 0.151 0.151 0.151
Si 0.250 0.226 0.226 0.226
La – – – 0.039
natDy – 0.038 0.003 –
162Dy – – 0.035 –
O 0.583 0.585 0.585 0.585
Number density

(atoms/Å3)
0.074 0.074 0.074 0.072

Table 2
Coherent bound scattering lengths for elements in RE-bearing sodium
silicate glasses

Element �bcohð10�15 mÞ
Na 3.58
Si 4.149
O 5.803
natDy 16.90
162Dy �1.4
La 8.24
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and liquid structure [8,9]. Neutron diffraction has proved
to be particularly valuable tool for the study of such prob-
lems involving glass and liquid structure [10]. For example,
neutron studies of multi-component silicate glasses [11–13]
have advanced the understanding of how silicate frame-
works are modified upon addition of minor components.
One important advantage of using neutrons, as opposed
to X-rays, is that the neutron scattering length is not
directly proportional to atomic number but instead varies
irregularly across the periodic table and even between iso-
topes of the same element. This fact can be exploited to
produce scattering contrast using the technique of isotope
substitution. Indeed, in some cases it is possible to mix iso-
topes in such a manner that there is no structural contribu-
tion to the diffraction pattern from a given element – the
so-called ‘null scattering’ technique [13–15]. Thus, a first-
order isotope difference of the diffraction patterns from a
‘null scattering’ sample and another, otherwise identical,
sample differing in isotope enrichment, yields detailed
and unambiguous information on the local environment
around the substituted element. This method has been suc-
cessfully used to examine the structural role of various ele-
ments such lithium, calcium, titanium and nickel [15,16], as
well as RE elements such as Dy(III) [17], the latter being
the focus of the present study.

In this paper, we present the results of a neutron diffrac-
tion study of lanthanide-bearing sodium silicate glasses.
Isotopic substitution of dysprosium forms a central part
of this study. The aim was to investigate the structural role
of the RE ion as derived from the real-space pair correla-
tion functions. The diffraction data are also used in combi-
nation with Reverse Monte Carlo modeling [18,19] to
provide suggested structures for the RE-bearing glasses.
These findings are later compared to those from earlier
calorimetric and spectroscopic studies on glasses and liq-
uids of similar composition.

2. Experimental methods and theory

The samples were all based on the same sodium trisili-
cate composition (Na2O Æ 3SiO2) used in high temperature
calorimetry experiments, in which the heats of solution of
RE2O3 in this base liquid were measured [20,21]. Similar
RE-bearing sodium silicate glasses have also been studied
using Raman and NMR spectroscopy [22]. Four glasses
were synthesized; a sodium trisilicate (Na3S) base glass,
two dysprosium-bearing samples each containing 6 mol%
Dy2O3, and a 6 mol% La2O3 sodium trisilicate glass. All
the glasses were made from mixtures of previously dried
SiO2 and Na2O Æ CO2 Æ H2O, and Dy2O3 or La(OH)3 pow-
ders. Appropriate amounts of these starting materials were
shaken in a plastic bottle in order to make a homogeneous
mixture that was then decarbonated in a platinum crucible
overnight at 1273 K in a muffle furnace before fusing at
1573 K in a Deltech platform furnace. Each sample was
then was quenched in air, removed from the crucible,
crushed, and fused again. The compositions and chemical
homogeneity of the glasses were later verified by electron
microprobe analysis (Table 1).

Two dysprosium-bearing sodium silicate glass samples
were made, one containing dysprosium in natural abun-
dance (natDy), and the other a ‘null scattering’ mix of iso-
topes (nullDy). Natural dysprosium consists of a mixture
of seven isotopes and has a coherent bound scattering
length of 16.9 · 10�15 m (Table 2). The ‘null scattering’
sample was prepared by mixing natural dysprosium with
enriched 162Dy, which has a scattering length of
�1.40 · 10�15 m, in the ratio 1.4:16.9 (natDy:62Dy).
Because 162Dy has a negative scattering length, such a mix-
ture results in a net zero coherent scattering contribution
from dysprosium. The 162Dy isotope used was obtained
in the form of the oxide (162Dy2O3) from Oak Ridge
National Laboratory. The Dy-bearing sodium trisilicate
glasses each had 6 mol% Dy2O3 added to the base compo-
sition, enough to determine the structural influence of
Dy(III) on the silicate structure without causing saturation.

