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Short-range structure, the role of bismuth and
property–structure correlations in bismuth borate
glasses†

C. P. E. Varsamis,*a N. Makris,b C. Valvic and E. I. Kamitsos *b

Bismuth-containing borate glasses, xBi2O3–(1 � x)B2O3, were synthesized in the broad composition

range 0.20 r x r 0.80 by melting in Pt crucibles and splat-quenching between two metal blocks.

Infrared reflectance spectra, measured in the range 30–5000 cm�1, were transformed into absorption

coefficient spectra and then deconvoluted into component bands to probe the glass structure as a function

of composition. Integrated intensities of bands above 800 cm�1 were used in combination with mass and

charge balance equations to quantify the short-range borate structure in terms of the molar fractions X4m,

X4o, X3, X2, X1 and X0 for borate units BØ4
�, BØ2O2

3�, BØ3, BØ2O�, BØO2
2� and BO3

3�, where Ø and O�

denote bridging and non-bridging oxygen atoms. Borate tetrahedral units were found to be present in both

the meta-borate, BØ4
�, and ortho-borate, BØ2O2

3�, forms with BØ4
� constituting the dominating

tetrahedral species for 0.20 r x r 0.70. The BØ2O2
3� units prevail at higher Bi2O3 levels (x 4 0.7), and

coexist with their isomeric triangular borate species BO3
3� (BØ2O2

3� " BO3
3�). The present IR results for

the total molar fraction of borate tetrahedral units, X4 = X4m + X4o, are in very good agreement with

reported NMR results for the fraction of boron atoms in four-fold coordination, N4. Besides evaluating X4m

and X4o, the present work reports also for the first time the fractions of all types of triangular borate species

X3�n with n = 0, 1, 2 and 3. The IR region below 550 cm�1 was found to be dominated by the Bi–O

vibrational activity in coexisting ionic (160–230 cm�1) and distorted BiO6 sites (330–365 cm�1 and

475–510 cm�1), a result reflecting the dual role of Bi2O3 as glass-modifier and glass-former oxide. The latter

role dominates in glasses exceeding 60 mol% Bi2O3, and is consistent with the extended glass formation in

the bismuth-borate system. The structural results were used to calculate the average number of bridging

B–Ø bonds per boron center, the average Bi–O and B–O single bond energy, and the atomic packing

density of the studied glasses. These properties vary approximately linearly with Bi2O3 content in the three

regimes 0.2 r x r 0.4, 0.4 o x r 0.6 and 0.6 o x r 0.83, and contribute collectively to the composition

dependence of glass transition temperature.

1. Introduction

Bismuth borate glasses constitute a promising family of materials
for contemporary technological applications. For more than two

decades the majority of such applications involved the field of
photonics,1–15 while recent investigations recognize that the non-
toxic bismuth borate glasses may replace radiation shielding
concretes and lead-based commercial glasses for gamma ray
and neutron radiation shielding applications.16–18

Early studies19 suggested that potential alternatives to semi-
conductor materials with nonlinear optical properties could be
transparent glasses with high linear refractive index. Thus,
stable glassy systems having a broad forming range and
containing highly polarizable metal ions are desirable; one
possible candidate is the bismuth-borate system. The pioneering
work on the complete phase diagram of the Bi2O3–B2O3 system
by Levin and McDaniel20 showed that stable glasses can be
prepared with up to ca. 76 mol% Bi2O3, whereas five crystalline
compounds also exist with molar ratios of bismuth oxide to
boron oxide of 1 : 4, 1 : 3, 3 : 5, 2 : 1 and 12 : 1. Among these
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crystals, the monoclinic BiB3O6 shows exceptionally large linear
and nonlinear optical coefficients.21,22 More recent studies on
glass formation and properties in the bismuth-borate system
extended the glass forming range up to ca. 88.2 mol% Bi2O3 by
employing the twin roller quenching technique.23,24

