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Abstract

In borate materials, boron is found predominantly in either trigonal planar, or tetrahedral
coordination states with oxygen, which are the two most ubiquitous building blocks of borate
glasses. The fraction of tetrahedral boron, N4, is found to vary considerably with both glass
composition and applied pressure, as well as with fictive temperature — a result of its underlying
dependence on temperature in the molten and supercooled liquid states. As such, the parameter
N, is of fundamental structural importance, along with the mechanisms driving its evolution and
its strong influence on thermophysical material properties. N4 in glasses has been
experimentally determined using a variety of means including nuclear magnetic resonance
(NMR) spectroscopy, vibrational spectroscopy, and x-ray and neutron diffraction. In this review,
we discuss how the techniques for the measurement of N4 have evolved and improved since the
pioneering x-ray diffraction measurements of the 1930s, up to the present day. A database is
compiled of the available high-quality numerical experimental data for N4, with a non-exclusive
focus on binary borate glasses of the form RM,0,-B,03; where R is the molar ratio of modifier
to boron oxide and M is a metal cation of formal charge z+, other than boron. In addition, we
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report new N4 values for a series of strontium borate glasses, measured by !'B magic angle
spinning NMR, where a disparity in the literature is found. Based on the findings of the review,
we are able to point to the gaps in our knowledge where future resources could best be focused,
as well as summarizing overarching trends, the present state-of-the-art, and making
recommendations for best practices.

Supplementary material for this article is available online
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1. Introduction

In borate glasses, boron atoms commonly bond either to three
oxygen atoms in a BOj trigonal planar arrangement, or to
four oxygen atoms in a BO, tetrahedral arrangement. For pure
boron oxide, B,0j3, the ambient pressure forms are known to
contain only trigonal BOj3 units. For example, in the ambient
pressure crystal phase B,Os-I [1], each boron atom is bon-
ded to three oxygen atoms with mean bond length of 1.369 A
and mean O—B—O bond angle of 119.89°. There is consider-
able evidence to show that in B,O3 glass there are similar tri-
gonal BOs sites [2]. However, as we will discuss in this review,
the addition of a modifier (i.e. metal oxide, such as Li,O) to
B, 03, or the application of pressure, can result in a structure in
which a fraction, Ny4, of the boron atoms are tetrahedral. The
main emphasis of this paper is to review the various methods
of measuring N4 in a wide variety of borate glass systems.
The mechanism for the formation of 4-coordinated borons
is illustrated in this section. Figure 1(a) shows a fragment of a
borate glass network formed of trigonal BOj3 units, as in pure,
glassy B,03. The addition of a modifier oxide, M>0,, (where
Mt is a modifier cation of valence z) to the material intro-
duces surplus oxygen, which needs to be accommodated in the
structure. Figure 1(b) shows how an additional oxygen atom
can be incorporated into the borate network by breaking a B—
O-B bridge (the oxygen forming the bridge is called a bridging
oxygen (BO) @), and creating two non-BOs (NBOs). The
breaking of bridges and the creation of NBOs is the normal
mechanism for the incorporation of additional oxygen in sys-
tems such as silicates and phosphates. Alternatively, as shown
in figure 1(c), an additional oxygen atom can be incorporated
into the borate network by converting two boron atoms from
three-coordination to four-coordination. For a binary borate
of composition RM,0,-B,03, the number of surplus oxygen
atoms per boron atom is Rz/2, where z is related to the theor-
etical rate at which four-coordinated borons are formed. Thus,
if all surplus oxygen atoms are incorporated by the mechan-
ism shown in figure 1(c), the number of BOy4 units per boron
atom is N4 = Rz. For z = 1, the relation is N4y = R, for z =3,
itis N4 = 3R. For z = 2 the glass composition is often written
simply as RMO-B,03 and so, again, Ny = R, whilst for z =
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Figure 1. (a) A fragment of the borate network (larger blue spheres
are boron atoms, and smaller red spheres are oxygen atoms). (b) The
network fragment in figure (a) is shown after the incorporation of
one unit of M>O modifier by the conversion of one bridging oxygen
to two NBOs (yellow spheres without bonds are modifier cations,
M™T). (c) The network fragment in (a) is shown after the
incorporation of one unit of M,0 modifier by the conversion of two
BO3 units to BO4. (Note that this arrangement of atoms has been
drawn to illustrate simply the way in which four-coordinated boron
arises; it should not be taken to indicate whether or not BO4 units
exist in close proximity to each other, or to imply the presence of a
particular superstructural unit).

4, defining the compositions as RMO,-B,03 leads to the rela-
tion Ns = 2R. The point here is that the relationship between
N4 and composition parameter of course depends on how that
parameter is defined.

The compositions of binary borate glasses are commonly
expressed in terms of either the molar ratio, R, or the molar
fraction of modifier, x (in which case the composition is
xM»0O,—(1-x)B,03). These two parameters are related accord-
ing to the following equations:

R= and x=

iR (1.1)

1—x

There is interest in the behavior of N4 due to its probable
relation to the borate anomaly (also called the boron anom-
aly). The composition dependence of most thermophysical
properties of borate glasses shows a maximum or minimum,

typically at ~15-30 mol% M,;,0. The physical property
measurements reported by Shelby [3] are an excellent example
of this behavior in alkali borate glasses. This behavior has
been known for many decades (for example, see Gooding and
Turner [4]), and it is in sharp contrast to the monotonic beha-
vior for silicate glasses, which has led to it being regarded
as anomalous. The first evidence for the evolution of four-
coordinated boron in borate glass was reported by Biscoe
and Warren [5], who used x-ray diffraction on sodium borate
glasses to show an increase in the boron-oxygen coordination
number (CN) as Na,O is added to B,Os. It was proposed that
the property maxima and minima could be explained in terms
of the change in boron CN. However, the extrema of different
properties occur at different compositions, and a more modern
view is that the change in boron CN is one of several factors
that govern the borate anomaly [3].

As we show in this review, most experimental evidence for
binary borate glass systems shows that for low modifier con-
tent, the measured values of N4 are commonly close to the
ideal N4 = R relation. Then, as the modifier content increases,
the measured values of N4 generally reach a maximum and
subsequently decrease, exhibiting a behavior that is similar
to the changes in physical properties associated with the bor-
ate anomaly. This behavior is evidence that BO4 formation
(figure 1(c)) is the dominant mechanism for incorporation of
modifiers for low values of R, but that NBO formation is the
dominant mechanism for high values of R.

In principle, other structural mechanisms are possible. For
example, the high pressure crystal phase B,O3-II [6] has only
tetrahedral BO, units (i.e. it has Ny = 1, even though R = 0);
each boron atom is bonded to four oxygen atoms with mean
bond length 1.476 A and mean O—B-O bond angle 109.35°.
To understand how this higher CN arises, it is useful to note
that the O—B and B—O CNs are necessarily related:

CB
no—B = nB—O?
(¢}

1.2)

where cg and cg are the atomic fractions of boron and oxy-
gen. Thus, for pure B,03, a B-O coordination of four corres-
ponds to an O-B CN of 8/3 =~ 2.67. In B,03-II, two thirds of
the oxygen atoms are three-coordinated by boron, rather than
acting as BOs between two boron atoms (as in figure 1(a)).
Thus, the formation of three-coordinated oxygen causes an
increase in the value of N4, and can lead to values greater
than predicted by the N4 = R relation. On the other hand, lin-
ear BO, units are rare, but not unknown, in crystal structures
[7]. Topologically, a BO, unit can be formed in a network of
BO; units (as in figure 1(a)) by breaking a single B—O bond;
in that case, the presence of BO, units leads to an increase in
the number of NBOs.

Borates are unusual in that they have superstructural units
(well-defined rings formed by a small number of boron tri-
angles and tetrahedra, most commonly three). It is well estab-
lished that the structure of pure B,0Oj glass includes a large
number of B303@; boroxol groups [2] (highly planar rings of
three BOj3 units). The structure of B,O3 glass in terms of the
fraction of B atoms in boroxol-rings has been found to cor-
responds to the majority of boron atoms; that is ~0.82-0.85
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Figure 2. Some of the more important superstructural units in borates, shown for increasing concentration of BO4 tetrahedra. Larger blue
spheres are boron atoms, and smaller red spheres are oxygen atoms. Four-coordinated boron atoms are shown surrounded by a tetrahedron.
(a) A boroxol ring, shown bonded to an independent BO3 unit, (b) a pentaborate ring, (c) a triborate unit, (d) a diborate unit.

based on 1°B, ''B and 7O NMR [8, 9] and the nuclear quad-
rupole resonance (NQR) studies of Bray and coworkers [10,
11], 0.80 = 0.05 according to neutron diffraction and inelastic
neutron scattering studies of Hannon et al [12], 0.72 based on
the NMR study by Kroeker and Stebbins [13], 0.73 + 0.01
by "B double rotation (DOR) NMR spectroscopy [14] and by
other means such as inelastic neutron scattering which determ-
ined the fraction to be very close to 2/3 [2]. The remainder
of the boron atoms are arranged in independent BOs units,
as shown in figure 2(a). As the modifier content is increased,
and the number of BOy4 units increases and then declines, a
succession of different superstructural units occurs. Figure 2
shows some of the more important superstructural units in
borates. A comprehensive consideration of the superstruc-
tural units in borate structures has been given by Wright [15].
The number of basic units (BO3 or BOy,) in the rings of the
superstructural units is relatively small (usually three) com-
pared to the rings that occur in other glass forming systems,
due to the relatively large O—B—O bond angle of 120° in
the BO;5 units [2, 16]. As a result of the small size of the
rings, they are well defined and often planar, leading to sharp
vibrational modes that are detectable by Raman spectroscopy
[16, 17].

Recently, it has been discovered that edge-sharing can
occur between two BOy tetrahedra in some crystalline bor-
ates (see figure 3). This structural feature was first observed in
the high-pressure phase of DysB¢O;5 [18], where it involves
a very short B...B distance of 2.098 A. Then it was found to
occur in additional high-pressure phases, before subsequently

being discovered in ambient pressure phases, starting with
KZnB;Og [19]. Typically, it has been found in metaborate
crystals (i.e. 50 mol% B,03). Figure 3 shows the sharing of
an edge between two BOy tetrahedra in the ambient pressure
crystal phase of LiyNa,CsB7014 [20]. It should be noted that
BO; units and edge-shared BOy tetrahedra have only been dis-
covered relatively recently in crystalline compounds, and to
our knowledge evidence has not currently been found for the
presence of these structural features in glasses. It will be inter-
esting to see if such evidence emerges in the future. The occur-
rence of edge-shared tetrahedra does not have a direct effect
on the value of N4, but it would be likely to have an indirect
influence.

Now, we shift our attention to the fact that borates are
not the only glass-forming system in which the glass former
cation can change CN. For example, the average Ge CN can
become larger than four in germanate glasses [21], whilst the
Te CN may become less than four in tellurite glasses [22].
However, the exact nature of the structural changes in german-
ates and tellurites is still under discussion. In contrast, it has
been thoroughly established that ambient B,O3 glass involves
only three-coordinated boron, and that there are two possible
boron CNs in borates, either three or four. We can repres-
ent the coordination change by the relationship: B@; + 1/2
0> — [B@4]~, where @ is a BO. Also, the creation of NBOs
(O7) is a possibility by the following formula: B@; + 1/2
0%~ — [B@,0]". Thus there is an equilibrium relationship,
[BG,0]~ = [B@4]. It is observed that the formation of
[BA4]™ is energetically preferred at low modifications of the
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Figure 3. The pair of edge-sharing BO4 tetrahedra in the ambient
pressure crystal phase Li4sNa;CsB7014 [20]. Boron atoms are shown
by the larger gray spheres at the center of a tetrahedron of four
oxygen atoms, shown as smaller red spheres. Spheres without bonds
show sodium (larger yellow spheres) and lithium (smaller blue
spheres) atoms.

borate network (see further discussion below). Thus, borates
are ideally suited to the study of the phenomenon of changing
CNs in glasses.

In this review, we mostly restrict our attention to binary bor-
ate systems. Nevertheless, the structural study of these systems
is of direct relevance to glasses with more complex compos-
itions (for example the commercial borosilicate Pyrex® [23]
or to thioborates based on the glass former B,S3).

We will now discuss the various methods that have been
used to measure N4: NMR, vibrational spectroscopy, and neut-
ron and x-ray scattering techniques.

2. Nuclear magnetic resonance methods

2.1. Introduction

NMR spectroscopy principally relies on the interaction of the
magnetic dipole moments of atoms’ nuclei with an external
magnetic field (Zeeman effect). Various additional interac-
tions give rise to a spectrum with rich structural implications.
These interactions include the magnetic dipole-dipole interac-
tion (the alteration of the magnetic field seen by a given nuc-
leus due to neighboring dipole moments), the chemical shift
(the shielding effect due to the electrons opposing the external
magnetic field), and for nuclei with a spin greater than or equal
to 1 (I > 1), the quadrupole interaction (the changes in the
energy levels due to the interaction of the quadrupole moment
of the nucleus with the gradient of the electric field from bond-
ing electrons) [24].

1B, the most common isotope for determining N, by NMR
has a spin of 3/2. This results in quadrupolar perturbed trans-
itions including a central transition (—1/2 — 1/2) and two
satellite transitions (1/2 — 3/2 and —3/2 — —1/2). In static
NMR, it was usually the case that the central transition was
observed. In magic angle spinning (MAS) NMR, effects due
to the satellite transitions are perceived and must be accounted
for.

MAS NMR allows for the elimination of the dipole-dipole
interaction. To accomplish this, the sample is spun at tens of
kilohertz at the magic angle of 54.74 degrees. The result is

a narrowing and sharpening of the resulting NMR spectrum,
allowing for more precise determination of Ny, particularly at
high magnetic fields.

For "B MAS NMR the chemical shift results in an iso-
tropic shift that is different for three- and four-coordinated
borons. For relatively large fields, 14.1 T or greater, substan-
tial separation occurs between the three- and four-coordinated
borons, allowing clear separation and quantification of each.
This magnetic field strength dependence of the separation
between three-and four-fold boron resonances arises due to the
quadrupolar interaction, which gives rise to both quadrupole
induced shifts and broadenings, even under MAS conditions.

The quadrupole interaction is characterized by two para-
meters: the quadrupole coupling constant Cq, which is propor-
tional to the z-component (largest component) of the electric
field gradient tensor, and the asymmetry parameter 7, which is
a measure of the cylindrical symmetry in the xy-plane (7 may
take values between 0, completely cylindrically symmetric,
and 1). Trigonal borons with either three BOs or three NBOs
have 7 near 0. For trigonal borons with one or two NBOs, 1
is typically greater than 1/2. The Cq of the three- and four-
coordinated ''B in borate glasses are roughly 2.5 MHz and
0.5 MHz respectively. For !°B, these values are approximately
doubled.

Boron NMR is notable for its use to determine N4 due to
its inherently quantitative results: in the integrated NMR spec-
trum, the areas of the peaks associated with the three- and four-
coordinated borons are nearly proportional to the population of
each of the species:

ng A4
Na mtny Az +Ag @D
where n is the population of the nth species, and A, is the
relative area of the peak corresponding to the nth species.
Equation (2.1) is subject to usually small corrections due to the
effects of the spinning sidebands on the areas of the three- and
four-coordinated boron resonances, as described by Massiot
et al [25]. The CN dependent Cq leads to a different shape of
the two peaks arising from the two different coordinations of
boron, aiding identification. Specifically, the larger Cq of the
trigonal sites leads to broader spectral features, as compared
to the relatively sharper ones arising from the tetrahedral sites.

2.2. Historical determination of Ny by NMR

In 1958, Arnold Silver and Phil Bray published pioneering
work on NMR in borate glasses [26]. Figure 4(a), obtained
from glassy B,Os3, depicts the first derivative of a classic
second order quadrupole line shape characteristic of trigonal
planar boron. The spectrum was observed using a permanent
magnet of field strength just over 0.5 T (!' B radiofrequency of
7.177 MHz), and the measured Cq was 2.76 MHz.

In the same paper, Silver and Bray also explored sodium
borate glasses [26]; figure 4(b) shows a boron spectrum, com-
posed of the quadrupolar broadened second order response due
to trigonal boron, as well as a narrow symmetric response near
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Magnetic Resonance Absorption in Glass. I. Nuclear Quadrupole Effects in Boron Oxide, Soda-Boric Oxide, and Borosilicate Glasses. J.
Chem. Phys. 1958, 29 (5), 984-990, https://doi.org/10.1063/1.1744697 with the permission of AIP Publishing.
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Figure 5. The fraction of four-coordinated boron in alkali borate glasses as found by Bray and O’Keefe [27]. The black curved line is the

relation N4 = x/(1-x) where x is the molar fraction of alkali oxide.

the Larmor (operating) frequency. This new line was identi-
fied as originating from tetrahedral boron that resulted from
sodium oxide modifying the borate network. This peak was
narrower due to the reduced quadrupolar coupling constant,
though later it was found to still be quadrupolar broadened
[25], just to a lesser extent than the response from the trigonal
borons [28].

Silver and Bray did not integrate the spectrum computation-
ally; rather they assumed the normalized shape of the peaks
to be constant, used the height as a proxy for area, and util-
ized the observation that B,0Oj3 is fully three-coordinated. By
this methodology, Silver and Bray found N4 as a function of
sodium oxide concentration, as shown in figure 4(c) [26].

By 1963, Bray and O’Keefe [27] determined the fraction of
four-coordinated boron in alkali borate glasses, see figure 5. In
this paper, the fraction of four-coordinate boron was found by a

comparison of the NMR intensity to a standard. This standard
was chosen to be crystalline sodium borohydride because N4
in this crystal is equal to one [29]. This resulted in a relative
error in V4 of about +0.04; this is similar to the relative error in
Silver and Bray’s 1958 paper [26]. However, there is additional
systematic error in the 1958 paper due to the broadening of the
wide line part of the spectrum, resulting in an overestimation
of N4. In fact, the authors themselves discussed this bias at
some length [26, 27].

By 1970, computerized techniques began to be used; before
this time, chart recorders were employed for the output. With
digital computers, spectra could be signal averaged and pro-
grams could be written to automatically determine numer-
ical integrals or areas under curves (see figure 6(a) for part
of the experimental spectrometer setup for doing solid state
wideline NMR during this time period). The fitting program
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Figure 6. (a) Wideline NMR spectrometer for measuring N4 circa 1975 from Prof. Phil Bray’s lab at Brown University. The chart recorder
sits on an oscilloscope and is the furthest instrument to the left. The computerized signal averager is to the right of the chart recorder. The
magnet power supply is to the right of the signal averager. In this Continuous Wave (CW) setup the magnetic field was swept by varying the
magnet’s electric current for a fixed Larmor NMR radio frequency, (b) signal averaged wide line NMR derivative spectrum circa
1975-1980. Shown below the experimental spectrum is the numerical integration from which areas were determined digitally.
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Figure 7. (a) Jellison, Feller, and Bray [30] reported N4 versus mole fraction Li,O, x, from lithium borate glasses. (b) N4 as a function of R,
the molar ratio of lithium oxide to boron oxide. Note the resulting linear regions that simplify modeling.

of Taylor and Bray allowed NMR line shapes to be simulated
[31, 32]; however, a significant practical drawback was that it
used a mainframe computer that required batch jobs. Another
approach allowed for the derivative spectrum, a result of
modulation, output from the signal averager to be numeric-
ally integrated, allowing area to be measured directly (see
figure 6(b)). The first to employ this methodology for binary
borate glasses was the group of Werner Miiller-Warmuth, and
Bray employed this in 1976 [33, 34].

Such techniques were employed by Jellison et al [30] to find
more precise values for N4 in lithium borate glasses, as shown
in figure 7(a). The error in N4 was reduced to about £0.01,
considerably better than earlier results. As shown earlier in
1963 [27], for lithium borate glasses, Ny initially closely fol-
lows the Ny = x/(1-x) = R curve shown in figure 7(a). It is
often useful to plot N4 also as a function of R, see figure 7(b),
because in this representation, N4 tends to follow linear trends,
not only in the low R region prior to the maximum where it is

increasing, but also in the high R region, after the maximum,
where it declines.

In 1989, another study of N, for alkali borates was conduc-
ted by Zhong and Bray [35] who found an alkali dependence
of Ny above R = 0.2 as shown in figure 8(a). An alternative
method of acquiring the experimental data, known as adiabatic
fast passage, was employed in this work. At R = 0.167, the N4
from each of the alkali borate glasses was essentially the same
atN4=0.16[31, 32]. Above R = 0.4, the N4 values were found
to be alkali dependent with N4 decreasing as atomic number
of the modifier increases.