The neutron diffraction experiments were performed
using the glass, liquids and amorphous materials diffrac-
tometer (GLAD) at the intense pulsed neutron source
(IPNS), Argonne. All measurements were carried out at
room temperature using vanadium sample containers
mounted on an automatic sample changer. In addition to
the samples, data were also collected for a vanadium rod
standard, an empty sample can, and the instrument back-
ground. The neutron scattering results for the Dysprosium
glasses were complicated by the presence of a high-energy
absorption resonance due to the 164Dy isotope. To avoid
the effects of this resonance, data corresponding to high
neutron energies were omitted when aggregating the counts
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Fig. 1. Total structure factor measurements for sodium silicate-based
glass samples. Other than for the base glass, the data have been
successively offset vertically by +1 for clarity.
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from each detector bank and this restricts the upper limit of
the scattering vector (Q) to a maximum of 20 Å�1. As a
consequence, the real-space resolution for the Dy-bearing
samples is reduced compared to the other glasses.

The diffraction data were corrected for multiple scatter-
ing and absorption using standard data analysis procedures
[23,24]. This yields the measured differential cross-section
which is related to the desired Faber–Ziman average struc-
ture factor, S(Q), by

dr
dX
¼ h�bi2½SðQÞ � 1� þ h �b2i ð1Þ

For a multi-component system, S(Q) is the average of the
partial structure factors, Sab(Q), for each pair of atom
types a and b, all weighted for concentration c and coher-
ent scattering length �b such that

SðQÞ ¼ 1

h�bi2
X

ab

cacb
�ba

�bbSabðQÞ ð2Þ

The real-space correlation function g(r) is obtained from
this quantity using the following Fourier transform
relationship

gðrÞ ¼ 1þ 1

2p2q0

Z 1

0

ðSðQÞ � 1Þ sin Qr
Qr

Q2 dQ ð3Þ

where q0 is the atomic number density of the sample. This
quantity is also a composition and neutron-weighted aver-
age of partial pair functions, gab(r), such that

gðrÞ ¼ 1

h�bi2
X

ab

cacb
�ba

�bbgabðrÞ ð4Þ

For the purposes of modeling and interpreting our real-
space data, we shall use the total correlation function,
T(r), which is defined as

T ðrÞ ¼ 4pq0rgðrÞ ð5Þ
T(r) has the useful property that the broadening effects of
instrument resolution and the finite upper data limit are
symmetric and independent of radial distance r. Note that
no corrections were made for paramagnetic scattering and
consequently there are some clearly unphysical features at
low r in the real-space data presented. Fortunately, these
have no bearing on the features of interest at higher r.

The structure of the rare earth-bearing sodium silicate
glasses can be evaluated by reverse Monte Carlo models.
Reverse Monte Carlo modeling [18] uses a three-dimen-
sional arrangement of atoms as a starting configuration.
This may be based on a crystal structure or random distri-
bution of atoms. The simulations used 3000 atoms fitted in
reciprocal to the neutron data. T(r) data was used to con-
strain the minimum approach distances between two atom
types and coordination constraints were determined from
the real space data for natural and isotopically substituted
glasses. The Si–O coordination was maintained at 4.0 and
the Si–O distances constrained to be between 1.4 and 1.8 Å.
For Dy–O, the average coordination number and cut-off
distances were also determined from the isotopically substi-
tuted real space data. Once an initial configuration is estab-
lished atoms are moved randomly one at a time and the
structure factor calculated and compared to experimental
data. If the random move improves the agreement with
the experimental data then the move is accepted with some
probability. The random movement of atoms is continued
until the difference between the modeled and experimental
data is minimized. Reverse Monte Carlo has proven to be
effective in analyzing glassy or amorphous materials partic-
ularly if independently derived constraints, coordination
numbers form NMR, X-ray or EXAFS, are used.
Although the simulation tends to give the most disordered
structure consistent with the data, differences between the
structures of glasses discussed in this paper are quite
evident.
3. Results

Total structure factors for all the glass samples are
shown in Fig. 1, and the Faber–Ziman weighting coeffi-
cients (arising from the constants in Eq. (2)) for each par-
tial pair term are shown in Table 3. The first diffraction
peak in the sodium silicate (Na3S) base composition is seen
at 1.7 Å�1, and this is also present in the RE-bearing
glasses although the magnitude has decreased and the peak
is broader, which suggests a change in network connectiv-
ity on addition of the RE ion [25]. There are also promi-
nent peaks at �2.9 and 5.4 Å�1 in the base glass that
decrease in magnitude in the Dy-bearing samples. In con-
trast, the structure factor for the La-bearing sample shows
little change when compared to that of the base glass.