Glasses xBi2O3–(1 � x)B2O3 continue attracting interest
mostly because of their unique linear and nonlinear optical
properties which can be tuned by varying the Bi2O3 content over
a broad composition range.23–27 For example, the second order
non-linear optical susceptibility induced by thermal poling was
found to increase with increasing the Bi2O3 content,8 and the
third order optical non-linearity is one order of magnitude
larger than that of silica glass and has a response time faster
than 200 fs.9 In addition, doping bismuth borate glasses with a
variety of rare earth ions, like Dy3+, Eu3+, Tb3+ and Nd3+ makes
them luminescence materials with potential applications in
solid-state lasers and optical amplifiers.11,12,15 Recently,
bismuth-borate glasses have been used as suitable matrices
for the incorporation of gold nanoparticles resulting in materials
with high refractive index suitable for photonic applications.14

Bismuth-borate glasses have also large and positive values of
the thermo-optic coefficient (dn/dT), i.e. large changes of the
refractive index with temperature, with dn/dT increasing with
Bi2O3 content.28

The correlation of properties with composition and
structure allows for the tuning of the glass response according
to specific technological applications. Therefore, the investigation
of chemical, physical/optical and structural properties of Bi2O3-
containing borate glasses is of key importance and several efforts
have been made in this direction.29–38 In previous studies, a
multitude of characterization techniques have been employed
including XPS,29,30 infrared,29,32,33,38 Raman,25,32–35 neutron
diffraction,31 and 11B MAS NMR.25,37

It is widely documented that the structure of metal oxide-
containing borate glasses consists of borate tetrahedral and
triangular units; the number of non-bridging oxygen atoms on
the latter units depends on the modification level of the borate
network.39–55 In the absence of metal oxides, i.e. pure B2O3

glass, the borate structure contains only neutral BØ3 triangles
(Ø denotes an oxygen atom bridging two boron centers), of
which ca. 75% are arranged in planar six-membered boroxol
rings.56 Upon addition of metal oxide to B2O3, BØ3 triangles
are converted initially to charged tetrahedral units BØ4

�.
The further increase of metal oxide content results in the
progressive depolymerization of the borate backbone, through
the breaking of B–O–B linkages and the creation of non-
bridging oxygen atoms (NBO, or O�). The latter are formed
mainly on charged triangular borate units which change
gradually from BØ2O� to BØO2

2� and to BO3
3� i.e. from

metaborate to pyroborate and to ortho-borate triangular moieties,
respectively.39–55

Previous investigations on xBi2O3–(1 � x)B2O3 glasses
revealed the coexistence of borate tetrahedral and triangular
units for modification levels up to ca. x = 0.70.25,31,34,37 For the
quantification of the borate structure, the molar fraction of
tetrahedral borate units, N4, was obtained by NMR25,37 and

neutron diffraction31 techniques. The NMR results showed that
N4 exhibits a maximum value at about x = 0.42, while neutron
diffraction data indicated a gradual increase of N4 from N4 =
0.38 at x = 0.30 to N4 = 0.48 at x = 0.67. However, neither
the nature of the borate triangles was unambiguously
identified nor their molar fractions were obtained in previous
studies;25–31,34,36–38 due mostly to two reasons. First, the
employed NMR and neutron diffraction techniques could not
easily distinguish the different types of triangular borate units.
Second, when infrared spectroscopy was used, by which the
vibrational modes of different triangular borate units can be
resolved,44–50 the infrared spectra of bismuth-borate glasses
were measured using the KBr pellet technique.29,32–38 While
this method allows for the derivation of qualitative information,
it leads usually to partial hydrolysis of the dispersed glass, to ion-
exchange phenomena and to the mixing of transmission and
reflection responses; these factors lead to spectral distortions
and to non-reproducible intensities of the infrared absorption
bands.45,57