In 1990, MAS was first applied to binary borate glasses
[37, 38], and most N4 measurements since have been made
using MAS NMR. MAS eliminates effects due to dipolar
and 1st order quadrupolar broadening, narrowing the spec-
tra, allowing for more precise N4 determination. However,
the correction required to account for the satellite transitions
[25] in MAS NMR measurements was first applied in
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field strength for which N4 determinations cannot be considered high quality, see main text.

2000 [39], and is unfortunately not ubiquitous in modern
MAS NMR N, determinations. Due to the narrowing of the
spectra, N4 determination from MAS NMR benefits from
increasing the magnetic field, and that has also taken off
since 1990 (figure 9).

One issue that arose in this transition to higher fields is that
between 8—10 T, the four-coordinated boron resonance over-
laps with one of the peaks in the second order quadrupolar
lineshape arising from the three-coordinated borons, which
causes their separation to require computer simulation, and
even then, there are enough degrees of freedom in the fitting
that the N4 determination can be unreliable. The first binary
borate glass measurement, with the four-coordinated envir-
onment resolved from that of the three-coordinated was pub-
lished in 1998 and used a 14.1 T field [40], which has become
a popular field strength for such measurements, although
the commonly used 11.7 T is also sufficient to resolve the

two resonances. The increased magnetic fields (in the most
extreme case exceeding 30 T [41]) have allowed ''B MAS
NMR to yield rapid and precise measurements of the frac-
tion of four-coordinated boron, though higher fields do limit
the information that can be gained regarding the quadrupolar
interactions, due to their diminished influence.

In 2005, Kroeker et al [36] studied alkali borates using
MAS NMR performed at 14.1 T. At that magnetic field,
the chemical shift difference between the three- and four-
coordinated boron is enough to nearly completely separate the
respective spectral features, figure 10(a), making determina-
tion of N, easier.

The resulting N4 fractions are shown in figure 8(b). Like
the Zhong and Bray results [35], N4 is initially independent
of alkali. Above R =~ 0.5, N4 is alkali dependent, in the same
direction as, but to a lesser extent than reported by Zhong and
Bray [35]. Also, whereas the data of Zhong and Bray initially
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Figure 10. (a) ''B MAS NMR from alkali borate glasses with

R =0.1ata 14.1 T field [36] (b) triborate superstructural unit, and
(c) diborate superstructural unit. (a) Reproduced with permission
from Kroeker, S.; Aguiar, P.; Cerquiera, A.; Okoro, J.; Clarida, W.;
Doerr, J.; Olesiak, M.; Ongie, G.; Affatigato, M.; Feller, S. A. Alkali
Dependence of Tetrahedral Boron in Alkali Borate Glasses. Phys.
Chem. Glasses-Eur. J Glass Sci. Tech Proc. Fifth Int. Conf. Borate
Glass Cryst. Melts 2006, 47 (4), 393-396.

fell below N4 = R, at low R, the data of Kroeker et al initially
very slightly exceeded N4 = R [36].

Additionally, due to the high magnet strength, a new fea-
ture was resolved in the four-coordinated boron peak (mani-
fold). Two tetrahedral boron environments are apparent for K,
Rb, Cs, and possibly for Na borate glasses. Kroeker er al [36]
show that this was due to distinct chemical shifts of tetrahedral
boron in different superstructural groups, see figures 10(a)—
(c). Kroeker et al further speculated that it is likely that the
high frequency component is due to the diborate or di-triborate
groups and the low frequency feature is due to the triborate
superstructural grouping.

In 2018 ''"B MAS NMR was performed on the lithium bor-
ate system at 20 T (Larmor frequency of 272.8 MHz) [42].
The boron-free rotor was spun at 20 kHz. With stronger fields,
the chemically shifted trigonal and tetrahedral boron features
separate yet further, figure 11. Notice the superb signal to
noise ratio and the complete separation of the three and four-
coordinated boron species resonances in figure 11. The cor-
responding plot of N4 vs R is provided in figure 12 and shows
that Ny = R up to approximately R = 0.38.

2.3. Review of NMR measurements of N4

A survey of the literature was conducted for N4 measurements
of binary borate glasses [26, 27, 32, 34, 36-38, 40-141, 144—
146, 160-162, 164—181]. In total, 646 high-quality measure-
ments were collected, covering 25 different modifying oxides.
The distribution of modifiers as found in the literature is shown
in figure 13(a). This table is color coded to indicate the num-
ber of N4 values reported for each modifying element oxide.

BO
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Figure 11. "B MAS NMR spectra of lithium borate glasses
obtained at 20 T [42]. Reprinted from Montouillout, V.; Fan, H.; del
Campo, L.; Ory, S.; Rakhmatullin, A.; Fayon, F.; Malki, M. Ionic
Conductivity of Lithium Borate Glasses and Local Structure Probed
by High Resolution Solid-Sate NMR. J. Non-Cryst. Solids 2018,
484, 57-64. https://doi.org/10.1016/j.jnoncrysol.2018.01.020
Copyright 2018 with permission from Elsevier.

Figure 13(b) displays the full compilation of the N4 values
from binary borate glasses found using NMR indicated in
figure 13(a). High-quality measurements means, for our pur-
poses, that the method of analyzing the spectra is appropri-
ate, no crystallization was observed, the magnet strength was
not between 8 and 10 T (or unspecified and published 1990
or later), the glass was not pressurized, and either the glass
synthesis was a solution technique, or the melting container
is specified and is not silica or alumina without measuring for
this material contaminating the glass. It is likely that these cri-
teria err on the side of being too strict, as many older papers
do not specify the melting container, for example. That said,
these criteria do not reject measurements made using MAS
NMR without accounting for spinning sideband corrections.
Two studies have been excluded for being otherwise unex-
plained severe outliers [50, 142]. One study with binary alu-
mina borates is excluded, as the melting temperature is sub-
stantially below the reported liquidus [182, 183]. The N4 for
strontium borate glasses, which are anomalously high in the
work of Park and Bray [50], were checked by synthesizing
new glasses and measuring them for this paper.
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Figure 12. N, vs R for lithium borates from the study of Montouillout et al [42].

We recognize that other criteria might be considered neces-
sary to fully satisfy the statement that the data are of ‘high
quality’. This includes the influence of fictive temperature,
the possible composition change due to volatilization of one
or more components of the glass, and possible nanoscale
phase separation or unobserved crystallization in otherwise
clear glasses. However, we have chosen out of necessity to
proceed without further consideration of these effects. The
supplemental section provides further details pertinent to the
quality of the N4 data. Several of these binary borate glass
systems contain immiscibility regions, where two liquids are
present in the melt. In some situations, the glasses were melted
in this immiscibility region, which could lead to unobserved
phase separation. In other cases, the quench passes through
the immiscibility region, which again may lead to unobserved
phase separation, depending on the quenching rate. In some
studies, the melting temperature is not reported, but where it
is, we have included that information in the table in our sup-
plemental information. Subliquidus (metastable) immiscibil-
ity regions have not been considered here by us. The authors
were not able to find published phase diagrams for SnO-—
and Sb,03-B,03, and so we were unable to check for the
presence of immiscibility regions, or for use of inappropriate
(subliquidus) melting temperatures used for glass making in
the literature. The phase diagrams of the alkali borates [183—
195], and SiO,— [196, 197], P,Os— [198], and Ag,O-B,0;
[184, 199] glasses do not contain immiscibility regions. The
phase diagrams of GeO,— [198], PbO- [183, 200], Bi,O3—
[183, 201] and Y,03-B,03 [202] glasses contain immiscib-
ility regions, but only for compositions where there are not
any high-quality NMR N4 measurements. For the remaining
modifiers (alkaline earth [183, 203-207], ZnO [183, 208],
TeO, [209], La,0O3 [183, 210], CdO [183, 211], MnO [212],
T1,O [84, 213]), there are glasses formed in those regions,
with otherwise high-quality NMR N4 measurements. For this
paper, we will still consider those points high quality but we
have not used these points in the analysis below for checking

the hypothesis of N4 = R in low-modifier alkaline earth bor-
ate glasses. Additionally, the glasses melted in or through an
immiscibility region are noted in the table in the supplemental
information.

We can investigate statistically the hypothesis that Ny4
is equal to R at low modification for alkali and alkaline
earth borate glasses. Linear regressions were performed on
N4(R) for both alkali and alkaline earth borate systems to
determine the slope below R = 0.4, see figures 14(a) and
(b). The intercept was fixed at zero during fitting, as this
is likely the most agreed-upon point in all of borate glass
NMR [38, 42, 43, 48, 59, 62, 68, 116], but unmodified
x = 0 glasses are not used in this analysis. Figures 14(a)
and (b) and table 1 show the regression results. While the
analysis of the alkali borate glasses rejects the hypothesis
that Ny = R in this region, the slope being only slightly
higher may instead be explained by the systematic errors
caused by not correcting for spinning sideband effects, for
example.

2.4. An example of a discrepancy between strontium borate
results

As can be seen from figure 15(b) there is a discrepancy
between literature values for N4 from the strontium borate
system. In particular, the values reported by Park and Bray
[50] are significantly higher than other reported values in the
literature [61] in the x > 35 mol% SrO region. In order to
investigate this, a series of strontium borate glasses were pre-
pared by plate quenching from the melt and ''B MAS NMR
was performed on the samples.

The strontium borate glasses (R = 0.5, 0.6, 0.7, 0.8, 0.9,
and 1.0) were prepared by melting appropriate amounts of
reagent grade or better SrCO3 and H3BOj3 at 1200 °C in plat-
inum crucibles. The samples were heated for a total of 25 min,
a weight loss measurement was performed after 15 min, and
the melts were then plate quenched after a final 10 min in the
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Figure 13. (a) Number of high-quality NMR data points for N4 for each modifying element (oxide), as found in the literature. The data are
color coded by the number of reported values, according to the color bar in the legend. Small plots of N4 vs. x are overlaid to give the

general shape of the trend for each modifier (b) N4 values as determined by NMR measurements from the literature [26, 27, 32, 34, 36-38,
40-141, 144-146, 160-162, 164-181]. Color and shape of the symbols indicate the modifier as depicted on the periodic table inset, and the

black curve shows N4 = x/(1-x). Compositions are normalized to a single oxygen per x moles of modifier oxide, so that a single N4

curve is appropriate for all data sets.

furnace. Weight loss measurements on 6 gram batches were
within between 0.04 g to 0.10 g of expectations, indicating the
reactions proceeded to completion, evolving all of the volatile
CO; and H,O side products. The samples were crushed to a
powder for subsequent ''B MAS NMR experiments. No fur-
ther treatment was applied to the samples.

Solid-state NMR spectroscopy experiments were
performed on a 141 T (vo (‘H) 600 MHz;
vo(!'B) = 192.51 MHz) Bruker wide-bore magnet equipped
with a Bruker Neo console and a 2.5 mm triple resonance
MAS NMR probe configured in double resonance ('H-!'B)

1

=R

mode. The 'H and ''B channels were isolated with bandpass
filters.

The ''B central transition (CT)-selective 7/2 and 7 pulse
lengths were 15 us and 30 us, respectively, corresponding to
an 8.3 kHz RF field and 16.7 kHz CT nutation frequency.
Quantitative 7/18 single-pulse ''B NMR spectra were recor-
ded with a pulse duration of 1.4 us and recycle delay of 7.5 s.
DM-FIT was used to fit the spectra. Corrections for spinning
sideband intensities were made [25].

An example of a spectrum and resulting fit is shown in
figure 15(a) and the N4 results are shown below in figure 15(b).
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Figure 14. N, values as determined by NMR measurements of ((a), upper panels) alkali borate glasses in literature [6, 27, 32, 36, 38,
40-43, 46, 48, 49, 55, 59, 60, 62, 64, 65, 68-72, 74, 77, 81-83, 85, 88, 90, 93, 97-99, 102, 104-106, 108, 111, 112, 116-118, 120, 123,
128-130, 132-138, 141, 144, 161, 162, 164-168, 170-172, 176178, 180, 181] and ((b), bottom panels) alkaline earth borates [38, 42, 43,
45, 48, 50, 53, 59, 61, 62, 68, 79, 87, 90, 92, 95, 96, 101, 107, 110, 115, 116, 122, 126, 127, 130, 131, 160, 173, 176, 179].

Table 1. Linear regression results for the 0 < R < 0.4 alkali and alkaline earth borate systems with intercept 0. The p-value is for a

comparison against the null hypothesis of Ny = R.

Reject/fail to reject
Hy of Ny = R with

System n Slope Standard error p-value 95% confidence
Alkali 147 1.031 0.011 0.0070 Reject
Alkaline Earth 21 0.991 0.020 0.6609 Fail to reject

Clearly the new data do not support the results of Park and
Bray [50], whereas those of Yang, Torimoto, Jin and Moon et
al were closely replicated and verified with increased precision
[61, 107,110, 122]. We have also been able to extend the range
of N4(R) measurements to higher R in the Sr borate glass sys-
tem, clearly showing the decline in N4(R) as NBOs become
increasingly abundant.

2.5. Summary of NMR-determined N, measurements

We have collated a large number of NMR determinations of N4
by performing a thorough literature review. One example of
the utility of this approach was discussed in section 2.4 where
strontium borate NMR results were reviewed. Based on the lit-
erature there was a large discrepancy between reported values
(Park and Bray vs Yang, Torimoto, Jin and Moon et al) [50,
61, 107, 110, 122]. This discrepancy was resolved by making

a series of strontium borate glasses and independently determ-
ining N4 using ''B MAS NMR. The results of Park and Bray
were confirmed to be outliers, and should be discarded, at least
for x > 35 mol% SrO.

N4 may also be found by other spectroscopic techniques
including infrared (IR) and Raman as well as x-ray and neutron
scattering. In the next part of the paper, we examine vibrational
techniques that have been used to determine N4, and in the
subsequent section, x-ray and neutron scattering methods are
used for N4 determiantion.

3. Vibrational spectroscopy methods

3.1 Introduction

IR and Raman are complementary techniques of vibra-
tional spectroscopy, and are well-known analytical tools for



Rep. Prog. Phys. 88 (2025) 076501

Review

1 (a)

8000000

6000000 -

Intensity

4000000

2000000 -

0

—— Data
— Fit
——B,(1)
—B;(2)
o B4 (1)
B,(2)

T
2000

T
1000

— T ==
-1000 -2000

3000
B'! Frequency (Hz)
1-0 T T T T
® Park1972
Moon 1996
0.8 - A Hasan 2014 1
¥ LaComb 2015
YV MacDonald 2016
0.6 - ® Masai 2016 i
' B Jin 2018
Zvﬁ A Torimoto 2018
A Y ang 2022
0.4 1 E;‘! A2 V¥ This Work 2025 | 1
% % y
n d
02+ e ]
||
0-0 1 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0

x in 2810 — (1 — 2)B,0,

Figure 15. (a) NMR spectra from the 0.7SrO-B,0O3 (x = 0.41) glass sample produced for this study. It is composed of two Bz and two B4
peaks, as specified in the legend, and corresponds to an N4 value of 0.37, (b) new N4 values from strontium borates performed for this study
compared to values from past studies [50, 61, 87, 92, 95, 96, 107, 110, 122].

structural studies of glasses, since bonds constituting the
glass structure can vibrate in a broad part of the spec-
trum covering the far-IR (10-500 cm™!) and mid-IR (500—
5000 cm~!) frequency ranges [214-216]. While both tech-
niques are important for structural studies, this section focuses
on IR spectroscopy because it is more effective than Raman
in quantifying the borate structure in terms of the fraction of
four-coordinated boron atoms, N,.

Early comprehensive studies by IR spectroscopy on crystal-
line anhydrous borates were reported by Weir and Lippincott
[217], Hart and Smallwood [218] and Weir and Schroeder
[219], and concern mainly borate compounds with relatively
high modification levels. IR spectra were recorded on thin
films produced in a diamond cell [217], on powdered materi-
als dispersed in KBr pressed disks [218], and on films depos-
ited on KBr and CsBr windows by evaporating suspensions
in light petroleum oil, i.e. the mull sampling technique [219].
Measured IR bands were assigned to borate anionic spe-
cies like metaborates, [BO,]™, pyroborates, [B,Os]*~ and

orthoborates, [BOs]*~. Also, absorption bands tabulated for
more than 80 borate compounds allowed the identification
of IR bands characteristic of boron in 3-fold and 4-fold
coordination [219]. More recent studies include the IR spec-
tra of crystalline metaborates with infinite chain structures,
(BO),"", using dispersions in KBr discs [220], and the com-
bination of Raman with IR reflectance spectroscopy to classify
metaborate crystals according to their tendency to form chain-,
(BOy),", orring-type, [B504]°~, metaborate structures [221].

Applications of IR spectroscopy to borate glasses go back
to the fifties and earlier, and refer to glasses such as boron
oxide and soda borates [222], alkali borates [223], boron oxide
and lithium borates [224], and vitreous B,03-xH,O [225].
These early IR investigations were conducted on powdered
glasses using the KBr disk technique [222], on polished glass
samples employing the reflectance technique [223], on thin
film specimens drawn from the melt by dipping a platinum
ring or by blowing bulbs with very thin walls [224], and by
the Nujol mull technique [225]. The study of Anderson et al
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[222] showed that hydrogen bonds play an important role in
the atomic arrangement of the B,O3 and the low soda content
glasses. For the B,Oj3 glass in particular, it was suggested that
it consists of [BgO14]~ complexes held together by hydrogen
bonds between oxygen atoms [222]. One of the nine borons in
the complex is tetrahedrally coordinated and the other borons
are triangularly coordinated to oxygen. When Na,O is added
to the glass, the number of [B@4]~ tetrahedra and B-O-B
bridges increase. Other IR studies suggested a structure for
B,0j3 glass made up of boron-oxygen triangles, B@3, where
each oxygen atom is shared by two boron atoms in adjacent
triangles [223-225], noting that weak absorption measured at
about 1000~1110 cm~! was taken to indicate the presence of a
small proportion of [B@,]~ tetrahedral units [224]. Also, water
was detected in boron oxide glass as manifested by strong IR
absorption at 3300 cm™! due to the O—H stretching vibration
[224], and was suggested to lead to hydrogen bonding between
oxygen atoms [224, 225]. The IR absorption spectra of alkali
borate glasses showed a lower proportion of water than that
retained in boron oxide glass. Addition of alkali oxides to
B,03 was found to decrease the intensity of bands attributed
to B@3-containing units (400, 719, 885, 1250, 1430 cm~ 1) in
favor of new bands (950, 1055, 1330 cm™!) associated with
[BD,4]~-containing units [224].

In his pioneering studies [226, 227], Krogh—Moe showed
that the IR spectra of alkali borate glasses are consistent
with the group model where the borate triangular and tetra-
hedral units are arranged into superstructural groups similar
to those found in crystalline borates like pentaborate (K,O—
5B,03), triborate (Cs,0-3B,03), and diborate (Li,0-2B,03),
see figure 2 of the introduction section. For boron oxide glass,
Krogh—Moe reviewed previous IR studies and concluded that
the B@; triangles are arranged in planar boroxol rings (see
ring in figure 2(a)) which form the glass network [226, 227].
Raman spectroscopy provided strong support to the group
structural model of Krogh-Moe. For B,O3 glass, the Raman
spectrum is dominated by a strong and highly polarized band
at 806 cm!; this band was shown to arise from the symmet-
ric breathing mode of the boroxol ring and involves only the
motion of the three oxygen atoms in the ring [228-231]. We
note in particular the Windisch and Risen Raman study of v-
B,03 with different isotopic substitutions for both B and O,
which beautifully identified the breathing mode of oxygens in
the boroxol ring as responsible for the sharp Raman peak at
806 cm~! [231].

The presence of superstructural groups in modified borate
glasses is supported also by more recent Raman and IR stud-
ies, with some of these superstructural entities containing dir-
ectly linked [B@4]~ units [232-237]. A review of the earlier
literature on the structural peculiarities of borate glasses has
been reported by Griscom [238], while an extensive review on
the different models and superstructural groups proposed for
borate glasses was given by Wright [15].