The corresponding real-space T(r) functions are shown
in Fig. 2. These have all been produced by Fourier trans-
formation using a common upper data limit of
Qmax = 20 Å�1, thus allowing the data to be compared at
the same real-space resolution. In the later, more detailed,
discussions of each sample, we will make use of the full
data range and hence real-space resolution available. The



Table 3
Faber–Ziman coefficients for RE-bearing sodium silicate glasses

Na3S Na3S + 6 mol%

natDy2O3 nullDy2O3 La2O3

O–O 0.4557 0.3775 0.485 0.4276
Si–O 0.2782 0.2091 0.2686 0.2368
Na–O 0.1601 0.1201 0.1544 0.1361
Na–Si 0.0491 0.0332 0.0426 0.0375
Si–Si 0.0428 0.0289 0.0371 0.0327
Na–Na 0.0139 0.0096 0.0123 0.0108
RE-O – 0.1448 – 0.0799
RE-Si – 0.04 – 0.0221
RE-Na – 0.0230 – 0.0127
RE–RE – 0.0139 – 0.0037
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There are two Na–O correlations at 2.20 and 2.39 Å due to sodium ions
coordinated by non-bridging and bridging oxygens, respectively.
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first major peak in T(r) is the Si–O bonding peak at
approximately 1.64 Å. The next peak at about 2.65 Å is
from the O–O non-bonding, nearest-neighbor correlation.
These two peaks represent the local structure of the silicate
tetrahedron, the main structural unit in these glasses. The
Si–O peak is present at the same radial distance in all the
glasses studied, and for the same Qmax, the width of this
peak is identical. In the case of the sodium silicate base
glass, there is a broad asymmetric peak centered at
2.33 Å appearing as a shoulder to the O–O correlation.
In addition, there are distinct structural features out to dis-
tances of 6 Å, for example, the peaks at approximately 4.2
and 5 Å. These features reflect the range II and III order of
Wright [11], i.e., the interconnectivity of the structural units
and the network topology. The range II and III features
cannot be interpreted in detail, however, without a struc-
tural model. Again, the T(r) function for the La-bearing
sample shows the least change compared the base glass.
The most obvious difference is the superimposition of the
La–O correlation on the low-r side of the O–O peak. This
leads to a broadening of the resulting composite peak as
well as a shift in the main peak to slightly lower r. Changes
in the range II and III regions can also be seen. The natDy
glass exhibits a prominent peak at 2.3 Å, which must be
due to the nearest-neighbor Dy–O correlation since this
feature is noticeably absent in the ‘null scattering’ sample.
At higher r, there are further differences between the real-
space functions for the two Dy-bearing glasses. For exam-
ple, the broad feature at about 3.6 Å and the sharp peak at
4.8 Å are both less prominent in the ‘null scattering’
sample.

All four glasses are based on the same sodium silicate
(Na3S) composition. This is a network-modified silicate,
that is, a framework of corner shared SiO4�

4 tetrahedra
modified by monovalent sodium ions. This means that
the Si–O and O–O correlations are unlikely to be change
in the T(r)s for all four glasses and can be eliminated from
the T(r)s to identify changes in the correlations of the net-
work-modifier (Na–O) and to distinguish the Dy–O and
La–O correlations. Using the highest real-space resolution
data available, we now proceed to discuss the results for
each sample in more detail.
4. Sodium silicate base glass

The high-resolution T(r) function (Qmax = 30 Å�1) for
the Na3S base glass is shown in Fig. 3. Information about
individual coordination shells can be derived from T(r) by
fitting Gaussians convolved with a peak shape function to
take into account the effects of the window function and
finite Qmax used in the Fourier transform from S(Q) [24].
Using this approach on the nearest-neighbor Si–O peak,
a value of 3.98 was obtained for the average number of
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oxygen atoms around silicon. This result is very close to the
ideal value (4) expected for the SiO4�

4 tetrahedron and thus
provides confirmation of the high quality of the data. The
positions of the Si–O and O–O peaks also remain nearly
identical to those in vitreous SiO2. However, the broad
asymmetric shoulder to the O–O peak seen earlier in
Fig. 2 can now be clearly resolved into two separate peaks
due to Na–O correlations. An earlier neutron diffraction
study of Na3S glass by Clare et al. [26] was unable to
resolve these features because data was only collected out
to a Qmax of 22.5 Å�1, compared to 30 Å�1 for the present
data. The existence of two distinct Na–O nearest-neighbor
distances reflects the non-random distribution of sodium
ions in alkali silicate glasses, a result expected in the mod-
ified random network model. Because of stochiometric
considerations [27,28], negatively charged non-bridging
oxygens (NBOs) will tend to cluster towards positively
charged network-modifying cations such as Na+. Bridging
oxygens (BOs) provide the network connectivity between
SiO4�

4 tetrahedra and the resulting constraints lead to a
non-random distribution of the sodium-rich clusters. Such
a non-random distribution of sodium ions will mean that
although positive Na+ ions will adopt an optimum config-
uration with respect to the negatively charged NBOs, their
tendency to cluster means that not all the oxygen surround-
ing the sodium ions will be non-bridging. Thus, there will
be two contributions to the Na–O correlation; from bridg-
ing and non-bridging distances. Distances of 2.21 and
2.35 Å corresponding to Na+ correlations with NBOs
and BOs, respectively, were obtained from a least-squares
fit using two Gaussians (Table 4). Bond–valence theory
[29] can be used to predict coordination numbers for the
different types of oxygen atom around sodium. Using this
approach, close to 5 bridging oxygens are expected around
each Na+ ion whereas the number of NBOs is around 3.
These values are consistent with the percolation domain
models for alkali silicate glasses [27,30] with alkali-rich
regions within a polymerized silicate framework.
Table 4
Results of fitting Gaussian peaks to the T(r) data

Sample Constrained peaks Fitted peaks

Peak Midpoint Sigma Peak Midpoint Sigma CN (calc)

Na3S
Si–O 1.64 0.09 Na–O 2.21 0.09 2.9
O–O 2.67 0.12 Na–O 2.35 0.12 4.9

Na3S + natDy
Si–O 1.64 0.12 Dy–O 2.29 0.12 5.9
O–O 2.67 0.16

Na3S + nullDy
Si–O 1.64 0.14 Na–O 2.15 0.13 2.6
O–O 2.67 0.16 Na–O 2.35 0.13 4.4

Na3S + La
Si–O 1.64 0.13 La–O 2.48 0.12 6.0
O–O 2.67 0.17 Na–O 2.15 0.12 2.6

Na–O 2.35 0.15 4.4
A model configurations or the Na3S base glass can be
obtained by reverse Monte Carlo fit to the neutron diffrac-
tion data. A random silicate network is established with all
silicon atoms coordinated by four oxygen atoms. The clos-
est Si–O and Si–Si distances were obtained form literature
values and confirmed by the diffraction data. An average
Na–O coordination number of 4.9 was added as a con-
straint based on the apparent mixture of Na–OBO and
Na–ONBO distances estimated from the pair correlation
functions (T(r)) (Fig. 3). The results of this fitting proce-
dure are showing in Fig. 4 as a fraction of the overall
3000 atom configuration. This model structure clearly
shows the corner-shared SiO4 network with Na-rich
domains with Na+ ions coordinated by both bridging
and non-bridging oxygen. It is easy to visualize from this
structure that Na+ ions would be mobile in these percola-
tion domains and would enhance ionic conductivity.
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5. Dy-bearing sodium silicate glass

The full resolution T(r) functions for the dysprosium-
bearing glasses (Qmax = 20 Å�1) are shown in Fig. 4. The
width of the Si–O peak (Fig. 5) is comparable to that of
the base glass and the Si–O distance is identical. A Gaussian
fit to this peak in T(r) for the natDy sample yields a mean
coordination number of 4.093. For the NullDy sample, the
corresponding coordination number is 3.905. These values
indicate that there is virtually no change in the silicate tetra-
hedra themselves when dysprosium ions are added.