The literature overview presented above shows that a
detailed mapping of the borate network structure as a function
of bismuth oxide content is still lacking. We present here for
the first time, to the best of our knowledge, a systematic
investigation in the bismuth-borate glass system by means of
infrared reflectance spectroscopy. This technique has been
successfully applied in the past to study different families of
glasses, to quantify their network structure and to reveal the
nature and distribution of sites hosting the metal ions.44–50,57

Specifically, the analysis of the mid-infrared spectra, i.e. above
ca. 650 cm�1, can facilitate the quantitative mapping of the
borate structural units; whereas information about the oxide
sites hosting the Bi ions can be deduced from the analysis of
far-infrared profiles. This will permit to identify the role of
Bi2O3 in borate glasses either as modifier and/or as glass-
former oxide. The quantification of structure allows discussing
the evolution of glass transition temperature on the basis of
glass rigidity, as viewed in terms of the average number of
bridging boron–oxygen bonds per boron center, the average
boron–oxygen and bismuth–oxygen single bond energy and the
atomic packing density of the bismuth-borate glasses.

2. Experimental
2.1. Glass preparation

Bismuth-borate glasses with the nominal composition xBi2O3–
(1� x)B2O3 were prepared by mixing appropriate stoichiometric
amounts of high purity (499.5%) reagent-grade anhydrous
Bi2O3 and B2O3 powders. Batches corresponding to approxi-
mately 5 g were thoroughly mixed, placed in Pt crucibles and
melted for 15 minutes at temperatures between 800 and 1000 1C
depending on composition. The use of Pt crucibles and low
melting temperatures are crucial factors, because a previous
investigation on glasses containing bismuth oxide showed that
silica and porcelain crucibles are very strongly corroded when
used for melting and this leads to alterations of glass
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composition.58 The melts of this study were homogenized by
frequent stirring, and glass samples were prepared by the
conventional splat-quenching technique by quenching the melt
between two polished stainless-steel blocks. With this preparation
method, nine bismuth-borate compositions were obtained in bulk
glass forms in the range 0.2 r x r 0.8 (x = 0.2, 0.3, 0.4, 0.5, 0.6,
0.65, 0.7, 0.75 and 0.80). The glass specimens had thickness of
about 1 mm with smooth and flat surfaces, suitable for specular
reflectance measurements without any further treatment. The
prepared glasses were light yellow to brownish with increasing
the Bi2O3 content.

2.2. Infrared spectroscopy

Infrared (IR) reflectance spectra were measured on a vacuum
Fourier-transform spectrometer (Bruker IFS 113v) at room
temperature. A quasi-normal incidence mode (111) was
employed with an aluminum mirror as reference. Different
infrared sources (globar and Hg arc lamp) and detectors (DTGS
with KBr and polyethylene windows) were used to cover effec-
tively the 30–5000 cm�1 frequency range. Mid-infrared spectra
(400–5000 cm�1) were measured with a KBr beam splitter,
whereas far-infrared spectra at frequencies below 700 cm�1

were collected using five different mylar beam splitters with
thickness 3.5–50 mm. Each spectrum, measured using a parti-
cular optic configuration, is the average of 200 scans with
2 cm�1 resolution. The final reflectance spectrum of each glass
composition results from the appropriate merging of the six
individual measured spectra to give a continuous spectrum in
the 30–5000 cm�1 range.

The measured reflectance spectra were analyzed by the
Kramers–Kronig (KK) method to calculate the real, n(~n), and
imaginary, k(~n), parts of the complex refractive index ñ(~n) =
n(~n) + ik(~n), where ~n is the frequency in wavenumbers (cm�1).
The KK procedure requires extrapolation of the measured
reflectance spectrum at the two limits ~n - 0 and ~n - N, as
has been described in previous studies.45,57 The results
of this study are presented and discussed here in terms of the
absorption coefficient spectra a(~n) calculated by a(~n) = 4p~nk(~n).
Then, the absorption coefficient spectra were deconvoluted
into Gaussian component bands, Gi(~n), according to the
relationship:

a ~nð Þ ¼
Xn
i¼1

Gi ~nð Þ ¼
Xn
i¼1

Ai

wi

ffiffiffiffiffiffiffiffi
p=2

p exp �2 ~n � nið Þ2

wi
2

" #
(1)

where the parameters ni, wi, Ai denote the resonance frequency,
width and integrated band intensity of each Gaussian component,
respectively.59 The deconvolution procedure relates to the deter-
mination of the best values of the adjustable parameters ni, wi, Ai

in order to obtain the most accurate description of the calculated
a(~n) spectrum. The fitting procedure requires using, as a first step,
the simplex algorithm followed by the application of the
Levenberg–Marquardt algorithm, with a tolerance of 10�8.60

In the fitting procedure, the minimum number of component
bands is used and, at the same time, the width values of the
component bands that are assigned to the same vibrational mode

of a particular structural unit are restricted to differ by less than
10% for different glass compositions. By imposing this constraint,
it becomes meaningful to extract a quantitative description for the
glass speciation.

3. Results

The reflectance spectra of glasses xBi2O3–(1 � x)B2O3 are
depicted in Fig. 1 and 2 for 0.2 r x r 0.5 and 0.6 r x r 0.8
respectively. As the Bi2O3 content increases the far-IR activity
shifts to higher frequencies and enhances relative to that in the
mid-IR range. The far-infrared profiles of the studied glasses
should result mainly from vibrational modes of Bi-containing
oxide sites, while the mid-infrared activity arises from B–O
vibrations in borate entities.44–52

A detailed consideration of the spectral profiles and their
composition dependence will be presented next in the absorption
coefficient formalism, a(~n). The calculated a(~n) spectra are depicted
in Fig. 3 and 4 after being normalized to their band maxima and
appropriately shifted for better visualization.

3.1. Mid-infrared spectra

Inspection of Fig. 3 and 4 shows that all mid-infrared spectra
exhibit three distinct absorption profiles, situated between ca.
600–750 cm�1, 750–1150 cm�1 and 1150–1600 cm�1, with shape
and relative intensity depending strongly on glass composition.
According to previous studies,44–52,57 the high-frequency IR
envelope at ca. 1150–1600 cm�1 originates from asymmetric
B–O stretching vibration modes of borate triangular units, while
the corresponding modes of tetrahedral borate units are active at
lower frequencies (750–1150 cm�1). Deformation modes of the
borate units give rise to weaker absorption bands in the ca. 600–
750 cm�1 range. For example, the relatively narrow peaks at
700 and 710 cm�1 in Fig. 3 and 4 can be attributed to the out-of-
plane bend of borate triangular units.

Fig. 1 Infrared reflectance spectra of glasses xBi2O3–(1 � x)B2O3 with x =
0.2, 0.3, 0.4 and 0.5.
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It is observed that the high-frequency profile exhibits a red
shift upon increasing the Bi2O3 content, the peak maxima
shifting from 1375 to 1310 cm�1 for 0.2 r x r 0.5 and from
1285 to 1240 cm�1 for 0.6 r x r 0.8. In addition, the
bandwidth of the high-frequency profile decreases progressively
upon increasing the modification level. It is noted that
pronounced red shifts of the high-frequency IR absorption
envelopes were observed also in recent studies of Sr,Eu borate
glasses51 and highly modified Sr,Mn borate glasses.61 These
trends have been attributed to the progressive depolymerization
of the borate network as meta-borate triangles, BØ2O�, in super-
structural units transform progressively to pyroborate dimers,

B2O5
4�, and to ortho-borate monomers, BO3

3�, upon increasing
the degree of modification.