The earlier IR studies provided valuable qualitative inform-
ation for the evolution of the borate structure as metal oxides
are added to B,0O3, but gave no quantitative measure of the
borate structure such as the fraction of four-coordinated boron
atoms. This difficulty is related to the fact that most of the

earlier IR measurements were made by transmission on pellets
of powdered glasses dispersed in non-absorbing matrix mater-
ials such as alkali metal halides. However, this technique often
leads to sample hydrolysis [235] and ion-exchange [239] dur-
ing glass grinding and pellet processing at high pressures. As
a result, frequency shifts of absorption bands are observed as
well as the appearance of bands which are not representative
of the pristine glass. The use of alkali halide salts as matrices
also causes spectral distortions and non-reproducible intens-
ities of absorption bands because they represent a combina-
tion of transmission and reflection phenomena, the extent of
which depends on the size and aggregation of glass particles
and on the dielectric constant of the salt matrix [240, 241].
An alternative method is to measure IR transmission on thin
films, if the viscosity of the molten borate permits the prepar-
ation of such films [242]. It is noted though that the quantit-
ative assessment of the IR spectra of glass films is more com-
plicated compared to bulk glasses. This is because thin films
may exhibit the Berreman effect under oblique incidence of the
IR radiation, and this causes the mixing of transverse optical
(TO) and longitudinal optical (LO) modes [243], or could suf-
fer from band distortions caused by a strong interference wave
which develops under nearly perpendicular incidence of the IR
radiation [244].

Among the various IR sampling techniques, IR reflect-
ance spectroscopy on bulk glasses is advantageous for quant-
itative studies. First, the same glass sample, i.e. a polished
slab, is used for data acquisition over a broad frequency range
covering the entire IR spectrum. Second, the capabilities of
modern Fourier-transform spectrometers, combined with the
availability of software for analysis of reflectivity data, allow
for the quantitative determination of the frequency-dependent
optical and dielectric properties of the glass. This is because
the true shapes and relative intensities of IR bands related to
vibrational modes can be obtained and, thus, can permit the
quantitative analysis of glass structure. These features make
IR reflectance a powerful tool in glass science, as manifes-
ted by the steadily increasing interest in the field [215, 245].
It is noted that in early studies by IR reflectance [223], no
quantification of the borate structure was discussed. This
is because the measured reflectance, R(v), depends both on
the real, n(v), and the imaginary, k(v), parts of the com-
plex refractive index, in comparison to the absorption coef-
ficient () which depends only on the extinction coefficient
k(v) [215, 235]. Here v is the IR frequency in wavenumbers,
cm~!. It is noted that glasses absorb strongly the IR radi-
ation, especially in the mid-IR region where the stretching
vibrations of the glass network are active. For example, the
absorption coefficient for the strong IR band at 1370 cm™!
for glass of composition 0.33Li,0-0.67B,03 (see figure 17
below) is & = 13.0 x 10° cm™!, suggesting that the penet-
ration depth of the IR radiation into the glass is limited to
dp = 1/ = 0.77 pm. This indicates that IR reflectance spec-
troscopy is a surface-sensitive technique and, thus, is very
capable for studying surface corrosion effects [245]. For this
reason, the evaluation of structure of bulk glasses by IR reflect-
ance spectroscopy requires measurements on flat and fresh
glass surfaces to avoid hydrolysis phenomena. Therefore, IR
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Figure 16. (a) Infrared reflectance spectra (left), and (b) calculated absorption coefficient spectra (right) of lithium-borate glasses

xLirO-(1-x)B203 with 0 < x < 0.70 (reproduced from [235]).

reflectance spectra are useful for the quantitative assessment of
the bulk glass structure, provided that proper analysis is made
to separate the n(v) and k() contributions to R(v). For areview
on IR reflectance spectroscopy of glasses and techniques
for analyzing the R(v) spectra see ‘Infrared Spectroscopy of
Glasses’ by Kamitsos [215].

In the following sections, we will review applications of
IR reflectance spectroscopy to evaluate N, in different fam-
ilies of modified borate glasses. A case of IR transmission
measurements on borate thin films will be presented to high-
light precautions to be taken when applying this technique for
quantitative studies. Semi quantitative descriptions of the bor-
ate structure from Raman spectroscopy will be also given.

3.2. Lithium borate glasses, xLi,O-(1-x)B,03

The transmittance of bulk glasses is practically zero in the
region of their fundamental vibrational modes, because glasses
are strong absorbers of IR radiation. This facilitates the meas-
urement of good quality reflectance spectra on bulk glasses
and allows for their quantitative treatment. Lithium borate
glasses, xLi;O-(1-x)B,03 with 0 < x < 0.73, were studied
by specular reflectance in the continuous spectral region 30—
4000 cm™~!. Figure 16(a) shows reflectance spectra, R(v) [235]
for some lithium borate glass compositions. The reflectance
spectra were analyzed by the Kramers—Kronig (KK) trans-
formation to calculate the corresponding n(v) and k() spectra
[215, 235], as well as the absorption coefficient spectra using
the expression a(v) = 4nvk(v) where v is the frequency in
wavenumbers (cm~"). The calculated o((v) spectra are shown
in figure 16(b) and demonstrate a progressive evolution with

Li,O addition. To understand the origin of the induced spec-
tral changes, we will briefly review the assignments for the
main absorption profiles and employ the experimental IR data
to obtain Ny.

As discussed in the original study [235], absorption in the
range 800—1200 cm ™! can be attributed to the B-@ stretching
vibrations in structural groups containing [B@4]™ tetrahedra,
with anhydrous B,Oj3 glass naturally showing no absorption
in this spectral range (x = 0, figure 16(b)). The high frequency
absorption profile (ca. 1200-1650 cm ™) originates from the
stretching vibration of B—-@ and B-O~ bonds in borate tri-
angular units, which are of the B@; and [B@,0]™ type for
glasses below the metaborate stoichiometry, x = 0.5. At higher
Li,O contents, x > 0.5, asymmetric stretching vibrations of
the pyro-borate [B,0s]*~ and ortho-borate [BO3]*~ units also
contribute to the high frequency envelope. Thus, the evolu-
tion of the ca. 800-1200 cm~! envelope with x in the range
0 < x < 0.40 shows the progressive change of boron CN from
three to four. For higher Li, O contents (x > 0.45), the decrease
of the relative intensity of the [B@4]~ absorption envelop
denotes the destruction of [B@,]™ units in favor of borate tri-
angles with increasing number of NBO atoms, and this leads to
the change of boron CN from four back to three. Deformation
modes of the borate units give rise to weaker absorption bands
in the ca. 550-800 cm™~! range, while absorption in the far-IR
range (below 550 cm~!) is due to Li ion-site vibrations and
exhibits increasing intensity and frequency with Li, O content
(figure 16(b)).

To quantify the effect of Li,O on the borate structure,
the a(v) spectra were fitted and the component bands were
assigned to borate species (B@s, [BD,4]~, [BA,0], [B,Os]*~
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Figure 17. Fitting of Gaussian component bands of the absorption
coefficient spectrum of glass 0.33Li,O-0.67B,03. Black solid line
represents the experimental spectrum, the red line is the simulated
spectrum and the Gaussian component bands are labeled 1-13.

and [BO3]°7) and to Li ion-site vibrations [235]. This allowed
the mapping of the network structure in the entire glass-
forming range in terms of the relative integrated intensities
of borate species; however, no attempt was made to calcu-
late N4 from the IR data. In a subsequent study on alkali
diborate glasses, M,0-2B,03; with M = Li, Na, K, Rb, Cs,
the total integrated intensity A4 of [B@4]~ units was found
to vary linearly with the fraction N4 determined from NMR
measurements [246]. In the following, we revisit the IR data
of lithium-borate glasses to calculate Ny.

The integrated IR intensities of borate tetrahedral (A4) and
triangular (A3) units can be obtained by spectral fitting or
integration. Examples are shown in figures 17 and 18 for
the x = 0.33 glass, noting that the spectral fitting involved
13 Gaussian component bands as performed earlier for the
x = 0.55 composition [235].

From spectral fitting, A4 is obtained as the sum of the integ-
rated intensities of bands 5-7 and A3 is the sum of the integ-
rated intensities of bands 1-4 (figure 17). From spectral integ-
ration, Ay is calculated as the total integrated intensity of the
absorption envelope at ca. 800—1200 cm ™' and A5 corresponds
to the total integrated intensity of the ca. 1200-1650 cm ™!
absorption envelope (figure 18).

Denoting by [B4] and [B3] the concentrations of borate
tetrahedral and trigonal units, then Ny = [B4]/([B4]+[B3])
with [B4] = A4/ and [B3] = As/as, where a4 and a3 are
the absorption coefficients of boron tetrahedral and triangu-
lar units. Combination of these relations gives the following
simple expression for the fraction of boron atoms in four-fold
coordination:

3.1)
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Figure 18. Example of spectral integration for the infrared
absorption bands of borate tetrahedral units (800-1200 cm ™!, A4)

and triangular units (1200-1600 cm ™", A3) for glass
0.33Li,0-(1-x)B,0s.
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Figure 19. Relative integrated absorption A; = A4/A3 as a function
of Li, O content obtained by fitting or integration of the absorption
profiles corresponding to borate tetrahedral (A4) and triangular (A3)
units for lithium-borate glasses. The line through the data points is
drawn to guide the eye.

where A, = A4/A; and o = au/ag is the relative absorp-
tion coefficient of boron tetrahedra versus triangles [247]. The
composition dependence of A, as obtained by fitting and integ-
ration is presented in figure 19 and demonstrates the change
of boron coordination number from three to four up to about
x = 0.40 and then back to three at higher Li,O contents.

The use of the A, data to calculate N4 through equation (3.1)
requires the knowledge of the relative absorption coefficient,
a;. As presented in figure 7(a) of the NMR section, the struc-
tural modification of glasses with Li;O contents below ca.
27 mol% involves only the transformation of B@; into [B@,]~
units and, thus, the relation Ny = x/(1-x) is obeyed. Then,
equation (3.1) can be rewritten in the following form for
x <0.27:
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3.2)

The A; data for glasses x 0.07, 0.15 and 0.22 and
equation (3.2) lead to the average value of the relative
absorption coefficient <a,> = 1.48 4+ 0.07. The obtained
value is in good agreement with that reported for lithium-
metaborate glass (o, = 1.50, x = 0.5) [247], and the value
<> = 1.6 £ 0.1 found for ternary glasses in the system
yLi, O-(1-y)[x(2TeO,)-(1-x)B,03] with y = 0.33 and 0.40 and
0<x<1[248].

Therefore, we use the obtained value <o, > = 1.48 £+ 0.07
for lithium borate glasses in the entire glass-forming range and
apply equation (3.1) to convert the A, data into N4 values. The
N4 results from the IR analysis are shown in figure 20 in com-
parison with N4 data from earlier ''B [30] and '°B NMR [249,
250] and more recent !'B NMR [42] studies. It is observed
that the agreement between IR and NMR results is good in the
entire glass-forming range, indicating the utility of IR reflect-
ance spectroscopy to quantify the borate glass structure.

3.3. Silver borate glasses, xAg>0-(1-x)B203

Silver borate glasses, xAg,O-(1-x)B,03, have attracted
interest because they form the basis of fast-ion-conducting
glasses like those in the ternary system Agl-Ag,O-B,03
[251, 252]. The structure of the borate network of the binary
glasses xAg,O-(1-x)B,03 (0 < x < 0.33) was studied by IR
reflectance and Raman spectroscopy [253]. The absorption
coefficient spectra were calculated by KK transformation of
the specular reflectance spectra and are shown in figure 21.
Comparison with figure 16(b) shows that the lithium and
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Figure 21. Infrared absorption coefficient spectra of glasses
xAgr0-(1-x)B,03 (reproduced from [253]). The spectra for
x = 0.05 to x = 0.33 have been offset to allow comparison.

silver borate glasses exhibit similar spectral evolutions sug-
gesting the presence of similar short-range order borate units.
Therefore, the same approach is applied here for the derivation
of N4 from the IR data.

The integrated intensities A4 (800-1200 cm™') and Aj
(1299-1550 cm™!) were calculated and their ratio A, = A4/A3
is presented in figure 22(a), demonstrating the progressive
change in boron CN. Application of equation (3.2) for glasses
x = 0.05 and 0.07 gives the average value for the relative
absorption coefficient <a,> = 1.25, which is then used to
calculate N4 from the A, data. The results in figure 22(b)
show good agreement between the IR-based N4 data and those
derived from the NMR study of Kim and Bray [51] and from
neutron diffraction of Wright er al [254]. Clearly, N4 fol-
lows the theoretical curve x/(1-x) up to about x = 0.25 and
deviates from this curve at higher Ag,O contents, indicating
the formation of NBO atoms on triangular metaborate units,
[BG,O1™.

3.4. Alkaline earth borate glasses, xMO-(1-x)B2O3

Compared to alkali borate glasses, less structural informa-
tion is available for alkaline-earth borates (xMO-(1-x)B,03,
M Mg, Ca, Sr, Ba) including, for example, the M-
dependence of Ny (see figure 14(b)). In this context, results
obtained by IR spectroscopy will be reviewed in this section
and compared to those obtained by other techniques.
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Figure 22. Effect of Ag,O content on the relative integrated
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Absorption coefficient spectra, obtained by KK analysis
of the measured reflectance spectra [255, 256], are shown in
figure 23 for MO contents x = 0.33 and 0.45. To facilitate spec-
tral comparison, the spectra of glasses with the same MO con-
tent were scaled at the high frequency absorption band. It is
clear that the absorption profiles depend not only on the MO
content but also on the type of alkaline-earth metal.

To quantify the effects on the short-range order structure
by IR spectroscopy, we have calculated the integrated intens-
ity of the absorption envelopes 800-1150 cm™"' (A4, borate
tetrahedral units) and 1150-1550 cm ™" (A3, borate triangular
units), noting that the frequency ranges for absorption of the
triangular and tetrahedral borate units depend slightly on the
modifier cation i.e. the cation mass and the strength of interac-
tions between the cation and the borate unit. The relative integ-
rated intensity, A, = A4/A3, is shown in figure 24 as a function
of MO content and type. The change in boron coordination
from three to four as the MO content increases towards the
metaborate composition (x = 0.50) is illustrated in this figure,
noting that the x value at which A, exhibits its maximum is a
function of the type of alkaline-earth oxide. Also, for glasses
of the same MO content the value of A, decreases in the order
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=
2
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Figure 23. Infrared absorption spectra of alkaline earth borate
glasses, xMO-(1-x)B, 03, with composition x = 0.33 (a) and

x = 0.45 (b), reproduced from [255, 256]. For each composition, the
spectra have been normalized on the height of the strongest
high-frequency band at 1370-1450 cm ™! to facilitate comparison.

Ba >Sr >Ca>Mg for x up to ca. x = 0.45, and changes to
Ca > Sr > Ba>>Mg for x >0.45.

The relative integrated intensities A, can be used to cal-
culate N4 from equation (3.1), once the relative absorption
coefficients, «;, are known for all four glass systems. We
note that the glass-forming ranges of alkaline earth borates
made by splat quenching are considerably narrower than
those of the alkali borates, i.e. Mg: 0.45 < x < 0.55, Ca:
0.33 <x<0.50,Sr:0.20<x<047and Ba: 0.15 <x<047.
Therefore, only the low modification Ba- and Sr-borate glasses
offer the possibility to apply equation (3.2) for the eval-
vation of «,. Application of this approach to Ba-borate
glasses with x = 0.20 and x = 0.25 gives the average value
ar(Ba) = 1.32 + 0.05, while the x = 0.20 Sr-borate glass
composition gives a;(Sr) = 1.36 £ 0.05. For Ca-borates
the IR data (A;) have been scaled with the NMR data of
Wu and Stebbins [90] at x = 0.5 (N4 = 0.383) to obtain
a;(Ca) = 1.40 £ 0.05. For Mg-borate glasses Dell and Bray
[131] reported N4 = 0.20 for the 0.45Mg0-0.55B,0; glass
and this gives a,(Mg) = 1.90 =+ 0.075. These findings show
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Figure 24. Relative integrated IR absorption A; = A4/A3 as a
function of the MO content and type in alkaline earth borate glasses
xMO-(1-x)B,03 (M = Mg, Ca, Sr, Ba) [255, 256].

that o, increases with increasing cation field strength, not-
ing that in earlier studies the average value o, = 1.30 was
employed for M = Ba, Sr and Ca [255, 256].

The results for the IR-based N, values are shown in
figure 25 versus MO content and are compared with the theor-
etical curve x/(1-x), as well as with N4 values obtained by other
techniques including neutron diffraction [254], NMR [61, 90,
107,122,127, 131, 160, 176], neutron diffraction and molecu-
lar dynamics [257] and x-ray diffraction [258].

The following observations can be made from figure 25: (i)
In general, there is good agreement between the IR results and
those of other techniques, noting the presence of scattering in
the N4 values among various techniques. IR reflectance spec-
troscopy is shown again to be a useful tool for the quantific-
ation of the borate glass structure; (ii) For Ba- and Sr-glasses
of low MO contents (up to ca. x = 0.25) the N, value follows
the theoretical x/(1-x) curve, but it deviates for M = Ca and
Mg; (iii) The MO content at which N, attains its maximum
value shifts to higher x values as the field strength of the M+
ion increases, in line with the earlier observations of Holland
et al for various borate systems [68]; (iv) Borate glasses of the
same alkaline-earth content exhibit a decreasing trend in N4
with increasing field strength of the M7 ion, i.e. from Ba to
Mg. Note that this N4 trend with M?* cation field strength is
opposite to that found for alkali borate glasses for composi-
tions x > 0.3 [36].

As presented above, the relative absorption coefficient of
boron tetrahedra versus triangles, o, = au/a3, depends on the

type of alkaline-earth cation. To quantify this effect, we con-
sider the role of the cation field strength, F, defined according
to Dietzel [259] as follows:

Z

F=—2%
(rc + 7o)

(3.3)

Here Z is the cation valence (Z = 2 for M** cations), rc
is the cation radius for an assumed CN and rg is the oxygen
radius. We take here ro = 1.35 A [260] for two-fold coordina-
tion of oxygen in all alkaline-earth borate compositions stud-
ied in this work. While this is an approximation, a constant
ro value has been employed in other studies as well [261].
In any case, the oxygen coordination is expected to have a
small effect on the cation-oxygen distance, and so on the val-
ues of F. Taking CN = 4 for Mg?>*, CN = 6 for Ca’**and
Sr’* and CN = 8 for Ba®™, the corresponding ionic radii are
r(Mg?t) = 0.57 A, r(Ca**) = 1.00 A, (Sr**) = 1.18 A, and
r(Ba?t) = 1.42 A [260]. The relative IR absorption coefficient
(o) and cation field strength (F) values for M = Ba, Sr, Ca
and Mg cations are presented in table 2 and plotted figure 26,
where the correlation between «; and F' can be described by
the quadratic equation:

ap = 1.75 (£0.14) — 3.41 (£0.74) F+6.79 (+0.90) F?
(3.4)

To test the predictive value of equation (3.4), we con-
sider here the case of lead-borate glasses, xPbO-(1-x)B, 03, for
which A, data are available from IR reflectance measurements
[262], and N4 data have been obtained by NMR spectroscopy
[27, 73, 78, 80, 119, 143] and neutron diffraction [263, 264].
For lead ions with a network-modifier role, i.e. with primarily
ionic Pb—O bonds, we assume CN = 6 [73, 78, 80, 119, 143,
263-265], and take r(Pb>*) = 1.19 A [260], which result in
the cation field strength value F (Pb>T) = 0.31 A~2 and then
in o (Pb>*) = 1.35 by application of equation (3.4). Thus, the
A; IR data [262] can be converted to N4 data by equation (3.1)
and compared in figure 27 with N4 obtained from other exper-
imental techniques [27, 73, 78, 80, 119, 143, 263, 264].