The most obvious difference between T(r) for the natDy-
bearing sample and the Na3S base glass is the presence of a
peak corresponding to the nearest-neighbor Dy–O dis-
tance. The first-order isotope difference between the neu-
tron diffraction data for the natDy- and nullDy-bearing
glasses can be expressed in the Faber–Ziman formalism as:

DSðQÞ ¼ 0:653SDy�OðQÞ þ 0:180SDy�SiðQÞ
þ 0:104SDy�NaðQÞ þ 0:063SDy�DyðQÞ ð6Þ
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Fig. 5. (a) Gaussian fits to T(r) for natDy glass. In addition to the Si–O
and O–O distances, the Dy–O peak is fit at a distance of 2.3 Å. The
parameters of the Dy–O peak have been obtained by fitting a Gaussian to
the lower curve representing the difference in T(r) between the natDy and
nullDy samples (DT(r)). (b) Gaussian fits to T(r) for nullDy glass. The
changes in the Na–O correlation, notably the increase in the magnitude of
the Na–O peak at shorter distance associated with coordination by non-
bridging oxygen, suggest disruption of the existing sodium silicate
framework.
(NB the weighting coefficients of difference partial terms
have been re-normalized to add up to unity). The real-
space correlations involving dysprosium can thus be un-
iquely determined in the DT(r) function corresponding to
this DS(Q). As can be seen from the lower part of
Fig. 4a, the greatest contribution to DT(r) is from the
Dy–O nearest-neighbor correlation at r = 2.29 Å. By fitting
a Gaussian to this peak (Fig. 5), a mean coordination num-
ber of 5.9 oxygen atoms around each Dy(III) ion was ob-
tained. Bond–valence theory can also be used to establish
the coordination number based on the nearest-neighbor
distance and confirms a Dy–O coordination number of
about 6.0. Our distance for the Dy–O first peak is very sim-
ilar to that obtained for Dy–F in a study of Dy-bearing
BeF glass [26].

The isotope difference between the NatDy- and nullDy-
bearing glasses can be used to further delimit the influence
of Dy(III) ions on the silicate glass structure (Fig. 5). In
particular, there are two broad features in DT(r) at about
3.6 and 4.85 Å. Based on a consideration of the weighting
factors (see Eq. (6)) and inter-atomic distances, the broad
peak at 3.6 Å is most likely a combination of peaks from
Dy–Na and Dy–Si, with the latter correlation occurring
at slightly greater radial distance than the former. The
broad peak at 4.85 Å is most likely from Dy–O second dis-
tances simply because of its size (Dy–O clearly has the
greatest weighting and dominates DT(r)). This peak is
asymmetric, which may indicate the formation of clusters
of Dy–O octahedra (i.e., two sets of Dy–O second dis-
tances; one at 4.49 Å and one at 4.85 Å, reflecting clustered
and non clustered DyO6 units) although without a struc-
ture model the effects of clustering on the real-space dis-
tances cannot be determined unequivocally. The
weighting of the Dy–Dy contribution to DT(r) is rather
small for this oxide glass and hence cannot be readily
assigned.

Because they no longer overlap, the absence of the Dy–
O nearest-neighbor peak in T(r) for nullDy allows us to
gauge the effects of RE ions on the Na–O correlations
(Fig. 5). As is apparent from Table 3, The nullDy real-space
correlation function can be compared almost directly to
that of the base glass (Fig. 3). There is a decrease in the
magnitude of the broad Na–O correlation in the nullDy
sample and this decrease is greater than that anticipated
from the small difference in the Faber–Ziman weighting
coefficients (Table 3). The Na–O peak at the shorter radial
distance is increased in magnitude relative to that in the
base glass and is also shifted to a value of 2.17 Å, suggest-
ing a slight decrease in coordination number. This appar-
ent effect is investigated further by a reverse Monte Calo
(RMC) fit to the diffraction data with Dy–O and Dy–Dy
distances constrained by the difference in the pair correla-
tion function (T(r)) between null-scattering and natural
Dy-bearing glasses. A lower value of the average coordina-
tion constraint for Na–O was used (4.6). Using these con-
straints the addition of Dy2O3 to the sodium silicate glass
structure has two effects. First, Dy–O polyhedra are seen