For x = 0.20 and 0.30, the high-frequency envelope is
characterized by the presence of a peak at 1375–1360 cm�1

and a shoulder at ca. 1270 cm�1, which signal the presence of
meta-borate triangles, BØ2O�. In particular, the peak at 1375–
1360 cm�1 can be attributed to the stretching of B–O� bonds
and the lower-frequency shoulder to the stretching of B–Ø
bonds in BØ2O� triangles. Previous studies of lithium
borate45 and silver borate47 glasses showed that replacement
of a bridging oxygen (Ø) by a non-bridging one (O�) in a BØ3

triangle of D3h symmetry to form a BØ2O� unit will reduce the
symmetry to C2v, and this will split the doubly generate E0

asymmetric stretching mode under D3h into two IR-active
components of A1 and B2 symmetry. This phenomenon is
manifested in the infrared absorption spectra of Li- and
Ag-borate glasses by the appearance of two component bands
in the 1220–1250 cm�1 and 1435–1450 cm�1 frequency ranges,
attributed to the stretching of B–Ø and B–O� bonds of BØ2O�

units, respectively. Similar results were found in recent studies
of highly modified borate glasses.51,52,61 The observed
decrease in frequency of the B–O� stretching in BØ2O� units
(1375–1360 cm�1) in the present study suggests stronger inter-
actions between Bi3+ ions and non-bridging oxygens, which
consequently weakens the strength in B–O� bonding and
increases the degree of covalence in Bi–O bonding.

For compositions with x = 0.4 and 0.5, the progressive
downshift of the peak frequency to 1325 and 1310 cm�1 is
attributed to the formation of pyroborate dimers, B2O5

4�, in
accordance with previous findings in highly modified
borate glasses.45,51,52,61 As shown in Fig. 3, this downshift is
accompanied by the presence of a shoulder at ca. 1210 cm�1.
Such features are typical for the asymmetric stretching of the

Fig. 2 Infrared reflectance spectra of glasses xBi2O3–(1 � x)B2O3 with x =
0.6, 0.7, 0.75 and 0.8.

Fig. 3 Calculated absorption coefficient spectra, a(~n), of glasses xBi2O3–
(1 � x)B2O3 for x = 0.2, 0.3, 04 and 0.5. All spectra are normalized to their
maximum intensity value and shifted for better visualization.

Fig. 4 Calculated absorption coefficient spectra, a(~n), of glasses xBi2O3–
(1 � x)B2O3 for x = 0.6, 0.7, 0.75 and 0.8. All spectra are normalized to their
maximum intensity value and shifted for better visualization.
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terminal B–O� bonds (1325–1310 cm�1) and the B–O–B bridges
(1210 cm�1) in pyroborate units.45,51,52,61

At large Bi2O3 contents (0.6 r x r 0.8, Fig. 4) the high
frequency envelope consists of two distinct features, a peak at
1285–1240 cm�1 and a shoulder at ca. 1190 cm�1. These
spectral characteristics signal the formation of ortho-borate
units, BO3

3�,45,51,61 as they can be assigned to the splitting of
the doubly degenerate n3 asymmetric stretching mode of such
units. The presence of BO3

3� units is also manifested by
the well-defined peak around 710 cm�1 that is due to the their
out-of-plane bending mode.45,51,61

The absorption envelope of BØ4
� tetrahedral units, between

ca. 750 to 1150 cm�1, appears to gain its maximum intensity
relative to the high-frequency envelope for the composition
x = 0.4 (Fig. 3), indicating a maximum fraction of BØ4

� units.
At higher Bi2O3 contents, the 750–1150 cm�1 envelop loses
gradually intensity indicating the destruction of BØ4

� units in
favor of other structural entities. For x = 0.75 and 0.80, this mid-
frequency absorption profile is substantially narrowed by
almost 100 cm�1 and is characterized by the appearance of
peaks at around 840, 910 and 980 cm�1. Previous studies of
ortho-borate crystals YBO3,62 GdBO3,63 EuBO3, TbBO3 and
DyBO3

64 having the vaterite type structure, that consists of
BØ2O2

3� tetrahedra arranged in B3O9
9� rings, showed that

the strongest infrared activity is in the 800–1150 cm�1 range
with sharp peaks at ca. 870, 920 and 1010 cm�1. Along the same
lines, previous studies of superionic AgI-containing ortho-
borate glasses,65 Sr,Eu ortho-borate glasses51 and highly
modified Sr,Mn borate glasses52 supported the existence of
BØ2O2

3� tetrahedral units at very high modification levels. For
convenience, the assignments of the infrared bands discussed
here are summarized in Table 1 as a function of Bi2O3 content.