The agreement between the N4-IR, and the N4 data from
other techniques [27, 73, 78, 80, 119, 143, 160, 263, 264],
found in figure 27 for Pb-borates demonstrates the utility
of equation (3.4) and equation (3.1) for predicting N4 from
IR spectra of borate glasses containing divalent cations, and
implies applicability to other cations, such as Zn>*. With
a(Zn*t) = 1.85 (table 2) one expects a similar evolution of
the IR spectra and structure of Zn- and Mg-borate glasses; for
example, N4(Zn) = 0.26 for x = 0.54 [125] in comparison
to Ny(Mg) = 0.20 for x = 0.50 [131] and N4(Mg) = 0.25
for x = 0.50 [160] in figure 25, which are indeed similar.
Futhermore, equation (3.4) should be helpful for glasses with
paramagnetic ions for which no NMR data are available [266];
predicted values for o are given in table 2 for Mn?*, Fe?>* and
Cu?* ions and can be employed in future structural studies to
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Figure 25. Composition dependence of N4 in alkaline earth borate glasses xMO-(1-x)B,03; (M = Ba (a), Sr (b), Ca (c) and Mg (d))
obtained by IR, NMR, neutron diffraction (ND), molecular dynamics (MD), and x-ray diffraction (XRD) studies [61, 90, 107, 122, 127,
131, 176, 254, 257, 258]. Dashed lines through IR data points are guides to the eyes. The figures were compiled from those in [255, 256] by
using the new a;(M) values and adding recent N4 data from other techniques.

Table 2. Assumed coordination number (CN), ionic radius (r¢),
cation field strength (F) calculated by equation (3.3) with
ro=1.35 A [260], and relative IR absorption coefficient

(ar = aul/as) for the divalent M2 cations considered in this work.

Cation CN re (A) F(A™?) ar
Mg>* 4 0.57 0.54 1.90 £ 0.07*
ca’t 6 1.00 0.36 1.40 £ 0.05°
St 6 1.18 0.31 1.36 £ 0.05
Ba?t 8 1.42 0.26 1.32 £ 0.05°
Pb>t+ 6 1.19 0.31 1.35°

Mn?t 4 0.66 0.50 1.74%

Mn?*t 6 0.67 0.49 1.71°

Fe?t 4 0.63 0.51 1.78"

Fe?t 6 0.77 0.44 1.56°

Cu*t 4 0.57 0.54 1.89°

Cu?t 6 0.73 0.46 1.62%

Zn>t 4 0.60 0.53 1.85"

? Obtained in this work.
b Calculated by equation (3.4).

determine Ny. It is noted though that equation (3.4) should be
applied with caution to divalent transition metal ions since the
presence of d-electrons would contribute to partially covalent
M-O bonding. This is in comparison to metal ions with noble
gas electron configurations, like the alkaline-earths, where the
M-0 bonding is primarily ionic.
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Figure 26. Relative IR absorption coefficient, o (M), as a function
of cation field strength, F(M), for M = Ba- Sr-, Ca- and Mg-borate
glasses. The line is the fit of equation (3.4) to the data.

3.5. IR spectroscopy of borate glasses in thin fim and other
forms

IR spectra of thin film glasses are often used to assess their
structure in relation to the corresponding bulk glasses. We
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show here that such comparisons and relevant conclusions
should be made with caution. We use as an example the sil-
ver diborate glass doped with 20 mol% Agl, i.e. 0.2Agl-
0.8[Ag,0-2B,03]. The specular reflectance spectrum of the
bulk glass was measured and then KK-transformed to calcu-
late the optical properties n(v) and k() shown in figure 28
[244](a).

The n(v) and k(v) spectra are then used as inputs to cal-
culate the transmittance spectra, T(v), of thin films using a
formalism [244] (a) to account for multiple reflections in the
films. The thin films considered here have different thickness,
t, but the same chemical composition and structure as they all
have exactly the same n(v) and k(v) properties of the bulk
glass. The simulated transmittance spectra 7(v) for films of
different thickness are shown in the left panel of figure 29. The
absorbance spectra were calculated using A(v) = —log;oT(v)
and are depicted in the right panel of figure 29.

It is observed that all spectra exhibit similar profiles below
1500 cm~'. The strongest absorption envelopes are at ca.
970 cm™! (due to borate tetrahedra, [B@4]™) and 1330 cm™!
(due to triangular borate units, B@5; and [B@,0]7). The pos-
ition of these envelopes varies from 965 to 985 cm~! and
from 1320 to 1340 cm™!, respectively, as the film thickness
increases from 0.7 to 7.0 pm. Considering the origin of the
ca. 970 and 1330 cm~! envelopes, it would be tempting to
associate the obvious dependence of their peak frequency on
film thickness with variations in the nature of the borate tet-
rahedral and triangular units. In addition, the relative intens-
ity Ay = A4/A; of these envelopes changes with film thick-
ness as seen in figure 30, and this could be interpreted as a
change in N4. Obviously, none of these interpretations are cor-
rect since all film spectra were derived from the same n(v) and

3.0

25}
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1.5F

n(v), k(v)

1.0F

0.5
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3000 4000 5000

0.0
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Figure 28. Refractive index, n(v), and extinction coefficient, k(v),
spectra of the bulk glass 0.2Agl-0.8[Ag,0-2B,03] obtained by
Kramers—Kronig transformation of the measured reflectance
spectrum. Reproduced from [244](a).

k(v) spectra and, thus, they should have the same bonding and
structure.

The phenomena described above result directly from the
influence of film thickness on the IR absorption profiles. As
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Figure 29. Effect of film thickness on the calculated transmittance
(left) and absorbance (right) spectra of free-standing films, using as
input the n(v) and k(v) spectra of figure 28 for glass films with
composition 0.2Agl-0.8[Ag,0-2B,03], and variable thickness

(0.7 pm < t < 7 pm). Reproduced from [244](a).

seen in figure 29, all films exhibit interference patterns which
are well visible in the region above 1500 cm~' where the
glass absorption is very small. The interference patterns extend
over the entire IR region, and this results in absorption spec-
tra which are superpositions of the true vibrational profile of
the bulk glass and a pure optical effect, i.e. interference due to
multiple reflections in the film. The period and amplitude of
interference change with film thickness and, thus, these para-
meters influence the frequency and relative intensity of vibra-
tional bands in a manner which depends on film thickness.

It is noted that the studied borate thin films exhibit larger
values of the A, = A4/A; ratio than bulk glasses of the same
composition, while the decrease of A4/A3 upon increasing film
thickness was observed also for experimental thin films blown
from the melt [244](a). However, the A4/A3 values of thin films
and bulk glasses can never be the same even for thick films.
A key reason for this statement is that the A(v) spectra of thin
films, derived from the T'(v) spectra, are functions of both n(v)
and k(v) as compared to the a(v) spectra of bulk glasses which
depend only on k(v) [244](a). Besides this difference in A(v)
and «a(v) spectra and the optical effects in thin films, there are
usually differences in thermal histories of thin films and bulk
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Figure 30. Dependence of the relative integrated absorption

A = A4 /A3 on film thickness (t) for glassy films with composition
0.2Agl-0.8[Ag20-2B,03]. For #; < t < 1, the ratio Ay = A4/Az
shows a strong dependence on the film thickness. Reproduced from
[244](a).

glasses and this may introduce structural differences because
of the different fictive temperatures [244].

The example presented above shows that a safe interpreta-
tion of measured IR spectra on thin films requires the compar-
ison of measured and simulated spectra, taking into account
purely optical effects as well as differences in thermal history
between thin films and bulk glasses.

The use of the relative integrated intensity A, to obtain
N4 in borate glasses has been applied also to IR trans-
mission spectra measured on powdered glasses dispersed
in KBr pellets [267-274]. In such studies, the relation
Ny = Ay/(A3 +A4) = A/(1 +A;) has been employed which
implies that a; = 1 according to equation (3.1). However, this
is not the case at least for the glasses considered here. In any
case, the experimental parameter A4/A3 derived from IR spec-
troscopy by the KBr pellet technique is a useful qualitative
tool to probe structural trends caused by, e.g. variations in
borate glass composition; however, its quantitative conversion
though to N4 requires the knowledge of a; for the particular
borate system. Recently, proper application of equation (3.1)
was made by Osipova et al [275] for iron-containing zinc bor-
ate glasses using o, = 1.36 [275], although compared to the
o;(Zn) = 1.85 value found in the present study, this would
suggest a systematic offset in the N4 values obtained.

3.6. Bismuth borate glasses, xBi,O3-(1-x)B203

The previous paragraphs presented IR-derived N4 data for
borate glasses modified by metal oxides of univalent (e.g.
Lit) and divalent (e.g. Ba>*) metal ions. Here we consider
the trivalent metal ion Bi** in the binary glasses xBi,O3-(1-
x)B,03. Glasses in the bismuth-borate system can be prepared
in an extended glass forming range up to ca. 88.2 mol% Bi, O3
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Figure 31. Calculated absorption coefficient spectra, a(v), for glasses xBi,O3-(1-x)B203 with 0.2 < x < 0.5 (left) and 0.6 < x < 0.8 (right),

reproduced from [278].

by employing the twin roller quenching technique [279], and
attract interest for a range of applications, e.g. in photonics
[276] and radiation shielding [277].

Glasses for IR reflectance measurements were prepared by
splat-quenching the melt between two polished stainless-steel
blocks [279]. With this method, bulk glasses were obtained in
the range 0.2 < x < 0.8. The glass specimens have smooth and
flat surfaces, suitable for specular reflectance measurements
without any further treatment.

Figure 31 presents the absorption coefficient spectra,
a(v), calculated from the measured specular reflectance spec-
tra of glasses xBi,O3-(1-x)B,0O3 [278]. It is observed that
the 750-1150 cm~! envelope originating from asymmet-
ric boron—-oxygen stretching vibration modes of tetrahed-
ral borate units exhibits considerable activity even at very
high modification levels, x > 0.70 (figure 31, right); in
this composition range lithium borate glasses show practic-
ally no absorption of metaborate tetrahedral species, [B@,]™
(figure 16(b)). This peculiarity of bismuth-borate glasses with
very high modification was explained by the formation of
orthoborate-type tetrahedral units, [BB,0,]>~, which coex-
ist with their isomeric triangular orthoborate species [BO3]>~
(IBG20,1*~ = [BO3 ).

To quantify the effect of Bi,O3 on the borate structure,
the «(v) spectra were fitted and the integrated intensities
of component bands above 800 cm~! were used in com-
bination with mass and charge balance equations to evalu-
ate the molar fractions of the short-range borate units: X4,
X410, X3, X2, X1 and X which correspond to borate units
[BA,4], [BB,0,]°~, BA3, [BA,0]~, [BAO,]*~ and [BO3]*~
(@ and O denote bridging and NBO atoms, respectively).
Thus, this extensive IR analysis provides the molar fractions of
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all borate units as compared to the approach presented in pre-
vious sections, which gives only the fraction N4 on the basis of
A; = A4/A3. The composition dependence of the total fraction
of boron atoms in four-fold coordination, Ny = X4y + X4,
is presented in figure 32(a) as derived from IR [278] and
NMR spectroscopy [75], while the evolution of the fractions
of units B@3, [B@,0]~, [BOO,]>~ and [BO3]*~ are given
elsewhere [278].

It is evident from figure 32(a) that in the composition range
0.2 < x £ 0.65, the N4 data from IR and NMR are, generally,
in good agreement. The experimental N4 data are compared
in the same figure with the theoretical value obtained if all
oxygen atoms introduced by Bi, O3 are forming [B@4]™ units,
Nan = 3x/(1-x). Clearly, the experimental rate for [B@4]™
formation is considerably lower than 3x/(1-x). For x = 0.2
the experimental rate is 1.3x/(1-x), indicating that only 43%
of the introduced oxygen forms [B@4]~ units. For x = 0.3
the experimental N, rate reduces to x/(1-x), showing that
33% of the oxygen forms [B@,]™ units. Therefore, the rest
of the added oxygen participates in other kinds of structural
groups including the NBO containing [B@, 0]~ and [B@O,]*~
units, without excluding the formation of a BiO,, pseudophase
[278].

It was also possible to separate the contributions of the
[B@,;]~ and [B@,0,]>" tetrahedral species to the total Ny
value from the analysis of the IR spectra. The results are
shown in figure 32(b) in terms of the fractional contributions
of the metaborate tetrahedral units [B@4]~, X4m/N4, and of
the orthoborate tetrahedral units [B@,0,]°~, X4o/N4, to the
total N, fraction of borate tetrahedral species in the xBiyO3-
(1-x)B, 05 glasses. Clearly, [B@,4]™ constitute the dominating
tetrahedral units for 0.20 < x < 0.70 and the [B@,0,]°~ units
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Figure 32. (a) Comparison of the molar fractions of borate
tetrahedral units N4 in glasses xBiO3-(1-x)B,O3 obtained by IR,
(1) [278], and NMR, (2) [75], spectroscopy. The solid black lines
present the theoretical value for the mole fraction of [B@4]™ units
formed at rates 3x/(1-x), 1.3x/(1-x) and x/(1-x). (b) Fractional
contributions of the metaborate tetrahedral units [B@4]™, X4m/Na,
and of the orthoborate tetrahedral units [B®202]3_, X40/Ng4, to the
total fraction N4 of borate tetrahedra in these bismuth borate glasses
[278]. Dashed lines in (a) and solid lines in (b) are drawn as guides
to the eye.

prevail at higher Bi,O3 levels (x > 0.7), where they coexist
with their isomeric triangular orthoborate species [BOs]*~.
The formation of [B@,0,]°~ tetrahedral species could be
at the origin of the very broad glass-forming region of glasses
xBi;03-(1-x)B,03. While the nominal orthoborate composi-
tion (O/B = 3/1) corresponds to x = 0.5 in this system, the
glass-forming region extends well-above this limit and reaches
x = 0.80 by splat-quenching and even x = 0.88 by twin
roller quenching [279]. This is in contrast to lithium-borate
glasses xLi,O-(1-x)B,0O3 for which glass formation by splat-
quenching was possible up to x = (.73, i.e. the pure orthobor-
ate glass (x = 0.75) could not be prepared due to crystallization
[235]. This can be rationalized in terms of the main structural
difference between the two glass systems: while [BO3]>~ tri-
angles are the only borate species present in Li-orthoborate,
they coexist, with their isomeric tetrahedral orthoborate units
[BB,0,1>" in highly-modified Bi-borate glasses, in addition
to the parallel glass-forming role of Bi,O3 at high x values
i.e. formation of BiO, polyhedral species [278]; both these
factors prevent crystallization and extend the glass-forming
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region of the Bi-borate system. Recently, the preparation of the
x = 0.75 Li-borate glass was achieved by intentionally leaving
some carbonate species [CO5]* in the melt, from the start-
ing Li,CO3 material, to avoid crystallization upon quenching
[280].

The glass-forming role of Bi,O3 in bismuthate glasses
above the orthoborate composition (x >0.5) is probably related
to the involvement of the d-electrons of Bi in primarily cova-
lent Bi-O bonds in BiO,, polyhedral species [278]. The fact
that part of the added oxygen is involved in covalent bonding
with Bi allows the borate component to maintain its orthob-
orate composition by the coexisting [BO;]*~ and [B@,0,]*~
isomeric units, with the latter forming at increasing rates for
x > 0.5 (see figure 32(b)). This trend is consistent with the
composition dependence of the glass transition temperature
which decreases from T, =407 °Catx=0.50to T, = 312°C
at x = 0.80 [75]. Assuming that the fictive temperature shows
a behavior similar to T, then the structure of the supercooled
liquid for x = 0.80 would be arrested into the glassy state at
lower temperature than that for x = 0.50 and, naturally, this
would drive the structure to the more condensed orthobor-
ate units. As reported by Lower et al [281], the [B@4]™ tet-
rahedral unit has smaller effective volume than its isomeric
[B@,O]™ triangular species. Assuming that the same trend
is exhibited by the orthoborate isomers, then the [BP,0,]*~
tetrahedra would have smaller effective volume than their
[BO;3]*~ isomers and, thus, the decreasing fictive temperat-
ure would favor the formation of the tetrahedral orthoborate
isomers.

3.7 Raman spectroscopy of borate glasses

Compared to IR, the number of Raman studies devoted to the
quantification of the borate structure are limited. This is due
to the lack of knowledge about the Raman scattering cross
section of vibrations related to borate species. Instead, Raman
spectroscopy can provide a semi quantitative description of the
structure in terms of relative band intensities of borate species.
Such an approach was employed in the Raman study of glasses
xNa; O-(1-x)B,03 with 0 < x < 0.75 [282], noting that glass-
formation for x = 0.45, 0.50 and 0.55 was achieved by repla-
cing 0.05, 0.07 and 0.05 moles B, O3 by equal number of moles
Al,Os, respectively. Assignment of the complex Raman pro-
files supported the use of the following characteristic bands:
805 cm~! for boroxol rings; 545, 765, 780, and 1120 cm~! for
[B@,]™ tetrahedral units; 1490 cm ™! for triangular metaborate
units [B@,0]™; 820 cm™! for pyroborate units [B,Os]*~ and
890 cm~! for orthoborate triangular units [BO3]*>~. Assuming
that the bandwidths of the Raman bands do not change
with composition, the band intensity of a specific borate unit
was approximated by the peak height of its Raman band,
or by the sum of peak heights of the four bands related
to [BO4]™ units.

The composition dependence of the relative Raman intens-
ity of the previously mentioned borate units has been estim-
ated and the results are given in figure 33. As depicted in
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Figure 33. Composition dependence of the relative Raman intensity of borate units in sodium borate glasses xNa,O-(1-x)B,0O3 spanning
the composition range 0 < x < 0.75 (reproduced from [282]). The Raman results for B@,~ tetrahedral units are compared with N4 data from
NMR spectroscopy; (a) [36], (b) [9], (c) [161] and (d) [35]. Lines connecting the Raman data points are guides to the eye.

this figure, the analysis of the Raman spectra gives a semi
quantitative mapping of the borate structure in the entire glass
forming range; it starts with boroxol rings of neutral B@; tri-
angles at x = 0 and progresses, through [B@,]~, [B@,0]™,
and [B,0s]*~ formation and destruction, to a completely
depolymerized borate structure of highly charged orthoborate
units [BO3]*~. Figure 33 also shows corresponding N, data
from NMR spectroscopy [9, 35, 36, 161, 283]. Considering
the approximations made to analyze the Raman spectra, the
agreement in the composition dependence of [B@,]~ species
from Raman and N4 from NMR is satisfactory especially for
glasses with x < 0.33.

Despite the semi quantitative nature of the trends exhib-
ited by the Raman data in figure 33, it is observed that NBOs
appear to form on [B@,0]™ units well below the ca. x = 0.25
composition, which signals the formation of NBOs accord-
ing to NMR spectroscopy on the same glasses (figure 14(a)).
The high sensitivity of Raman spectroscopy to NBOs may be
related to the strong Raman cross-section of B-O™ stretch-
ing in comparison to B-@ stretching. It is noted that NBO
formation starts at about x = 0.30 in Li-borate glasses (see
figures 7(a), 20 and [235]), while increasing alkali cation size
was found to favor the early formation of NBOs for composi-
tions x < 0.50 [285]. This was associated with the decreasing
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polarizing power, i.e. increasing softness of the alkali cations
(Lewis acids).

In a later study of xXNa,O-(1-x)B,03 glasses and melts with
0 < x < 0.33 [284], the Raman spectra were fitted in the entire
frequency range with Gaussian-type bands which were attrib-
uted to different borate species. The scaling of Raman data
with corresponding NMR data allowed the evaluation from
Raman spectroscopy of N3,/N3s and N4, where N3, and Nig
stand for the relative population of [B@,0]~ and B@; spe-
cies. The composition and temperature dependence of N4 as
derived from Raman spectroscopy is shown in figure 34 [284].
It is clear that at each Na,O content there is a decreasing trend
of N4 with temperature, indicating the conversion of [B@,]™
to [B@, O]~ species at high temperatures. This is an example
of the effectiveness of Raman spectroscopy to characterize
melt structures, using instrumentation and experimental set-
ups more accessible than those of some other techniques.