Fig. 6. Results of a reverse Monte Carlo fit to the diffraction data for Dy-
bearing Na3S glass. This portion of the configuration shows that Dy(III)
can form clusters that can link silicate units and act as a network former,
disrupting the sodium rich percolation domains and also can form
isolated, stable clusters within the sodium-rich domains. In some cases, the
Dy–O polyhedra may be linked with shared (oxide-like) oxygen.
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to form part of the silicate network with Si–O–Dy bridging
bonds. Secondly, DyO6 polyhedra form clusters within the
Na-rich domains. In these latter configurations there is a
suggestion that some of the oxygen remains ‘oxide-like’,
i.e., there are Dy–O–Dy bonds and clusters of Dy–O poly-
hedra. This has been suggested for the La-bearing glasses
by NMR and Raman spectroscopy [22], although there is
no direct evidence for oxide-like oxygen in the neutron dif-
fraction data and oxide-like oxygen is not used as a con-
straint in the RMC fitting procedure. A small portion of
the 3000 atom configuration that was fitted to the neutron
diffraction data is shown in Fig. 6.
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Fig. 7. Gaussian fits to T(r) for La-bearing sodium silicate glass. The La–
O correlation has been fit using a single Gaussian centered at a (La–O)
radial distance of 2.48 Å. This is consistent with a first-neighbor
coordination number for La(III) of 6.
6. La-bearing sodium silicate glass

NMR and Raman studies of La-bearing sodium silicate
glasses indicate the presence of a specific, lanthanide Q3

species made up of a La3+ ion associated, via a NBO, with
a silicate tetrahedron [8,22,31] Results from calorimetry are
consistent with the formation of an energetically stable
cluster [20] and NMR data [22] suggests some non-silicate
(oxide-like) oxygen may also be associated with the Ln3+

ion. The full-resolution T(r) function (Qmax = 30 Å�1) for
our La-bearing glass sample is shown in Fig. 5. The data
have been fit using several Gaussians (Table 4), with the
large one for the O–O peak being constrained to the same
distance as in the base glass. The La–O correlation appears
as a shoulder to this O–O main peak and indicates a La–O
distance of 2.48 Å. This distance corresponds to a first-
neighbor coordination number of 6.0 for La–O from
bond–valence Theory [29] and the La–O correlation can
be resolved by fitting a Gaussian peak with coordination
number 6.0 at the distance of 2.48 Å (Fig. 7).The Si–O,
O–O and La–O correlations modeled in the T(r) can be
used to examine the change in Na–O environment as Lan-
thanum is added to the base composition by reverse Monte
Carlo modeling. Using constraints similar to those used in
the RMC fits to the Dy-bearing glass data a RMC config-
uration of the La-bearing glass (Fig. 8) shows, again, two
responses to the presence of La(III); La–O bonds with sil-
icate tetrahedra forming La–O units in the silicate network
and isolated La–O clusted disrupting the sodium-rich per-
colation domains. These configurations are consistent with
the formation of a ‘lanthanide Q3’ species (Si–O–La) sug-
gested form the NMR study and also the formation of
linked La–O polyhedra by ‘oxide-like’ La–O–La. Again
the la–O–La bonds are not specified in the constraints used
in the RMC fit. This model structure is consistent with
observed increases in the glass transition temperature [32]
and more ’strong’ viscosity behavior [32,33]. The changes
within the Na–O environment suggest that the percolation
domains within the sodium silicate liquids are disrupted by
the presence of Ln(III) and that the formation of rigid, sta-
ble La-bearing structural units increases liquid viscosity.
Heat of solution data [20] show an increased heat of solu-
tion of La2O3 in sodium silicate liquids when compared to
potassium-bearing solvents, these calorimetric data are
interpreted as a reflection of the competition between
sodium and lanthanum ions for bridging oxygens. Com-
pared to Na+, the K+ cation competes less effectively with
lanthanum for the same bridging oxygens and this results
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in a more exothermic heat of solution for La2O3 [20] in
potassium solvents.

The neutron diffraction data are in qualitative agree-
ment with the results of a molecular dynamics simulation
study of La-bearing sodium silicate glasses [34]. The La–
O and O–O distances based on the molecular dynamics
(MD) simulation are greater than those obtained from neu-
tron diffraction and the La–O coordination number is also
greater. The MD study indicates that the addition of lan-
thanide ions to the base sodium silicate composition mod-
ifies the network morphology, increasing the number of
non-bridging oxygens. The non-bridging oxygens coordi-
nate the lanthanum ion as suggested from the neutron dif-
fraction data. In addition, the MD results show changes in
the Na–Na distance, which is implied by the changes in
Na–O correlations from the neutron diffraction data but
is not determined directly. The MD simulations suggest
that the La–O distance is greater in the sodium silicate
glasses when compared to the lanthanum-bearing potas-
sium silicate glasses, which have a reported La–O distance
of 2.42 Å [34]. The neutron diffraction data show a La–O
distance of 2.48 Å for the sodium silicate glasses. This sug-
gests that the potential parameters used in the MD simula-
tion underestimate the ability of the lanthanum ion to
dictate its own coordination environment.