A key finding of this study is that the structure of bismuth-
borate glasses with modification level higher than x = 0.70
contains ortho-borate tetrahedra BØ2O2

3� in coexistence with
ortho-borate triangles BO3

3�. These species are present in
equilibrium because they are chemically isomeric, i.e. BØ2O2

3�"

BO3
3�. It is noted also that the formation of BØ2O2

3� tetrahedral
species, which have two bridging (Ø) and two non-bridging (O�)
oxygen atoms, is compatible with the very broad glass-forming
region 0.2 r x r 0.8 in xBi2O3–(1 � x)B2O3 glasses. While the
nominal ortho-borate composition (O/B = 3/1) corresponds to x =
0.5 in such glasses, 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.23 This is in contrast to lithium-borate glasses
xLi2O–(1 � x)B2O3 for which glass formation by splat-quenching
was possible up to x = 0.73, i.e. the pure ortho-borate glass
composition (x = 0.75) was not achieved due to partial crystal-
lization at x = 0.73.45 This can be rationalized in terms of the main
structural difference between these two glass systems; while BO3

3�

triangles are the only borate species present in Li-ortho-borate, they
coexists with their isomeric tetrahedral ortho-borate units BØ2O2

3�

in highly-modified Bi-borate glasses and this appears to prevent
crystallization.

The above findings are in line with reported structures and
infrared spectra of crystalline bismuth-borate compounds of
similar stoichiometry. Starting with the low Bi2O3 content x =
0.20, the structure of the Bi2B8O15 crystal consists of infinite
chains of meta-borate rings B3O6

3� linked together by BiO6

octahedra, BØ3 triangles and BØ4
� tetrahedra.66 The corres-

ponding mid-IR transmittance spectrum35 exhibits the two
characteristic bands of BØ2O� units centered at ca. 1250 and
1360 cm�1, and several peaks in the 800–1100 cm�1 range due
to BØ4

� tetrahedra. The BiB3O6 crystal, corresponding to x =
0.25 and having the meta-borate stoichiometry (O/B = 2/1),
consists of infinite chains of alternating meta-borate triangles
BØ2O� and meta-borate tetrahedra BØ4

� in a 1 : 1 ratio.67 The
mid-IR spectrum of BiB3O6 crystal35 resembles that of Bi2B8O15,
with characteristic absorptions of meta-borate triangular and
tetrahedral species.

The Bi3B5O12 crystal structure, x = 0.375, contains Bi3+

cations, isolated pentaborate type anions B5O11
7� and O2�

anions not bonded to any boron–oxygen group and situated
in the centers of isolated OBi3 triangles.68 The isolated

Table 1 Assignments of infrared bands of glasses xBi2O3–(1� x)B2O3. Frequency values of the component bands resulted from the deconvolution of the
IR spectra are given in Table 2

Composition Frequency range (cm�1) Assignment

x = 0.2–0.8 150–230 Bi–O stretch in ionic bismuth–oxygen sites
325–380 Asymmetric bend in distorted BiO6 sites
480–510 Asymmetric stretch in distorted BiO6 sites
595–615 In-plane bend of triangular borate units
695–710 Out-of-plane bend of triangular borate units

x = 0.20–0.75 820–850 B–Ø stretch in BØ4
� units

910–960
1020–1100

x = 0.60–0.80 810–820 B–Ø ring and B–O� terminal stretch in [B3O9]9� rings
of BØ2O2