The temperature-induced conversion [B@4]~ —[B@,0]~
in alkali borate glasses has been supported by a range of stud-
ies including statistical mechanical calculations [286], high-
temperature NMR [40, 287], high temperature Raman [284,
288, 289], molecular dynamics simulations [290, 291], neut-
ron diffraction [292, 293], and high-energy x-ray diffraction
[294, 295].
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4. Neutron and x-ray methods

4.1. Introduction

The application of x-ray diffraction methods to study the struc-
ture of glasses was developed by Warren and coworkers in
the 1930s [296, 297], applied to sodium borate glasses to
determine N4 for the very first time in 1938 [5], and sub-
sequently to calcium [298] and potassium [299] borate glasses
in the early 1940s. In the late 1940s, neutron diffraction meth-
ods at reactor sources became available, and subsequently,
in the early 1970s, the pulsed neutron scattering technique
was developed for particle accelerator based sources of neut-
rons. Importantly, this latter method enabled the exploitation
of more energetic, epithermal, neutrons and to collect diffrac-
tion patterns to high momentum transfers. This is important for
studying glass structure since the maximum momentum trans-
fer is reciprocally related to the real-space resolution in the
resulting pair distribution functions, which are the weighted
histograms of all of the interatomic separations occurring in
the scattering material. At a similar time, Mozzi and Warren
[300, 301] demonstrated the collection of higher quality x-ray
diffraction data from glasses, in part by use of higher energy x-
rays derived from a heavier metal source (Rh Ko as opposed to
Mo Ka). A step change came in the mid-1990s with the use of
much higher-energy x-rays, produced at intense synchrotron

26

sources, being applied to study glass structure by diffraction
[302, 303]. As for pulsed neutron sources, these ‘hard’ x-rays
allowed for measurements of high real-space resolution pair
distribution functions. In addition, the use of pulsed neutrons
or high-energy synchrotron x-rays have several other advant-
ages that allow the collection of high quality diffraction pat-
terns from glasses, including reduced neutron capture and pho-
toelectric absorption cross-sections respectively. As such, the
study of glass structure by diffraction methods has come to be
dominated by pulsed neutrons and hard synchrotron x-rays,
although reactor neutrons also play a strong part. What these
sources have in common is that they are too large and costly for
a typical laboratory to house, and tend to be run as national or
international facilities. This has meant that, whilst such large-
scale facilities provide diffraction data of much higher qual-
ity than can be obtained with small-scale laboratory sources
of x-rays (or even neutrons or electrons), there is, at least a
perception of, lower accessibility. The result is that, as can be
seen from this review, the number of studies of N4 in borate
glasses by diffraction methods is much lower than by NMR or
vibrational spectroscopy, techniques which are more widely
available. The opportunity to reduce this gap is already ripe for
the picking, given the increases in brightness and throughput
of both synchrotron and neutron sources over recent decades,
along with the development of improved analysis techniques,
as discussed below.

Historically, the first reports of the measurement of binary
borate glass structure by neutron diffraction appeared in the
late 1980s, with pulsed neutron diffraction studies of heavy
metal borate glasses by Yasui et al [304, 305]. However, it was
not until the early 1990s that neutron diffraction measurements
were used to derive N4 values, by Wright and Vedishcheva et al
in lead borate glasses [263, 306, 307], and by Kita et al in
sodium borate melts [308]. The first use of high-energy syn-
chrotron x-ray diffraction to study binary borate glasses (and
melts) came in the late 1990s with a study including 15Li,O-
85B,0; by Herms et al [309], with the first reports of Ny
coming from Herms and Sakowski in 2000, on more highly
modified alkali borate glasses and melts [310]. As such, the
vast majority of diffraction studies reviewed below are those
originating in the 1990s and the decades since, representing
30 years of research, because these studies are the ones in
which reasonably accurate quantitative determinations of Ny
in binary borate glasses and melts have been made. In total we
review about 315 diffraction measurements where N4 has been
reported, with half of those being from the borate melt studies
of Alderman et al [258, 294,295, 311, 312]. This covers about
32 studies and 17 different modifiers.

4.2. Outline of diffraction theory

As is evident from the introduction above, diffraction based
determinations of N4 in binary borate glasses and melts have
historically been made using either x-rays or neutrons. The
theoretical background and equations used to interpret such
measurements are introduced below, using a superscript R to
denote a dependence on radiation type, and R = N or X to


https://doi.org/10.1016/S0022-3093(03)00158-3
https://doi.org/10.1016/S0022-3093(03)00158-3

Rep. Prog. Phys. 88 (2025) 076501

Review

denote neutrons or x-rays respectively. Other types of radi-
ation used for diffraction measurements, such as electrons,
have thus far played a minor role and are therefore considered
beyond the scope of the present article, although many of the
concepts are identical. In a total scattering diffraction experi-
ment, the measured quantity is the differential scattering cross
section:

d L=
T @=rQ=5" Q)+ bk, @D
a=1
dO’X N n n
10 (@ =0 Q)+ cafa(Q)+ ) caCa(Q)
a=1 a=1
4.2)

Here Q = (47/X)sind is the scattering vector magnitude for
elastic scattering, between radiation quanta with incident and
scattered wavelength A\ and 26 is the scattering angle between
their wavevectors k; and kg, with kg = lk;| = k = 27/\. For iso-
tropic media, including most glasses, the cross section depends
only on the magnitude of Q = k;—ky, that is IQl = Q. o® is the
scattering cross section and ) the solid angle. S® (Q) is the
distinct scattering which contains all of the structural inform-
ation relating to distances between pairs of atoms within the
scattering volume. The meaning of the prime in the x-ray dis-
tinct scattering is explained below. The remaining terms on the
right hand side of equations (4.1) and (4.2) are self-scattering
terms which do not contain structural information and con-
tribute only an incoherent background signal which must be
subtracted from the measured differential cross sections to
obtain the distinct scattering. The summations represent com-
positional averaging over the n unique elements present, with
¢, the fractions of atoms of identity o within the scattering
volume. The b,, are the neutron scattering lengths averaged
over all isotopes and spin states of the nucleus-neutron system
for a given element . The f,, (Q) and C,, (Q) are respectively
the x-ray form factors and Compton scattering for element «.
The distinct scattering term can be represented as a summation
over pair terms:

n n

M) =3 (2= 0ap)cacs ba by (Sap (Q) — 1) (4.3)
azfpB=1
X s*'(0)
s¥(0) =
(Z’; LCafa (0))°
_ (2= 6p) CaCafu (Q)f3 (Q) (Sas (Q) = 1)
ZMZ (X0 cafa (@)
4.4

where .4 is the Kronecker delta with o and 3 the chem-
ical elements within the scattering volume. The S, (Q) are
known as the partial structure factors, encoding the informa-
tion on distances between atoms of type « and 3, there being
(n* + n)/2 unique pair terms. The x-ray distinct scattering
§X' (Q) is divided by a sharpening function (" _, cafa (Q))?

27

in order to approximately remove its form-factor related Q-
dependence, this approximation becomes exact only for mon-
atomic scatterers.

Note that the S, (Q) partial structure factors depend only
on the structure of the material, and not on the radiation type.
The influence of the radiation type is encapsulated in the pair
weighting factors which we define as:

Wi =(2—6ap)cacs ba bg, 4.5)
X (2—bap) cacafa (Q)f5(Q)
op (Q) = . . (46
? (Za 1C(yfo¢ (Q))2
Such that
=D WR(0)(Sap (@) —1).  (4T)

azfp=1

An example of both QSY(Q) and QS¥(Q) are shown in
figure 35 for the case of a barium diborate glass [258]. In this
example there is considerable contrast due to the relatively
high weighting of the Ba—/3 pair terms in the x-ray scattering.
Nonetheless, many similar features can be observed in the two
interference functions, including the positions of the first two
peaks at Q) ~ 1.25 A=! and 0> ~ 1.91 A~!, as well as the
oscillations at high-Q which are dominated by the B-O pair
term. These similarities stem from the fact that both functions
are based on the same set of S, (Q), only with different pair
weightings.

Defining the partial radial distribution function p,g (r) as
the average number of 5 atoms within a spherical shell at sep-
arations between r and r 4 dr of an « atom, the site-site partial
pair distribution function is defined by:

Pags (1)
47 r2po

8ap (r) = (4.8)

where pg is the number of atoms per unit volume. Likewise,
the partial differential distribution function is defined by:

dop (1) =

and relates by sine Fourier transform to the partial structure

factor:
=2 fotsun
0

Average CNs can be determined by integration as:

A rpy[gas (r) —1] 4.9

>HN

—1]sinQrdQ . (4.10)

2 r

nap (r1,12) :CB/Pa,B (r)dr:cﬂ/rta@ (r)dr

r

rn
= 47rp0c5/r2ga5 (r)dr

r

A.11)
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Figure 35. Interference functions for Ba''B,O7 glass as measured with neutrons on the GEM instrument at the ISIS Neutron and Muon
Source (lower) [258] and for BaB4O7 glass as measured with x-rays at sector 6-ID-D of the Advanced Photon Source (upper) [258].

where

tag (r) =dag (r)+4mrpy .

This is key to the subject of our review, because within the
assumption that boron in borate glasses coordinates either to
3 or 4 oxygen atoms:

(4.12)

N4 =n30—3 (413)

where it is implicit that the integration limits encompass only
the first coordination shell.

Since in practice it is rare that all of the partial S, 5 (Q) and
dqp (r) can be determined experimentally, it is usual to define
x-ray or neutron differential distribution functions:

Omax
2
—/@f@M
v

0

DR (r) = (Q)sinQr dQ (4.14)

wherein it is explicitly acknowledged that measurements can
only attain a certain finite maximum Q = Qp,x, and a modi-
fication function, M(Q), is used to describe the truncation at
Omax- This truncation can be performed sharply with a step
function:

Mstep (Q) =1 for O < Qpax Or 0 for 0 > Omax (415)
or more smoothly with, for example, a Lorch function:
max . ™
MLorch (Q) Q é s <anx)
for Q < Qmax or 0 for Q > Onax- (4.16)
The total correlation functions are given by:
™ (r) = +47Trpozz R5(0=0) (417

a>fpB=1

where it should be noted that within our formalism the summa-
tion over pair weighting factors is unity for x-rays and equal
to the compositionally averaged neutron scattering length

squared, <15>2, for neutrons:
™(r)

— DV (r) + 47 rpo(B)’ (4.18)

T (r) = D* (r) + 47 rpo. (4.19)

An example of 7V (r) is shown in figure 36 for the case of
a barium diborate glass [258].
In terms of partial pair correlations:

9 e

a>pp=1

® 1o (r) (4.20)

where ® denotes a convolution and the peak shape functions

are given by
1 oo
— [whsom
™
0

From the above, it is clear that care must be taken when
determining CNs from 7% (r). This is because even when,
e.g. the B-O bond length distribution circa 1.4 A, is appar-
ently fully resolved from other partial pair contributions, its
peak shape function will mean that its total area is spread out.
Thus, strictly speaking a broad integration range is needed
which may not be possible due to correlations at higher r.
Furthermore, there may still be subtle influences from other
partial pair contributions, especially in the case of x-rays
where the weighting factors are Q-dependent, as well as in the
case of relatively low Q.. For this reason, peak fitting meth-
ods are often applied, as described in the following sections.

Q) cosQr dQ. 4.21)
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4.3. Methods for extracting N, from diffraction data

Note that all methods for calculation of N4 from diffraction
data are based on measurement of the mean CN, ngo, and
predicated on the assumption that only 3- and 4-coordinated
boron atoms are present, such that Ny = ngp — 3.

4.3.1. Direct integration of the pair distribution function.  In
order to determine the B—-O CN by direct integration, one
needs access to the partial radial distribution function pgo(r).
For determination of Ny, it is only the local CN that is of
interest, and so only pgo(1.0 < r < 1.8 A) is actually required.
Thus, even though it is 7V (r) or TX(r) that are determined
from a single neutron or x-ray diffraction measurement, rather
than pgo(r) = rtgo(r), in the cases where there is no real-
space overlap with other pair terms, then ngo and N4 can be

r(A)

Figure 36. Neutron (a) total correlation function; (b) radial distribution function; (c) running B—O coordination number for Ba!'B,O; glass
as measured on the GEM instrument at the ISIS Neutron and Muon Source. The yellow curves represent the average density contributions

which are (a) 47 rp0<5>2; (b) 47 r2p0<l_7>2; (c) %w 13p0<l_7>2v;—‘g§0. Since ngo(1.18, r) is calculated from the total pN (r), it corresponds only to

ngo(r) below about 2 A. The plateau prior to this indicates ngo = 3.35(10), as indicated by the chained horizontal line, and N4 = 0.35(10)
[258]. The data were obtained by Fourier transform of the interference function in figure 35, using a Lorch modification function and

29

determined by suitable integration of the total correlation func-
tion. For the case of neutrons, the pair weighting factors are
independent of Q, and therefore the W4, can be divided out in
real-space. Thus, the integral of equation (4.11) becomes:

r

ngo (r1,12) :co/rtgo (r)dr=

r

r

/ TV (r)dr  (4.22)

r

Cco

N
WB 0

where the second equality holds only for integration lim-
its chosen to encompass the B—O bond length distribution,
without overlap with any other non-zero partial pair distribu-
tion. An example of this is shown in figure 36 for the case of
a barium diborate glass [258].

For the x-ray case, the Q-dependence of the weighting
factors necessitates the division by W5, (Q) in reciprocal
space:
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s*(0) takes the form:

Syo (0) = : (4.23) '

BO ( ) W)Bgo (Q)
. o . g W (Q) sin Qra g G
Fourier transform of this modified structure factor using sap (Q) = c exXp | — 3
. . 8 Qrap

equation (4.14) leads to a real-space function D%, (r) and @27

X n n Wgﬁ (Q — 0)
TBO(r):D)BgO(r)—’_"'FrpOZZﬁ. (424)
a=pBB=1 WBO (Q - O)
Then finally,
npo (r1,r2) = co/rT)lgO (r)dr. (4.25)

r

As for equation (4.22), equation (4.25) holds only for integ-
ration limits chosen to encompass the B—O bond length distri-
bution, without overlap with any other non-zero partial pair
distributions. In practice a small amount of overlap with other
partial pair terms can be difficult to avoid, especially due to
the complex peak function for the pair terms other than B-O
for the x-ray case.

If there is overlap of the B—O nearest-neighbor peak with
peaks arising from other pair terms, then integration of the
total TV (r) or TX,, (r) will not yield the desired result. It may
be possible to remove the overlap by defining a suitable dif-
ference function taken between differently weighted measure-
ments. This could be either a difference between a neutron and
X-ray measurement, or between neutron measurements made
on suitable isotopically distinct samples. Since this method
is not commonly practiced for boron or oxygen isotopes in
borates, we do not discuss it any further herein. Alternatively,
more commonly practiced methods for removal of overlap are
to use some kind of model for the overlapping peaks, or to rely
on peak fitting methods.

4.3.2. Peak fiting. ~ Peak fitting is often performed to real-
space diffraction data at short interatomic separations typical
of the bonded (B—O, M—0O) and nearest neighbor non-bonded
(0-0, M—M, B-B, M-B) pair distances. Whilst any under-
lying distribution of interatomic distances can in principle be
used, normal Gaussian distributions are the most commonly
applied, being the expected peak shapes for bonded interac-
tions within the harmonic approximation. Such peaks have the
Nnap

following form:
s o (
Carapy/2m <“i6>

where again ® denotes a convolution by the peak shape func-
tion. The mean bond length between the a—f pair is denoted
rag, With <u§ ﬂ> its mean-square deviation due to static and
thermal disordering and n,g the CN. In reciprocal space this

(r—rap)’

20435

Uy g

;aﬁ (r)=

) ®P§5 (r)

(4.26)
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where it is implicit that to transform this to real-space, the same
Omax and modification function must be used in the Fourier
transform as for the experimental data, such that the peak func-
tion is identical.

Clearly, in the case of borates, there can be both trigonal
and tetrahedral species present which will have different rgo,
(u3,) and abundances. It is important to note that the trigonal
and tetrahedral B—O bond lengths are about rgo; = 1.37 A
and rgos = 1.48 A, respectively, and, to date, these have
never been resolved from one another in a measured pair
distribution function. Using pulsed neutrons to obtain high
Omax = 50 A1 Hoppe et al [313] resolved the bridging P-O
and terminal P=0 bonds in P,Os glass. These occur respect-
ively at rp.op = 1.58 A and rp—or = 1.43 A, which is a larger
separation than for rgp3 and rgos. Furthermore, the terminal
double bond leads to a rather small (u?_, ) 22 0.028 A, both
factors make resolving the two P-O distances more access-
ible than the two B—O bond length distributions. Indeed, even
for arbitrarily high Qn.x, it may never be possible to resolve
the two B—O bond length distributions, which would require

that their widths were both, on average, <u1230>1/2 < 0.05 A,
which may not be the case. Nonetheless, the existence of the
two boron coordination species needs to be considered when
peak fitting. When Qp,x is relatively low, and real-space res-
olution Ar ~ 1/Q.x relatively poor, it can be sufficient to fit a
single B—O bond length distribution. This is typical in the case
of both x-ray diffraction [258, 294, 295, 311, 312] and reactor
source neutron diffraction, where often Q.. < 25 A~'and B-
O peaks appear relatively symmetric. Clearly a single peak is
also likely sufficient in the limiting cases of Ny = 0 or 1. Using
pulsed neutrons, larger O« are routinely obtained, typically
in the range 30 < Omax < 50 A=, and asymmetry in the B-O
peak becomes apparent when 0 < Ny < 1 [258].

When fitting a single Gaussian B—O bond length distri-
bution to the real-space diffraction data, the N4 follows dir-
ectly from the ngo in equation (4.26) using Ny = ngo — 3.
If two peaks have been fitted, then their individual CNs can
be summed and N4 = ngo — 3 = ngoq) + 1o — 3. In this
manner, the two peak fit can be considered as an arbitrary
characterisation of an asymmetric peak using two symmetric
ones, where only their averaged or summed properties are con-
sidered. On the other hand, if one considers the fitting capable
of distinguishing the bonds within trigonal and tetrahedral spe-
cies, then the two peak fit can be considered to yield:

npo = Npo, +}’ZBO3 = 4N4+ 3(1 7N4) :N4+ 3 (428)

such that N4 follows not only from the total CN, but also from
the CNs obtained from either of the two individual peaks. L.e.:
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Figure 37. Two peak fit to the neutron total correlation function for Ba“B4O7 glass, as measured on the GEM instrument at the ISIS
Neutron and Muon Source (figure 36) [258]. The two individual peaks are shown, along with their sum, and the residual between this and

the data fitted to.

Table 3. Parameters derived from the peak fit shown in figure 37 for Ba''!B,O7 glass. *The individual BO3 and BO4 bond lengths were kept
fixed at their ideal bond-valence expectation values. N4 can be calculated from the individual peak areas (equations (4.29) and (4.30)) as
well as the total area (equation (4.28), see table 4 for additional methods). nog = cgnpo/co are also shown, along with the fraction of
non-bridging oxygen, fur = 2 — nop, which is non-zero at this composition if N4 < 0.5 (assuming oxygen are either bridging or
non-bridging and coordinate to either 2 or 1 boron atoms respectively).

Peak rBo (A) <M12;o>1/2 &) nBo Ny nos Sfuibr
BO;3 1.371% 0.047(2) 1.65(15) 0.45(5) 0.94(5) 0.03(3)
BOy4 1.4774* 0.062(3) 1.67(15) 0.42(4) 0.95(5) 0.05(2)
Total 1.4225 n.a. 3.32(10) 0.32(10) 1.90(7) 0.10(7)
Ny =ngpo, /4 (4.29) (N4 =0.35(10), see table 4). This is to be expected, whilst the

N4 =1- npo, /3 (430)
Furthermore, N4 may also be obtained by ratio, a method
which is independent of the absolute normalization (scaling)
of the dataset:
N4 = n304/ (I’l304 + n303) . (431)
In the author’s (OLGA) experience, sensible two-peak fit-
ting results are only reliably obtained with the use of some
kind of fitting constraint. For example, the positions of the two
peaks can be fixed at the expected positions for ideal trigonal
and tetrahedral species from empirical bond-valence theory
(1.371 A and 1.477 A). An example using this constraint is
shown in figure 37, for the neutron diffraction measurement
of Ba''B,0; glass [258]. Final fitting parameters are given

in table 3. Interestingly, the <”1230>1/ ? obtained indicate that
the peaks are unlikely to be resolvable, even with arbitrar-
ily high real-space resolution, since their sum is very sim-
ilar to the peak separation. The total area of the two peaks
together yields a similar Ny = 0.32(10) to direct integration
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slighter smaller value appears to arise from the inability of the
fit to account for the small shoulder circa 1.7 A, figure 37. This
might indicate either distortion (static disorder) or anharmon-
icity in the thermal vibrations of the BO4 units, indicating that
the harmonic approximation made in the use of Gaussian bond
length distributions is beginning to break down. Notably, using
the areas of the individual peaks yields higher N, values, of
0.45(5) and 0.42(4) for the BO3; and BOy4 peaks respectively
(tables 3 and 4). At first it might seem counterintuitive that
the individual peaks could yield higher N4 than that derived
from their total summed area. However, it can be seen from
equation (4.28) that the two instances of N, partially cancel
out (since one is preceded by a minus sign), and will only give
agreement with the N4 from their area if they are equal. Such
a condition could be used as an additional fitting constraint.
Note that inclusion of the ‘missing area’ circa 1.7 A into the
BO, peak area improves agreement slightly, to Ny = 0.43(4).
Another method for extracting N4 from the two-peak fit is to
use their CN ratio, as in equation (4.31). For our example,
this method yields a slightly larger N4y = 0.50(10). Notably
this method is often applied in the literature, but to the ratio
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Table 4. N, derived for a single neutron diffraction dataset for Ba!'B4O7 glass, in seven different ways. These can be grouped into four
methods (i) from total area of the B—O bond length distribution; (ii) from the areas of the BO3 or BO4 bond length distributions; (iii) from
the ratio of the coordination numbers of the two bond length distributions; (iv) from the mean bond length using bond-valence methods.