7. Correlation of the structural results with thermodynamic

measurements

The heat of solution data for La2O3 in model alkali sili-
cate liquids suggests a complex behavior of lanthanide ions
in the molten state [20]. These calorimetric data show that
the heat of solution of La2O3 is exothermic and the interac-
tion between super-cooled La2O3 and the existing silicate
framework is energetically favorable. The heats of mixing
are small and are interpreted as reflecting formation of
small, isolated, phase-ordered domains. This extreme form
of clustering is supported by NMR and Raman spectro-
scopic measurements, which also suggest that there is isola-
tion of oxygen from the silicate framework [22]. Recent
molecular dynamics simulation of sodium silicate-based
glasses with added La2O34

3 suggest that lanthanum ions
adopt a network modifying role and result in formation
of a non-bridging oxygen lanthanum bond (‘lanthanide
Q3 0) consistent with NMR and Raman data [2,8,22]. These
simulation studies also confirm the presence of ‘oxide’ like
oxygen which forms if La-polyhedra are linked by shared
oxygen. The formation of these heterogeneities is consistent
with the observed increases in viscosity as lanthanum is
added to base alkali silicate compositions since the lantha-
num-bearing units are rigid and will decrease self-diffusion,
especially if the alkali-rich percolation domains are dis-
rupted. The molecular dynamics simulations suggest only
a small amount of non-silicate oxygen present – consider-
ably less than suggested by the NMR and Raman data.

The diffraction data for the rare earth-bearing sodium
silicate glasses confirm the formation of a six-coordinate
lanthanide unit. Addition of the rare earth ion appears
to disrupt the sodium-rich percolation domains, and de-
polymerize the existing silicate network through the for-
mation of non-bridging oxygen leading to a decrease in
overall network connectivity. The disruption of the
sodium-rich domains is apparent as a decrease in the num-
ber of sodium ions coordinated by bridging oxygen and a
corresponding increase in the coordination of sodium by
non-bridging oxygen. This is most pronounced in the
Dy-bearing glass since the two Na–O distances can be
resolved unequivocally in the null-scattering Dy-bearing
glass. The field strength of lanthanide ions (the ratio of
formal change to ionic radius) increases as ionic radius
decreases. Consequently, the Dy(III) ions would be
expected to disrupt the existing silicate liquid the most
when added. The heat of solution measurements for
Dy2O3 in sodium trisilicate (Na2O:3SiO2) solvent is close
to zero, this is more endothermic than for La2O3,
although there are no differences in the T(r) that would
suggest a different solution mechanism. The differences
in the heat of solution must reflect a greater interaction
between the supercooled Dy2O3 and the transient silicate
framework when compared to La2O3 as a result of the dif-
ferences in ionic radius. This suggests a direct competition
between sodium and lanthanide ions for the same bridging
oxygen, consistent with the interpretation of the calorime-
try data.

8. Conclusions

The local environment of lanthanide ions in sodium sil-
icate glasses has been probed using the technique of neu-
tron diffraction. Through the use of isotope substitution,
the local structure around the dysprosium ion has been
unambiguously determined, and the Dy–O nearest-neigh-
bor peak position and coordination number obtained
agree well with the predictions of bond–valence theory.
The use of a ‘null scattering’ Dy isotope enrichment has
also enabled the influence of the rare earth ion on the
sodium structure to be discerned. The addition of dyspro-
sium ions to the base sodium silicate glass appears to dis-
rupt the alkali-rich percolation domains and results in the
number of sodium ions coordinated by bridging oxygen.
The structural mechanism for lanthanum appears identical
to dysprosium with the only differences being due to the
greater disruption of the silicate framework by the smaller
ion (Dy3+). Our structural data do not show any direct
evidence for formation of non-silicate oxygen but are con-
sistent with spectroscopy and thermodynamic data that
favor formation of a specific lanthanide Q3. The forma-
tion of such a lanthanide species would result in nano-
phase heterogeneities as suggested by spectroscopy. If
the lanthanide polyhedra were clustered via corner-shared
oxygen then this oxygen would be isolated from the sili-
cate framework and be ‘oxide-like’ thus explaining the
unusual influence of lanthanide ions on the behavior of
silicate liquids.
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