Method

Ny Equation

Integration

Fitted BO3 peak

Fitted BO4 peak

Fitted total area

Fitted peaks ratio

Bond valence, mean rgo = 1.4225 A from fit

Bond valence, mean rgo = 1.4251 A from integration

0.35(10) [26]
0.45(5)
0.42(4)
0.32(10)
0.50(10)
0.45(1)
0.47(1) [26]

(4.22)
(4.29)
(4.30)
(4.28)
4.31)
(4.36)
(4.36)

of the peak areas. If the peak areas are determined from the
pBo(r), then this is equivalent to the CN ratio. However, if the
peak areas are determined from tgo(r) = po(r)/r, then Ny
will be underestimated, with Ny = 0.48(10) in our example.
The underestimation will be more extreme if peak areas are
determined for ggo(r) = ppo(r)/4mpor?.

Another example of peak fitting, this time taken from the
literature [312], is shown in figure 38. In this case, x-rays were
used to measure the structure factor for supercooled liquid lith-
ium pyroborate. In contrast to the previous example of barium
diborate glass measured with neutrons, here the O« is lower,
at 22.8 A“, and hence only a single B—O bond length distri-
bution has been fitted. The example highlights the effects of
overlap with the B—O peak, which occur here due to the pres-
ence of short modifier-oxygen (Li-O) bonds, lower real-space
resolution and the complex peak shape functions arising from
the electron density distributions from which the x-rays scat-
ter. As such, it is often instructive to fit and/or model peaks to
higher r, in order to extract the most accurate B—O peak para-
meters and hence N,.

In summary there are three main ways that peak fitting is
used to obtain N4 from the:

(1) total area of the B—O bond length distribution, akin to the
direct integration method
(i1) individual (unresolved) BO3; and BO,4 peak areas
(iii) ratio of the (unresolved) BO3; and BO,4 peak areas.

Note that method (i) is largely insensitive to the details of
the fitting model, as long as it gives a good fit. Methods (ii) and
(iii) are highly sensitive to the partitioning of the B—O bond
length distribution into those from BO; and BO, units, and
this cannot in general be done uniquely due to the unresolved
nature of the two features. This sensitivity notwithstanding,
methods (ii) and (iii) have the advantage that they are inde-
pendent of the absolute scaling or normalization of the dataset
being fitted.

Another means to determine N4 from fitting parameters
also exists, which is to exploit the high sensitivity of diffrac-
tion methods to length-scales and to use the bond-valence

32

(a) Li,B,0;

—721K
Sum
- - — Residual

Figure 38. Peak fits to the x-ray total correlation function for
supercooled liquid LisB,Os at T = 721 K [312], obtained using
Omax = 22.8 A~"and (a) step modification; (b) Lorch modification
function. (a) Shows results from a four-peak simultaneous fit, with
the small B-B peak estimate held fixed. This method leads to
overestimation of the O—O coordination number, at the expense of
longer Li—O bonds. (b) Shows results from a five-peak sequential fit,
including a second distribution of longer Li—O bonds, with the O-O
peak modeled at the expected coordination number. Individual
peaks are offset vertically by —2 A~2 and the residual by —3 A2
for clarity.
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method for mapping mean B—O bond lengths to mean CNss,
and this is discussed in the following section.

4.3.3. Mapping mean B-0 bond length to N4 using the bond
valence method. The structural information contained
within a diffraction measurement arises from the path length
differences between radiation quanta scattered from different
scattering centers. As such, diffraction is an interference tech-
nique which is highly sensitive to length scales and distances
within the scattering material. This means that mean bond
lengths, 7,3, are typically determined with much higher preci-
sion than are CNss, 1,3, because the latter depend on the abso-
lute normalization of the scattering data, as well as on a host of
corrections that are necessary in real experiments due to effects
including attenuation, multiple and inelastic scattering in the
sample under study, as well as in any container and sample
environment apparatus. Meanwhile, the length (or Q) scaling
is calibrated by measurement of a crystalline powder stand-
ard of precisely known cell parameter. Therefore, if a means
exists to quantitatively relate r,g to nog, this could serve, at
the very least, as a consistency check on the n,s3 determined
by direct integration or peak fitting, or, in cases where these
lack the desired precision, to determine n,3 more precisely.
The bond-valence (BV) methodology provides such a means
and is introduced and discussed below.

The bond-valence method splits the formal valence of a
central ion, V,,, between its bonds, depending upon the length
of those bonds:

4.32)

Va = Zvag
B

where the summation is over the bonds, and with the bond
valences (strengths), v,g, related exponentially to the bond

lengths r,:

In equation (4.33) the R,z are the bond-valence paramet-
ers for the a—(3 pair and b is often treated as a universal con-
stant. Using a large database of crystal structures, Brown and
Altermatt [314] derived an empirical value of b = 0.37 A and
Rgo = 1.371(1) A. A useful simplification can be made by
assuming that all bond lengths within a coordination polyhed-
ron are equivalent, such that

Ra,B — raﬁ

b (4.33)

Vag = €Xp (

Roz T Ta
Va = nagexp (ﬁbrﬁ) (4.34)
and the r,g can be directly related to the n,zs by
af Ra
Mg = VaeXp <rﬁbﬁ> . (4.35)

This simplification has been shown to be a useful approxim-
ation, [258, 294,295, 311, 312], despite the fact that certain (if
not all) borate polyhedra are expected not to have equivalent
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bonds, such as the asymmetrical metraborate [B@,0]~ and
pyroborate [B@0,]>~ triangles. In these cases the distortion
theorem states that the mean bond will be elongated due to the
non-equivalence of the three individual bonds, an effect arising
from the exponential nature of the bond-valence relationship.
As such, use of equation (4.36) below could lead to overes-
timation of N4 in highly modified borates. This effect is non-
etheless small when compared to the changes in mean bond
length induced by boron coordination change from 3 to 4, and
neglecting it therefore has only a small impact on the preci-
sion of N4 determination via the mean bond length. Note that
when n,g = V,, then it follows that r,g = R,g. For boron,

Vo.=Vg=3and
)1}

Ny :3{exp(

So in pure B,03, where ngo = 3, indeed the mean bond
length rgo is very close to Rgo = 1.371(1) A, as can be
seen in table 5 which lists total scattering diffraction meas-
urements of rgp in pure B,O3 glass. Equation (4.36), plotted
in figure 39, can therefore be used to map measured mean
rgo to N4, providing a means of interpolation between the
integer values of Ny = 0 and 1 (ngo = 3 and 4). To fully
exploit the sensitivity of this method, a BV parameter can be
derived from a measurement of rgg in pure B,O3 glass using
the same experimental setup and calibration as applied to the
binary borate glasses under investigation, and for which pre-
cise N4 are sought. This has been exploited for a range of
binary borate glasses and melts [258, 294, 295, 311, 312],
including a correction for the observed temperature depend-
ence (thermal expansion) of the B—O bond [315] in B,03, used
to derive Rpo(T) = 1.375 + (5.14 x 10T in K and A units,
using 100 keV synchrotron x-rays. Some examples are shown
in figure 40. The N4 derived using the BV method have typ-
ical uncertainties as low as 0.01, approaching the sensitivity
of high-field solid-state IIB MAS NMR, but with the advant-
age that diffraction methods are equally applicable in the high-
temperature molten state. Notably, if a BV parameter is not
calibrated under the same conditions as the diffraction exper-
iment, then an uncertainty in N4 of 0.05 can be inferred from
the range of rgo measured for pure B,O3 glass in table 5, and
represented by the blue shaded area in figure 39. The N4 val-
ues for Ba!''B40O; glass derived using equation (4.36) and the
standard Rgp = 1.371(1) A are given at the bottom of table 4.
Systematic uncertainties which could arise using this method
include the violation of the bond length equivalence within
individual polyhedra discussed above, as well as variability
of the thermal expansion coefficient for different borate poly-
hedra. Despite these challenges, the method appears, to date,
to be the most precise and accurate means for extracting Ny
from diffraction data.

rso — Rpo

. (4.36)

4.3.4. Holistic bulk structural modeling using diffraction data.
Popular methods for diffraction data analysis include those
which refine space-filling three dimensional models of atomic
configurations to the measured structure factors. These include
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Table 5. Summary of total scattering diffraction measurements of the mean B—O bond length in B2O3 glass (“B203 for neutrons).
Unweighted mean values are also given for x-rays (excluding the earliest measurement at 1.39(2) A, and the high temperature measurement
at 1.38(1) A, denoted by *), neutrons, and both together, along with the standard deviations in parentheses. The rgo obtained as part of
high-pressure studies are systematically lower, with larger uncertainties, and have also been excluded (denoted by {). The rgo from Suzuya
et al [316] was determined by our own Fourier transform and peak fitting to their data (denoted by ). In the final row is the mean B—O bond
length in crystalline B,O3-1, calculated from the crystallographic unit cell by averaging over the six unique bonds present. Notably the value
thus obtained is slightly different from the 1.372 A quoted by Gurr et al [317]. Furthermore it should be noted that crystallographic bond
lengths are determined from the long-range average structure, as opposed to the local structure probed by total scattering diffraction, and
can in cases with local disorder differ appreciably.

rBO (/f\) R Omax (;\_1) Mod. function Year Authors References
1.39(2)* X Cu & Mo Ka 11.3 Step 1936 Warren et al [318]
1.37 X Cu & Rh Ko 20 Gaussian 1970 Mozzi and Warren [301]
1.38(1)* X Mo Ka @ 973 K 15 Step 1995 Sugiyama et al [319]
1.3656(5)t X 40.9 keV sync. 24.47 Lorch 2000 Suzuya et al [316]
1.3600 X 61.5 keV sync. 25 ? 2003 Kajinami et al [320]
1.351(10)t X E dispersive 10 ? 2008 Brazhkin et al [321]
1.3765(5) X 100 keV sync. 24.47 Lorch 2015 Alderman et al [315]
1.3680(70) Mean X
1.366 N pulsed 40 Lorch 1982 Johnson et al [322]
1.375 N pulsed 36 ? 1990 Misawa [323]
1.365(1) N pulsed 44.56 Lorch 1994 Hannon et al [12]
1.3655(2) N pulsed 40 Lorch 2009 Hannon et al [324]
1.347(10)t N pulsed 19.5 step 2014 Zeidler et al [325]
1.353(10)t N reactor 21.7 step 2014 Zeidler et al [325]
1.3741(2) N pulsed, V cell 38.8 Lorch 2025 Alderman [326]
1.3732(5) N pulsed, Pt cell 38.8 Lorch 2025 Alderman [326]
1.3698(48) Mean N
1.3691(54) Mean
1.371(20) X crystallography n.a. n.a. 1970 Gurr et al [317]
44 Y 1
Mgo - N,
34 Z 40
" T % T
1.35 14 1.45 15
fao (A)

Figure 39. Exponential relationship between ngo = N4 + 3 and mean bond length rpo, using the bond-valence methodology for equivalent
bonds, equation (4.36). The black curve uses the standard BV parameters from Brown and Altermatt [314] (b = 0.37 A and Rgo = 1.371(1)
A). The blue shaded area represents the uncertainty bounds inferred from the range of measured rgo in pure B,O3 glass, table 5.
Specifically, based on Rgo = 1.365(1) A [12] and Rgo = 1.3765(5) A [315].
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Figure 40. High-energy x-ray diffraction results for the (a) Mean B—O bond lengths, rgo(7") and (b) Mean B—O coordination numbers,
ngo(T), as derived from rgo(7) using the temperature dependent bond-valence method [294, 311], for Li4B,0Os [312], LiBO; [295] and
B,03 [315] melts and glasses, as well as LijgB4O1; glasses [312]. The curves are the results of van’t Hoff analysis based on the [B@4] =
[B@,0] (and related) coordination changing isomerization reaction(s), with dashed extrapolations. Exemplary N4 values from ''B NMR
are shown for comparison in (b) for LiBO, (blue triangle [42], pink crossed square [162]) and Li;0B4O;; (green square [178]), and from
non-resonant inelastic x-ray scattering for LiBO, (orange double crosses [327]).

reverse Monte Carlo (RMC), empirical potential structure
refinement (EPSR) and its successor Dissolve. As far as
determining N4 values is concerned, this might be considered
analogous to the peak fitting methods discussed above, but
with a more holistic consideration of the longer » contribu-
tions, and with the constraint(s) that the model be consist-
ent with a chemically and physically plausible arrangement
of atoms at the measured bulk density.

4.4. Diffraction studies of binary borate glasses

4.4.1. Monovalent alkali and group 11 modifiers. N, data
compiled from diffraction experiments on alkali and silver
borate glasses are plotted in figure 41. The diffraction data
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are shown as filled colored symbols such that they stand out
against the representative N4 data from NMR shown as open
grey symbols. Taking an overview in this way, it becomes
immediately apparent that the majority of the diffraction data
are limited to modifier contents R < 0.5 where, largely, both
diffraction and NMR measurements indicate that Ny = R.
The only examples of diffraction measurements of N4 in
highly modified (alkali or silver) binary borate glasses are
those of Wright et al [328] for an R = 2.13 rubidium bor-
ate, and those of Alderman et al [295, 312] for R = 1, 2
and 2.5 lithium borate glasses. Interestingly, at such high
modification levels (R > 2), the observed N4 > 0 imply the
presence of either NBO associated with tetrahedral boron
units (e.g. [BO@;]*") or a disproportionation into large borate
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Figure 41. N4 = npo — 3 values for M,0-B,03 borate glasses with monovalent modifier cations. For Li, using pulsed ND [329], reactor
ND [254, 292, 330], HEXRD [295, 310, 312] and NMR [30, 35, 36, 178]. For Na using pulsed ND [329, 331] (including 1073 K melts by
Kita et al [308]), reactor ND [254, 292], HEXRD [310, 311] and NMR [27, 35, 36, 71, 90]. For K using pulsed ND [332], reactor ND [254,
292], HEXRD [22] and NMR [35, 36, 71]. For Rb using reactor ND [254, 328, 333] and NMR [35, 36, 71]. For Cs using pulsed ND [334],
reactor ND [254, 328] and NMR [35, 36, 72, 178]. For Ag using pulsed ND [329], reactor ND [254] and NMR [51].

polyanions centered around e.g. [B@,]metaborate units (e.g.
[BG, - 4(BO,®)]*), along with orthoborate [BO3]*~. Given
that NMR studies indicate a decrease in N4 with increasing
alkali mass [35, 36, 178], at least in the 0.5 < R < 1 compos-
ition range, it would be instructive to confirm this result using
neutron diffraction on a glass series in this range, as a func-
tion of alkali, to complement the study of Wright et al [254]
atR=04.
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4.4.2. Divalent alkaline earth and group 12 modifiers. For
the divalent alkaline earth and group 12 transition metals,
figure 42, there are far fewer diffraction data available, with
no measurements at all for Mg or Cd. The largest number of
diffraction studies in this category focus on Ba borate glasses,
showing good agreement with NMR and IR studies. Kajinami
et al [335] used a laboratory source of Mo K« x-rays to study
zinc borate glasses, and reported fitting parameters for a BO3
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Figure 42. N4 = npo — 3 values for MO-B, O3 borate glasses with divalent modifier cations. For Mg using NMR [53] and IR [256]. For Ca
using pulsed ND [257, 331], reactor ND [254], NMR [90, 179] (data from Song et al [127] have been corrected for spinning sideband
intensities) and IR [256]. For Sr using pulsed ND [331], NMR [50, 61, 122, 336] including the NMR data from the present work (figure 15),
and IR [256]. For Ba using pulsed ND [257, 258, 331], reactor ND [254], HEXRD [258, 337], NMR [39, 90, 179] and IR [256]. For Zn
using Mo Kot XRD [335] and NMR [125, 175] (for both quenched and annealed glasses). For Cd using NMR [57].

and BOy 2-peak fit. In addition to the total ngg (N4) reported,
these allow us to calculate N4 using the ratio and BV meth-
ods, both of which give improved agreement with the trend of
decreasing N4 with increasing R observed by NMR. The data
are less accurate than those obtained with NMR due to the Zn
ions dominating the x-ray scattering, and the relatively small
Omax = 12 A~ Nonetheless, this points towards the import-
ance of reporting all fitting parameters, as well as calculating
N4 by multiple methods. As for the alkali borate glasses, it
would be instructive to perform neutron diffraction on a glass
series in the 0.5 < R < 1 composition range, as a function
of divalent modifier, given that IR spectroscopic data indicate
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the opposite trend to the alkali case, that is, an increase in Ny
with increasing alkaline earth mass [256]. There is quite a large
spread in datasets for Ca borate glasses, and this is discussed
further in section 5.

4.4.3. TI™ borate glasses. The thallium borate glasses
are an unusual case where N4 > R were originally observed
by Baugher and Bray using NMR methods [47], figure 43.
Since that time, both ''B NMR and pulsed neutron diffrac-
tion were applied to the TI,O-B,O3 glasses as part of the
PhD thesis research of Nattapol Laorodphan [84]. Lower N4
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Figure 43. N4 = npo — 3 values for Tl,0-B,0; glasses from the
pulsed neutron diffraction study of Laorodphan et al [84] along with
the "B NMR data from the same study and from Baugher and

Bray [47].

than those reported by Baugher and Bray [47] were found
using both techniques, but nonetheless, the glasses from 5
to 30 mol% T1,0 were all found to have excess tetrahedral
boron, with N4 > R, figure 43. The neutron diffraction res-
ults were obtained by constrained fitting of two peaks to the
B-O bond length distribution, fixed at the positions expec-
ted from BV. However, it is not clear if the ratio method, or
the absolute areas of the peaks were used to derive the Ny
values. Unfortunately, the mean B—O bond lengths were not
reported, which would provide a highly instructive check on
the N4 using the BV method. This is especially so given both
the considerably atypical Ny > R, as well as the large val-
ues of Ny > 0.5, for R > 0.5, which is something rarely seen
for any binary borate glasses, as is evident from this review.
Laorodphan discusses possible reasons for the N4 > R obser-
vations, including the possibility of water attack, for which
there was some evidence for in Raman spectra (at low TI,O
content), and which could be exacerbated in the ''B NMR
measurements due to the pulverization of the samples prior to
measurement. It was also noted that for two crystalline com-
pounds known to have N4 = R from their crystal structures,
N4 > R was observed by NMR, which at least raises the pos-
sibility that the same systematic effect could be at play for the
glasses. The neutron diffraction data would be relatively sens-
itive to water content, but do not appear to show evidence for
this, consistent with the fact that larger glass fragments were
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Figure 44. N4 = npo — 3 values for MnO-B,03 glasses from the
high-energy x-ray diffraction study of Kajinami ez al [320], digitized
from their figure 3. The mean B—O bond lengths digitized from the
same figure were also used to calculate N4 using the bond valence
method, and using Rgo = 1.360 A from their rgo measured for pure
B»03. Also shown is the IR reflectance spectroscopic determination
of N4 for manganese metaborate from Moncke et al [266], a revised
value based on the o ~ 1.74 estimated herein for Mn2+, table 2,
and the wide-line NMR derived data of Park and Bray [174].

used in those measurements. Nonetheless, confidence in the
neutron diffraction derived N4 would be enhanced consider-
ably if error bars could be calculated, and if agreement was
found using the mean bond lengths and BV based methodo-
logy. Such confirmation should be sought before concluding
that unusual structural units, such as oxygen triclusters (oxy-
gen bonded to three boron atoms), are present to charge bal-
ance excess tetrahedral boron, such as in the high-pressure
B,0Os3-1I phase, or other Ny = 1 structures, including SrB4O7
and PbB407.

4.4.4. Mn?* borate glasses.  Kajinami et al [320] studied
MnO-B,0s3 glasses using 61.5 keV synchrotron x-rays. The
authors used alumina crucibles, which can lead to contamin-
ation of the melts [324]. They state that compositions were
checked by inductively coupled plasma atomic emission spec-
troscopy, but do not present the results. They do not discuss
taking any precautions to prevent the formation of Mn3*, the
melting temperature being 1423 K. Nonetheless, the repor-
ted CNs yield N4 in reasonable agreement with the wide-line
NMR study of Park and Bray [174], figure 44, other than the
outlier at R = 0.79 with unusually high N4 = 0.72. We have
used the mean B—O bond lengths reported in the same study
to calculate N4 by the BV method, using their self-consistent
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Figure 45. N4 = npo — 3 values for SnO-B, 03 glasses from the
pulsed neutron diffraction study of Hannon, Barney and Holland
[324] (containing 3-9 mol% Al,03), and the reactor based neutron
diffraction study of Gejke et al [338]. Data from three 'B NMR
studies are shown for comparison [324, 339, 340].

rgo reported for B,O3 glass as the bond-valence parameter
Rgpo, see figure 44. Not only is good agreement observed with
the reported Ny = ngp — 3 in the 0.27 < R < 0.54 range, but
remarkably, at R = 0.79 we find Ny = 0.34, in much closer
alignment with the NMR of Park and Bray [174], and the IR
study of Moncke et al [266] at R = 1. Overall, the behavior
of Mn?* borate glasses, in terms of Ny, appears to be rather
similar to barium borate glasses, as opposed to the higher field
strength Zn?>* and Mg?* borate glasses which tend to have
lower N4 for a given composition. This is despite the fact that
Mn?" has a field strength intermediate between Mgt (and
Zn?*) and Ca®T, which could imply an important effect of the
3d electrons on the bonding and resultant N4. We should caveat
this with cautionary statements regarding all of the studies rep-
resented in figure 44, including the aforementioned possibil-
ity of contamination and multivalent Mn in the x-ray diffrac-
tion work, the inherent challenges in collecting and quantify-
ing NMR spectra from strongly paramagnetic glasses, and the
uncertainty in relative IR absorption coefficient, «,. Indeed,
using the o, ~ 1.74 estimated herein for Mn>*, table 2, yields
arevised value of Ny = 0.32(2) at R = 1, based on the IR data
of Moncke et al [266], and as shown in figure 44.

4.4.5. Sn** and Pb** borate glasses.  There are relatively
few diffraction studies of binary tin borate glasses, figure 45.
We are aware only of the reactor neutron diffraction meas-
urement by Gejke ef al [338] on tin metaborate, up to the
rather limited Qpax = 10 A~!, where they report a range of
N4 between 0.0 and 0.5 that is consistent with their observed
structure factor, with a most probable value of N4 = 0.3.
Hannon, Barney and Holland report on a detailed neutron dif-
fraction study of tin borate based glasses [324], melted in
alumina crucibles. This led to contamination by between 3
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Figure 46. N4 = npo — 3 values for PbO-B,03 glasses from the
pulsed neutron diffraction studies of Wright et al [263, 306, 307,
341] and Ushida et al [264]. Data from several ''B NMR studies
[44, 80, 119, 214] are also shown for comparison, along with the IR
values determined in the present work.

and 9 mol% Al,Os3, as was well characterized and discussed
by the authors, such that the glasses were in fact ternary tin
aluminoborates, nominally beyond the scope of the present
review. Nonetheless, it is worth mentioning that with the cor-
rected compositions, the authors found N4 values in reasonable
accord, if somewhat lower, than NMR on glasses made in both
alumina [324, 339] and carbon [340] crucibles. Again, we have
used the mean B—O bond lengths reported in the same study to
calculate N4 by the BV method, using their self-consistent rgg
reported for B,O3 glass as the bond-valence parameter Rgo,
see figure 45. Remarkably, agreement with the NMR results is
improved for all compositions, with a possible exception at the
lowest tin content glass, where the same authors report a rather
low N4 from "B NMR, which is not in accord with earlier
NMR studies, unlike their results for all other compositions.

Compared to tin borate glasses, lead borate glasses
tend to have higher values of N, see figure 46. This
implies that the higher-field-strength lone-pair cation Sn>*
tends to bond somewhat more covalently, and demon-
strates more network former character than does Pb’*.
The two pulsed neutron diffraction studies of PbO-B,Os3
glasses [263, 264, 306, 307, 341] show good agreement with
both NMR and IR determinations of N4 (figure 46), including
demonstrating the presence of tetrahedral boron at very high
modifier contents.

4.4.6. Sb3* and Bi** borate glasses. A single neutron
diffraction study of antimony borate glasses has been repor-
ted in the PhD thesis of Orman [342]. The N4 derived from
the reported npo are plotted in figure 47. Whilst Sb>* is
the primary modifying cation present, the Sb>* content was
reported to increase gradually with the total antimony con-
tent, up to about 14% of the total Sb at the highest nominal,
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Figure 47. N4 = npo — 3 values for Sb,03-B,03 glasses from the
pulsed neutron diffraction study of Orman [342]. N4 derived from
the total area of the B—O bond length distribution are plotted (open
hexagons), as reported in the doctoral thesis of Orman. In addition,
the mean bond lengths reported in the thesis, obtained from single
peak fits to the B—O bond length distribution, have been used herein
to derive N4 via the bond valence method (filled hexagons), using
Rpo = 1.365(1) A from the pulsed neutron diffraction determination
of rgo by Hannon ef al [12] in pure B,O3. Note that the antimony
borate glasses were reported to contain between 1 and 14%
(increasing with R) of the antimony in the Sb>* oxidation state [68].
Data from several ''B NMR studies [67, 68, 163] are shown for
comparison.

70 mol%, Sb,O; composition [68]. As can be seen, the N4 in
these glasses are remarkably low, in stark contrast to Bi bor-
ate glasses (figure 48), an observation which is analogous to
the differences between the Sn and Pb borate glasses, but of
greater magnitude. In other words, the Sb is apparently bond-
ing largely covalently, with a strongly network forming char-
acter. Notably, using the Ny = ngo — 3 from the total B-O
peak areas [342] leads to several unphysical negative results
(figure 47). This indicates systematic errors in the normaliz-
ation of the diffraction data, rather than e.g. two-coordinated
boron species, as can be concluded using the BV method to
map the reported mean B—O bond lengths onto N4 values. As
can be seen in figure 47, this leads to N4 > 0, as expected, and
much better agreement with the available ''B NMR data [67,
68, 163], in all cases.

For bismuth borate glasses, again, only a single neut-
ron diffraction study has been made [341, 343] and the N4
derived from the reported ngo are plotted in figure 48. There
is largely good agreement with available ''B NMR [75] and
IR spectroscopic [278] data, with the exception of the R = 2
diffraction measurement, and the R = 1 measurement derived
using the peak ratio method, which is expected to be less reli-
able owing to the non-uniqueness of such fits.

4.4.7 Te** borate glasses.  Tellurium borate glasses have
been obtained at rather low boron contents, between R of 2 and
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Figure 48. N4 = npo — 3 values for Bi,03-B,03 glasses from the
pulsed neutron diffraction study of Stone ez al [341, 343]. Data from
the ''B NMR study of Bajaj ef al [75] and the infrared reflectance
spectroscopy study of Varsamis et al [278] are shown for
comparison.

198 [58]. As such, one can consider tellurium as the primary
network former (pure TeO, glass can also be obtained [344],
with difficulty). Remarkably, these binary borotellurite glasses
have the highest N4 values of any of the binary borate glasses
reviewed herein, as measured by both neutron diffraction [76]
and NMR [58], and ranging from 0.39 to 0.91, figure 49. In
this case, the N4 derived from the ngg reported by neutron dif-
fraction are in excellent agreement with those derived from the
mean B—O bond lengths and the BV method.

4.4.8. Water borate glasses.  Early x-ray diffraction studies
of water borate glasses (H,O-B,03) by Milberg and Meller in
1959 [345] (R =0and 0.33) and 1960 [346] (R =0, 0.42, 0.50
and 0.63) indicated that the majority of boron were contained
within trigonal planar units, but the ‘possibility that a small
fraction of the boron atoms [were] coordinated by four oxy-
gen atoms [was] not completely excluded’. Unfortunately, the
uncertainties on the CNs reported do not permit any quantit-
ative assessment of N4 values. Nonetheless, the authors’ con-
clusions were consistent with contemporary NMR measure-
ments by Silver in 1960 [43] who estimated an N4y = 0.05
for an R = 0.5 water borate glass, with the spectrum for an
R = 0.6 glass indicating a slightly lower, but non-zero, N4
fraction. Meanwhile, for an R = 0.4 glass, obtained at higher
temperatures, no resonance arising from tetrahedral boron was
detected. Notably the three crystalline polymorphs of meta-
boric acid (HBO;) provide precedent for tetrahedral boron in
water borate structures, having N4 values of 0, 0.33 and 1.0 for
the orthorhombic, monoclinic and cubic forms respectively.
Briining & Patterson [347] studied a large number of water
borate glasses, from R = 0-1, and Briining et al [348] a large
number of more water-rich liquids, by x-ray diffraction. They
only measured to Qpax = 7 A=, and do not calculate Fourier
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Figure 49. N4 = npo — 3 values for TeO,-B,03 glasses from the
pulsed neutron diffraction study of Barney et al [76] along with the
B NMR data from the same study and from Sekiya et al [58]. Note
that the abscissa is the mole fraction of TeO,, rather than a molar
ratio as in the previous figures, because the R = TeO,/B,03 values
are very large (3—-9 for the ND study, 2—198 for the NMR study).

transforms or report CNs or N4 values. Wright [349] gives an
excellent discussion of water borate glasses and crystals in the
context of the chemistry of B,Os3.

Overall, it is clear that knowledge regarding H,O-B,0;3
glasses and liquids could be improved upon using modern
quantitative methods of structure and N4 determination.

4.5. Diffraction studies of binary borate melts

One advantage of diffraction methods is that they view both
glasses and melts in the same way, which is distinct to NMR
methods where the timescales for nuclear spin relaxation
play a key role. In particular, in high-temperature melts the
exchange of boron between 3- and 4-coordinated environ-
ments becomes more rapid than the NMR timescale set by the
relaxation time, and so only a single, site-averaged, resonance
is observed [287, 350]. This means that N4 cannot be quan-
tified in melts by "B NMR in the same manner as proves so
effective in the solid state. As such, diffraction methods have
played a greater role in the elucidation of N4 in borate melts,
whilst ''"B NMR has been applied effectively for studies of
glasses as a function of their fictive temperatures. Alderman
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[351] reviewed structural studies of borate melts up to about
the year 2017. All studies reviewed, including those by dif-
fraction, show that N4 tends to decline with increasing tem-
perature, but the extent to which this happens is highly com-
position dependent. For example, the temperature dependence
of N4 is small at low Na,O contents [294], but is clearly sig-
nificant at 33 mol% Na,O, figure 50 [311]. Since the time of
the review, a few further high-energy x-ray diffraction stud-
ies have shown a dramatic decline in N4 with temperature
for lithium metaborate [295], figure 40, a gradual decline for
lithium pyroborate [312], which has only a small N4 fraction
(figure 40), and for barium metaborate and diborate [258] sim-
ilar N4(T) to sodium diborate were found, figure 51. The com-
plex temperature and composition dependence of N4(R, T) has
been described within a simple boron coordination change iso-
merization model [258, 295, 312], and related to the config-
urational heat capacity and entropy contributions, as well as
qualitatively to the fragility indices. It is likely that, in general,
the enthalpies and entropies of isomerization will depend not
only on composition parameter R, as has been demonstrated,
but also on the modifier identity. This could be verified by
measurements on borate melts with other modifiers, as well
as by calculating model N4(R, T) at the fictive temperature, T¥,
(or glass transition temperature, Ty, as a proxy), for compar-
ison to the N4 measured for glasses, as reviewed herein.

4.6. X-ray spectroscopic and high-pressure studies of binary
borate glasses and melts

Although this section of the review is focused on x-ray and
neutron diffraction, x-ray spectroscopy has also been used to
derive N4 values in binary borate glasses and melts. In 1995 Li
et al [352] used soft x-rays and the total electron yield (TEY)
method to observe B K-edge x-ray absorption near-edge struc-
ture (XANES) spectra in several potassium borophosphosilic-
ate glasses, demonstrating that N4 could be estimated by this
method. Later, in 1999, Fleet and Muthupari [353] applied
the same method to borosilicate glasses, as well as a sodium
diborate glass. In this work fluorescence yield (FY) spectra
were collected simultaneously, which the authors point out
is a more bulk-sensitive method (about 110 nm penetration
depth) compared to TEY, the latter probing only about 6 nm
into the surface. In 2001 a study from Yamamoto et al [354]
built on the earlier work to study a series of binary sodium bor-
ate glasses with TEY B K-edge XANES spectroscopy. These
authors showed that N4 could be estimated from the spectra,
mostly in good agreement with ''B NMR.

Of particular note is the development of the non-resonant
inelastic x-ray scattering method, also referred to as x-ray
Raman scattering. This method is capable of providing spec-
tra analogous to x-ray absorption spectroscopy, but uses high-
energy x-rays, achieving greater bulk sensitivity, and obviat-
ing the need for the soft x-rays and ultra-high vacuum oth-
erwise required for observing the boron K-edge. This method
has been applied to the study of levitated liquid and glassy lith-
ium borates [327] (figure 40(b)) as well as to cold-compressed
borate glasses at up to 30 GPa [355, 356]. The high-pressure
work indicates a dramatic increase in N4 for pure B,O3; and
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Figure 50. High-energy x-ray diffraction results for the (a) Mean B—O bond lengths, rgo(7T’) and (b) Mean B-O coordination numbers,
npo(T), as derived from rgo (7)) using the temperature dependent bond-valence method [294, 311], for B,O3 [315] and sodium borate melts

and glasses [294, 311]. Molar percentages soda are indicated in part (a).

Li,B407 glasses above 4 GPa, approaching N4 = 1 for the
highest pressures studied [356]. Meanwhile the increase in
N4 for NayB4O; glass was shown to be more gradual with
pressure [355].

Pure B,03 has been studied at high pressures by both x-
ray [321, 357] and neutron [325] diffraction methods. High-
pressure neutron diffraction of a 30(''B,03).70Ge0, glass has
been reported in the PhD thesis of Buscemi [358].

4.7 Future prospects

It is clear from this review that despite decades of research
into binary borate glasses using diffraction methods, there are
still many gaps in knowledge to be filled. This is the case even
if considering only the fundamental structural parameter Ny.
These gaps include:
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. There are still very few diffraction measurements of highly

modified binary alkali or alkaline earth borate glasses,
above the diborate composition (R > 0.5). This is despite
this being a structurally rich region in which NBOs begin
to dominate over tetrahedral boron as charge-balancing
species.

. There are no diffraction measurements at all for Mg borate

glasses, or for most of the transition metal and rare-earth
borate glasses. X-ray diffraction measurements of some
rare-earth borates have been made [359] but since the heavy
rare-earth ions dominate the x-ray scattering, N4 were not
determined. Neutron diffraction would be highly applicable
here, at least for the rare-earth elements that do not have
strong neutron absorption resonances. Diffraction methods
have an advantage over standard ''B NMR methods when
it comes to paramagnetic glasses, due to paramagnetic



Rep. Prog. Phys. 88 (2025) 076501

Review

1.39

1.38

400 600 800

1000

~0.2

~ 0.1

~0
— T T T T T '
1200 1400 1600

T (K)

Figure 51. High-energy x-ray diffraction results for the (a) Mean B—O bond lengths, rgo(7") and (b) Mean B—O coordination numbers,
npo(T), as derived from rgo(7) using the temperature dependent bond-valence method [294, 311], for B,O3 [315] and barium borate melts
and glasses [258]. The curve in (b) is the result of van’t Hoff analysis for BaB4O7, based on the [B@4] = [B@,0] coordination changing
isomerization reaction, with dashed extrapolations. Note the larger error bars compared to the measurements on Li (figure 40) or Na

(figure 50) borates, reflecting the dominance of the modifier (Ba) in the x-ray scattering signal.

relaxation enhancement induced broadening of the NMR
spectra. Thus, diffraction methods should be taken advant-
age of for studying the structure of the paramagnetic rare-
earth and transition metal borate glasses.

In terms of high-temperature and high-pressure measure-
ments, the field is almost completely wide open, since only
a handful of alkali and alkaline earth borate melt composi-
tions have been studied at high temperature, and there are no
published high-pressure diffraction studies of binary borate
glasses known to the authors.

The success of the bond-valence based approach to pre-
cise and accurate determination of B-O CNs, using the mean
B-O bond length as proxy, is evident from this review, espe-
cially in figures 44, 45 and 47, as well as in the temperature
dependent studies of Alderman et al (e.g. figures 40, 50 and
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51). Therefore, we call on all future authors reporting on dif-
fraction measurements of borate glasses to report the mean
B-O bond length if at all possible. Furthermore, to use this
as a check on the directly determined CN, and if necessary, to
provide a more precise and accurate estimate of ngo and Ny
via the bond-valence method.

5. Conclusions

It is clear from this review that in the almost nine decades
since the first measurements of N4 in binary borate glasses
by x-ray diffraction, the ability to study this aspect of bor-
ate glass structure has been transformed by the advent of
new technologies and methodologies. In particular the applic-
ation of nuclear magnetic resonance spectroscopies to the
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boron isotopes, especially ''B, has become the most com-
monly applied technique, and gold standard for N4 quanti-
fication, nowadays most commonly by high-field MAS, with
requisite correction for the intensity in the spinning sidebands.

IR reflectance spectroscopy has also been shown capable of
N4 quantification, so long as suitable care is taken to address
the relative absorption of borate triangles and tetrahedra. This
is typically achieved by scaling IR reflectance data for a com-
positional series to an accurate !'B NMR measurement at one
or more composition, or else to Ny = x/(1—x) if this relation-
ship has been established at the given composition by NMR
or diffraction. Importantly, it has been shown that the relat-
ive absorption is modifier cation dependent, but that it scales
e.g. quadratically with the divalent modifier field strength
(figure 26, allowing for interpolations to be made where neces-
sary (table 2). While scaling with NMR measurement(s) is
the direct way to convert IR reflectance data into N4, a more
detailed IR analysis combining spectral deconvolution with
mass and charge balance equations is capable of providing the
molar fractions of all short-range borate units and not just of
BO, (i.e. N4). This has been demonstrated for bismuth bor-
ate glasses and opens the way for application to other borate
glasses (see section 3.6 and Varsamis et al [278]).

Total scattering diffraction methods have also come along
a great deal, with the advent of both reactor and particle accel-
erator based neutron sources, and intense synchrotron sources
of high-energy x-rays. Although inherently quantitative, the
uncertainties in the direct determination of B—O CN, and
thereby N4, have traditionally been larger than those associ-
ated with ''B NMR. However, it has recently been established
[258, 294, 295, 311, 312] that N4 values rivaling the accuracy
and precision of ''B NMR can be determined from diffraction
data. This is achieved by exploiting the inherent sensitivity of
total scattering diffraction, as an interference based method,
to length scales, and mapping accurate and precise determ-
inations of the mean B—O bond length onto N4 values using
bond-valence methodology.

Certain general observations about binary borate glasses
can be made considering the entire corpus of studies
reporting Ny:

Firstly, ambient pressure binary borate glass structures typ-
ically tend to have N4 < 0.5, such that trigonal borate spe-
cies predominate. There are notable exceptions to this rule,
such as the unusual TeO,-B,0; glasses, where B,03 con-
tents are exceptionally low, and it is quite well established by
NMR and neutron diffraction that Ny > 0.5 when TeO, con-
tent exceeds about 82 mol% [76]. On the other hand, the high
N4 > 0.5 reported by Park and Bray [50] for StO-B, 03 glasses
have been identified as outliers and should be discarded, as
discussed above. The single N4 > 0.5 reported by Kajinami
et al [320] for MnO-B,0; glasses by x-ray diffraction has
also been ruled out by us as an outlier. This is because it is
not consistent with the reported B—O bond length, and our
bond-valence based determination of N4 < 0.5, nor with the
remarkable NMR study of Park and Bray [174] on this para-
magnetic glass system. Other cases are less clear cut. A few
NMR studies have reported N4 > 0.5 for lead borate glasses
with PbO content close to, or exceeding, 50 mol% (figure 27).
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However, these data are not supported by existing neutron
diffraction or IR reflectance data, or indeed by several other
NMR studies (figures 27 and 46). Very large Ny > 0.5 were
reported early on for T1,0-B,03 glasses by Baugher and Bray
[47] using NMR, including many values of N4 > x/(1-x). The
thesis work of Laorodphan [84] using both NMR and neut-
ron diffraction has since revised these values downwards, but
not to the extent that the two anomalies, Ny > x/(1-x) for
x < 50mol% TI1,0 and N4 > 0.5 for x > 50 mol% T1,0, disap-
pear altogether. Overall, the general predominance of binary
borate glasses having N4 < 0.5 is in stark contrast to the well-
established fact that many modified borosilicate glasses, espe-
cially at high SiO; contents, tend to have N4 > 0.5. Historically
this has led to development of models for borate glass structure
which invoke Lowenstein type avoidance rules for the negat-
ively charged borate tetrahedra [15]. However, the foundations
of such models have been strongly questioned by Moncke et al
[237] who present evidence for corner-sharing pairs of [B@4] ™,
as well as [B@,0,]>", tetrahedra in glasses. Such moieties are
of course also well known in borate and borosilicate crystal
structures. An alternative explanation for the N4 < 0.5 in bin-
ary borate glasses could involve the temperature dependence
of N4(T) observed in the molten and supercooled liquid states.
Ny(T) is typically observed to progressively increase as the
liquid is (super)cooled towards the glass transition at T'. Since
this boron coordination change mechanism contributes to the
super-Arrhenian temperature dependence of the liquid viscos-
ity (liquid fragility), it has a self-limiting effect, in that the
rapid rise in viscosity results in glass transition at 7'y, arresting
the increase in N4(T) as it falls out of equilibrium, and before
it can exceed 0.5, in most cases. This idea that the equilib-
rium N4 fractions in highly modified glasses could in fact be
much higher than the non-equilibrium values observed to date
remains to be explored.

Secondly, as discussed by Holland et al [68] there is an
interesting linear correlation between the composition, n™*,
at which N, reaches its maximum value, expressed as molar
fraction modifier oxide M>,z0, and the modifier cation poten-
tial ¢ = Z/ry. This makes sense if one considers that as ¢
increases, modifier charge becomes progressively localized,
and the space available around it to pack charge balancing bor-
ate tetrahedra diminishes. In figure 52 we have updated this
correlation plot between n™** and ( using our large database of
N4 values, and included points for additional modifier cations
TIt, Agt, Ba’T, Cd*T, Mn?t, Mg?*t, La*t, and Te*T, see
also table 6.

To generate the data shown in table 6 and figure 52, n™®*
were determined from spline fits to the NMR derived N4 in
our database, except in the case of Mg?>* where the IR data
were used. In the cases of Cd*t and Sn?*, the N4 maxima
are rather broad and poorly determined. In the cases of Ag™
and TIT, there are very few points at modifier contents bey-
ond the maxima. For Ca?*, the spread in the various data-
sets is very large, again leading to significant uncertainty in
n™®_ In order to derive ¢ = Z/ry values, total scattering dif-
fraction measurements of the modal M—O bond lengths were
used in most cases, and the oxygen radius of ro = 1.35 A
subtracted to yield ry,. Note that modal bond lengths are often
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Figure 52. Correlation plot between composition, n™**, at which N4 reaches its maximum value, expressed as molar fraction modifier oxide
M>;70, and the modifier cation potential ¢ = Z/ry. Here Z is the formal cation charge and ry the modifier cation radius. The unweighted
linear fit is given by n™ = 0.25(2) + 0.100(8) ¢, in the units shown on the axes, with 95% confidence bounds shaded.

Table 6. Modal cation-oxygen bond lengths, ryo, as derived from diffraction studies, together with the corresponding cation potentials ¢,
and observed compositions of maximum N4, n™ (in mole fraction M5;z0). Cation radii are simply obtained using ry = ryo—ro, with

ro = 1.35 A, the Shannon—Prewitt radius for two-fold oxygen (other values could be chosen, yielding qualitatively identical results). The
penultimate column gives the reference used for obtaining ry0, and the final column indicates the glass system used for ryo, or else the
cation-oxygen coordination number used to obtain the Shannon—Prewitt radius, in lieu of suitable diffraction data.

Cation Z(e) Modifier oxide ryo (A)  ru (A) @ =Zlruo (eA™"  n™* (mol. frac. M2zO) References Glass system or nyo

Cs 1 Cs,0 3.13(1) 1.78 0.562(3) 0.3320 [360-362] 9

Rb 1 Rb,O 2.85(5) 1.5 0.67(2) 0.3326 [254] borate

K 1 K,O 275(5) 14 0.71(3) 0.3325 [254] borate

Tl 1 T1,O 2.527(1) 1.177  0.8496(7) 0.4003 [363] germanate
Ag 1 Ag,0 2.40(5) 1.05 0.95(5) 0.3433 [329] borate

Na 1 Na,O 2.295(2) 0945 1.058(2) 0.3529 [364] silicate

Ba 2 BaO 2775(5) 1425  1.403(5) 0.3917 [258] borate

Li 1 Li,O 1.96(1) 0.61 1.64(3) 0.3906 [312] borate

Sr 2 SrO 2.56(1) 1.21 1.65(1) 0.3777 [360-362] 7

Pb 2 PbO 240(5) 1.05 1.90(9) 0.4861 [143] borate

Ca 2 CaO 2.39(1) 1.04 1.92(2) 0.4018 [21] germanate
Cd 2 CdO 222(1) 0.87 2.30(3) 0.4865 [360-362] 5

Sn 2 SnO 2.125(1) 0.775  2.581(3) 0.5950 [324] borate

La 3 Lay30 2.490(1) 1.14 2.632(2) 0.4674 [359] borate

Mn 2 MnO 2.10(1) 075 2.67(4) 0.3862 [360-362] 5 (high spin)
Zn 2 ZnO 2.00(1)  0.65 3.08(5) 0.5038 [335] borate
Mg 2 MgO 1.97(2) 0.62 3.23(10) 0.4716 [365] phosphate
Bi 3 Biy30 2.20(5) 0.85 3.53(21) 0.6815 [343] borate

Sb 3 Sby3O 1.978(1) 0.628  4.777(8) 0.7583 [342] borate

Te 4 Te1,0 1.915) 056  7.14(64) 0.9974 [76] borate
shorter than mean bond lengths, but easier to determine, and Ultimately the linear relationship displayed in figure 52

likely more pertinent. In most cases, diffraction data on bor- terminates at ¢ ~ 7.5 eA~!, where n™ reaches its limiting

ate glasses themselves were used [76, 143,254, 258,312,324, value of 1. Notably this is before the tetravalent (Si*t, Ge*)
329, 335, 342, 343, 359]. In other cases data from other glass and pentavalent (P>*) glass formers which all have larger ¢
systems were used, including silicates (Na®) [364], german- > 10. In the case of Si** and Ge**, N, = 0 for the com-
ates (Ca®>t and TI1) [21, 363] and phosphates (Mg”) [365]. positions measured [37, 366]. P,O5-B,O3 glasses are rather
In the remaining cases Shannon-Prewitt ionic radii [360-362] curious in that they only form at rather low P,Os contents,
were used for five-fold Mn?>* (high spin) and Cd**, 7-fold  where N4 > 0 has been found [52]. This limited glass forming
Sr>* and 9-fold Cs. region has been attributed to the need for perfect topological
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ordering between [B@;]~ and [P@4]" units, which tends to
lead to crystallization of BPO,. Indeed, extrapolations from
ternary borophosphate glasses indicate high N4 fractions in
the hypothetical P,Os-rich binary borate glasses [52]. Te*t
appears to be right on the limit of the linear relationship, with
high ¢ ~ 7.1 eA~" and n™>* approaching 1. Indeed, it should
be noted that the n™** ~ 1 is not a true maximum in the sense
that it is not clear from the available data if the derivative
ON4/0n goes to zero. Interestingly, trivalent AI>* has a similar
@ ~ 7.5 eA~! but is not known to generate tetrahedral boron
in pure aluminoborate glasses [182]. This is likely due to the
propensity for tetrahedral aluminum [Al@4]~ units which are
not suitable for charge balancing [B@,]~, whereas in the tel-
luroborate glasses, the Te** lone pair causes a small number
of short bonds to form to oxygen, and [Te@3]™" units are well
suited to charge balancing [B@,]". Overall, it is clear that the
linear relationship breaks down at high ¢, where the specific
mechanisms of charge balance become quite different, and
very much cation dependent. It is also worth mentioning that
the linear relationship fitted to the data in figure 52 has no the-
oretical justification, it is merely the simplest functional form
available that approximately describes the data. Furthermore,
there are several outliers which are not described by the linear
relationship, particularly Mn?*, but for which the true uncer-
tainties in n™** are unclear.

Finally, it is apparent that in some cases, particularly that of
Ca0O-B, 03 glasses, that the consensus on N4(x) is quite poor,
figure 53. Does this point toward a particularly large sensitivity
of N4(x) to thermal history in this case? Or is it simply down to
the various systematic uncertainties of the individual studies,
which by chance plague this system more than others? These
questions can be readily answered with suitably designed stud-
ies. In the first instance, through studies of the temperature,
and fictive temperature, dependencies of N4. In the second
instance, through multi-technique approaches, whereby, for
example, !'B MAS NMR, IR reflectance spectroscopy and dif-
fraction methods are all applied to a single set of glasses, with
the expectation that a consensus would be obtained, at least for
that set of glasses with their given thermal histories. Notably,
the study by Lepry and Nazhat [115] involved sol-gel derived
amorphous calcium borate solids, with a calcination temperat-
ure of 673 K, which is well below the glass transition temperat-
ures of 870-930 K [281]. The low-temperature synthesis route
explains the very high CaO contents achieved. It is also tempt-
ing to speculate that the relatively high N4 values obtained by
both NMR and IR methods [115], figure 53, at high R > 1, are
a result of the general expectation for higher N4(T}) at lower
fictive temperature Ty. This would however require a special
mechanism enabling the metastable equilibrium for N4 to be
approached, one possibly provided by the very high surface
areas of the amorphous powders, which imbues higher mobil-
ity and additional relaxation routes. However, another explan-
ation might be the presence of organic and hydroxyl impurities
which might be expected, especially considering that the glass
powders were all discolored off-white, or even black in the
case of the lowest CaO content.

It is worth noting that the neutron diffraction studies by
Ohtori et al [257] and Suzuki et al [331] were seemingly based
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Figure 53. Compilation of N4 measurements on CaO-B,03 glasses
and amorphous solids. The shaded region indicates that of stable
liquid-liquid immiscibility in the equilibrium phase diagram, and
therefore data in this region may refer to inhomogeneous phase
separated glasses. The dashed line is N4 = R. References for

ND [254, 257, 331], NMR [45, 79, 90, 107, 110, 115, 122, 126, 127,
179] (data from Song et al [127] have been corrected for spinning
sideband intensities) and IR [115, 256]. The study by Lepry and
Nazhat [115] involved sol-gel derived amorphous calcium borate
solids.

on the same experimental data, but report different N4 values,
especially for calcium diborate glass. In this latter case, the res-
ult from Ohtori et al [257] appears to be in better agreement
with a wider range of other studies.

6. Future prospects and recommendations

The use of ''B MAS NMR will likely remain the go-to method
for N4 measurement in borate glasses. It should be reiterated
here that this method typically requires corrections to be made
to account for spinning sideband intensities in order to avoid
systematic inaccuracies. Nonetheless, despite the tremendous
numbers of N4 measurements made to date using I'B NMR,
looking at figure 13 it is quite clear that there are gaps in our
knowledge. Most glaring are the lack of N, measurements
in paramagnetic borate glasses. This is for good reason, and
largely due to the severe broadening effects arising due to
interactions with unpaired electrons and paramagnetic relax-
ation enhancement of the nuclear spins, which has led to a
general tendency of practitioners to avoid measuring spec-
tra from glasses containing paramagnetic ions as major com-
ponents (above dopant levels). The pioneering early work
by Park and Bray [174] on MnO-B,0; glasses, as well as
Bucholtz and Bray [56] on Fe,O3;-PbO-B,0; glasses used
low frequency field-sweep methods to enable collection of
the incredibly broad "B NMR spectral signals. It would be
a tremendous development to see a revival of such capab-
ility, particularly in light of the plethora of wideline NMR
methodologies now available [367], including those developed
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specifically for tackling paramagnetic systems [368, 369], and
taking advantage of modern capabilities including rapid MAS
and pulsed Fourier transform methodologies. Indeed, progress
has already been made in this direction in the case of Si
29Si NMR spectroscopy of paramagnetic minerals and glasses
[370].

In terms of vibrational spectroscopies, IR reflectance has
been shown to be preeminent in terms of quantifying Ny,
and this is the method which should be applied when seek-
ing accurate N4 values and trends. Of course, it still relies to
some extent on other methods in order to pin down the relat-
ive absorption of borate triangles and tetrahedra. However, the
dependence of the relative absorption on cation field strength
developed herein is now ripe for exploitation and extension to
other modifier cations, and to mixed-modifier glasses.

As demonstrated by this review, it is clear that a reason-
able number of diffraction studies of binary borate glasses
have been made, and used to quantify N4. Nonetheless, dif-
fraction methods appear underutilized when compared to both
NMR and IR spectroscopies. This is understandable given
the reliance on large-scale facilities: x-ray synchrotrons, nuc-
lear reactors and proton accelerator driven spallation neutron
sources. However, this needn’t be the case. The issue here is
perhaps largely one of a perception of difficulty in accessing
these facilities, and this barrier requires breaking down. For
one thing, advancements in radiation sources, detectors and
instrumentation have led to a steady increase in throughput,
and it is perfectly feasible nowadays to measure the neutron
or x-ray structure factors for large numbers (several 10 s) of
glasses in a single experiment, with each measurement fypic-
ally on the order of a few hours with neutrons, and minutes
with synchrotron x-rays. Furthermore, light modifier contain-
ing borate glasses can be measured routinely with specialized
laboratory-based x-ray sources (typically based on Ag-source
x-rays) on hour to day timescales. An additional barrier to the
application of neutron diffraction to borate glasses is the need
to isotopically enrich in ''B, in order to avoid significant levels
of the strongly neutron absorbing '°B isotope (20% natural
abundance). However, !'B is relatively cheap as isotopes go,
partly due its status as a by-product of '°B enrichment utilized
by the nuclear industry.

Diffraction methods present an excellent opportunity for
addressing the paucity of information available on the struc-
ture of paramagnetic borate glasses, and with far fewer chal-
lenges than those posed by the application of NMR to such
materials. Diffraction methods are also relatively well suited to
quantitative in-situ measurements under extreme conditions of
high-temperature and/or high-pressure, with clear opportunit-
ies in this direction.

We call on future authors of diffraction studies to report on
the mean B—O bond length in borate glasses wherever pos-
sible, and at the very least to use this as a check on the dir-
ectly determined B—O CNs, if not to also provide a more pre-
cise and accurate estimate of N4 using bond-valence based
methodology.

Water borate glasses deserve the attention of both modern
NMR methods and high-Q diffraction studies, in order to build
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on the early work done by Silver [43], Meller and Milberg
[345, 346], and later studies by Briining et al [347, 348]. This
could include neutron diffraction, where isotopic substitution
of hydrogen by deuterium can be exploited to provide con-
trast and more detailed structural information than is avail-
able from a single measurement or isotopologue. An example
includes recent work on aqueous potassium borate solutions
[371].

The two apparent anomalies of the thallium borate glasses
also deserve further attention, with the caveat that thallium is
incredibly toxic and requires great care when working with
it. Specifically, the observations that Ny > R for R < 1 and
N4 > 0.5 for R > 1 (figure 43) require confirmation and
explanation. Given sufficient safety precautions, other binary
borate systems containing toxic modifiers would also be of
interest, but they can pose additional challenges, including
phase separation with a very wide immiscibility gap for beryl-
lium, and likely mixed oxidation states for low melting arsenic
(As’T/As>*) borates. As is apparent from figure 13, there are
many other binary borate systems for which no N4 measure-
ments have been reported, and many of which likely do form
glasses. One example are vanadium borate glasses, which have
been prepared containing largely only pentavalent V> [372].
These would be excellent candidates for combined x-ray and
neutron diffraction studies, and should be amenable to stand-
ard "B NMR methods given the absence of lower valence,
paramagnetic, vanadium species.

Overall, whilst the field has been progressed a long way, we
cannot claim to have a quantitative means for predicting N4
in any arbitrary binary borate glass composition, much bey-
ond the limited applicability of the Ny = x/(1—x) relationship
which holds for low levels (x < 30 mol% M,0 or MO) of
monovalent (excluding hydrogen) and some divalent modifi-
ers. In this spirit, the application of machine learning to the
N, database presented herein could be incredibly fruitful, and
should be tested for predicting N4(x, T), including for the cases
of modifiers for which no measurements exist. This could be
achieved by characterizing modifiers by their field strengths,
cation potentials, electronegativities and polarizabilities, for
example. Such endeavors will not be without their challenges,
but should be well worth the effort.

It is worth noting here that we have not reviewed mod-
els which do exist for predicting N4 over extended ranges
of composition and/or temperature. These include the simple
axiomatic models for N4(x) proposed by Abe, Beekenkamp,
Gupta, Krogh-Moe and Griscom, which have been previously
reviewed and compared by Wright [15]. These models have
the advantage of simplicity, ease of calculation and lack of
empirical adjustable parameters. On the other hand, since they
do not include temperature dependence, and tend to maxim-
ize N4 under the constraints of their assumptions, they can
be considered only as low temperature limiting cases [15].
Furthermore, since these models contain no explicit depend-
ence on modifier identity, no single model can capture the
plethora of different N4(x) curves observed for binary bor-
ate glasses across the periodic table of ‘modifier’ oxides
(figure 13). At the other end of the scale is the model of
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ideal associated solutions (IAS), which considers the molten
state as comprised of chemical groupings found in the crystal-
line phases, with abundances based on their relative free ener-
gies of formation. This model has the advantage of including
temperature (and in principle pressure) dependence, as well
as composition dependence, but requires knowledge of not
only the stable crystal structures found within a given sys-
tem, but so too their temperature dependent free energies of
formation. The IAS model has been applied reasonably suc-
cessfully to Li and Na borates [373]. Intermediate between
the two aforementioned approaches is the boron coordination
change isomerization (BCCI) model [258, 295, 312], which
has been fitted to experimental N4(x, T) data. The BCCI model
is a relatively simple phenomenological model which allows
for interpolation, and perhaps limited extrapolation of, N4(x,
T), but which requires empirically estimated enthalpies and
entropies of the boron coordination change reaction. These
parameters have been shown to depend somewhat on x [258,
312], and are also expected to depend on modifier identity,
requiring further measurements to constrain the model over
a wider compositional space. Finally, there are now numer-
ous classical interaction potential parameterizations, as well
as first principles approaches for modeling borate melts and
glasses using molecular dynamics. It is unlikely any of these
can capture the temperature and composition dependence of
N4(x, T), owing to the unrealistically high quenching rates
necessitated by available computational resources. Or in other
words, molecular dynamics might allow for reasonable pre-
diction of N4(x, T) in the equilibrium and mildly supercooled
liquid state, but will then tend to underestimate it in the glassy
state owing to the overly rapid quenching timescale. Or, if
the potentials are tuned to yield agreement with experimental
N4(x) for glasses, they will then likely fail to capture N4(x, T)
in the liquid state.

In limiting the scope of this review to just a single important
structural parameter (N4), and to binary borate glasses, con-
taining only a single cation in addition to boron, and with only
a single anion (0%7), we have been able to be reasonably com-
prehensive with our review. To obtain an analogous review and
database for more complex, multicomponent, borate-bearing
glasses will likely require a large degree of automated data
mining, in addition to the necessary human input, given the
daunting vastness of the glass-forming composition space and
the correspondingly larger number of studies involving such
materials to date.

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files) or upon reas-
onable request from the authors. A database of all of the Ny
values presented, along with associated metadata, is included
as a supplementary file to support future efforts. We note that
during the proof stages of this manuscript, it was noticed that
an NMR study of GeO,-B,0; glasses had been omitted [374].
This study effectively demonstrates that Ny = O for all glass
compoistions in this binary system, at least from 16 to 92
mol% GeO,.
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