3� tetrahedral units900–910
1025–1030

x = 0.30–0.65 1170–1215 B–O–B stretch in pyroborate units, BØO2
2�

x = 0.20–0.40 1215–1260 B–Ø stretch in BØ2O� units
x = 0.70–0.80 1155–1200 B–O� stretch in ortho-borate units, BO3

3�

1240–1290
x = 0.30–0.65 1270–1330 B–O� stretch in pyroborate units, BØO2

2�

x = 0.20–0.40 1330–1390 B–O� stretch in BØ2O� units
x = 0.20 1480 B–Ø stretch in BØ3 units
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pentaborate type anions are formed by two condensed rings
sharing a BØ4

� tetrahedron; one ring consists of this BØ4
�

tetrahedron and two BØ2O� triangles and the other involves the
common BØ4

� tetrahedron bonded to a BØ2O� triangle and to
a BØ2O2

3� tetrahedron.68 The mid-IR transmittance spectrum
of the Bi3B5O12 crystal35 exhibits a broad band centered at ca.
1320 cm�1 characteristic of BØ2O� triangles, bands in the
range 1030–1125 cm�1 for BØ4

� tetrahedral units and well
defined bands at 840 and 938 cm�1 consistent with the exis-
tence of BØ2O2

3� tetrahedra.
The structures of the crystalline compounds BiBO3 (ortho-

borate, x = 0.50) and Bi4B2O9 (x = 0.67) contain discrete planar
ortho-borate triangles, BO3

3�.69,70 The mid-IR transmittance
spectra35 of these two crystals can be fully described in terms of
bands attributed to BO3

3� vibrational modes; these include the
B–O asymmetric stretch (broad envelope in the 1100–1300 cm�1

range), and out-of-plane bend at 690 cm�1. The presence of multiple
bands in the 1100–1300 cm�1 envelope arises from the low positional
symmetry and the existence of non-equivalent sites for the ortho-
borate triangles in the crystal structure, which remove the degeneracy
of the asymmetric stretching vibration mode of the BO3

3� units.
To summarize this section, our mid-IR structural analysis

for four-fold coordinated B atoms in Bi-borate glasses suggests
the presence of meta-borate tetrahedral units, BØ4

�, for glasses
with 0.2 r x r 0.70, with ortho-borate tetrahedral units,
BØ2O2

3�, prevailing at higher modification levels. Units with
three-fold coordinated B atoms include the meta-borate
triangles, BØ2O�, dominating in glasses with x = 0.2 and 0.3,
and pyroborate dimers, B2O5

4�, for x = 0.3 to x = 0.6, while
the ortho-borate monomers, BO3

3�, constitute the majority of
triangular borate species for x Z 0.50.

3.2. Far-infrared spectra

Information on the bonding of metal cation in glass can be
deduced from the far-IR spectral region, where vibrations of
metal ions against their sites in the glass network are
active.44,45,52,57,61,65 As seen in Fig. 3 and 4, introduction of
Bi2O3 in the borate glass causes the progressive evolution of a
complex absorption profile which extends up to ca. 670 cm�1.
The contribution of this profile to the entire infrared response
increases with Bi2O3 addition, suggesting that its origin should
be traced mainly to vibration modes involving Bi cations.

Inspection of Fig. 3 shows that for the lower modification
levels, x = 0.2–0.4, the far-IR profile appears to consist mainly of
a low-frequency band with peak frequency increasing from
about 160 cm�1 (x = 0.20) to 200 cm�1 (x = 0.40). For the x =
0.50 glass, the low-frequency band about 220 cm�1 is in
co-existence with a higher-frequency component centered at
about 510 cm�1. These two features dominate the far-infrared
region for the rest of glass compositions, 0.60 r x r 0.80, as
depicted in Fig. 4. In addition, the first peak at about 240 cm�1

appears to loss intensity at higher Bi2O3 contents in favor of the
peak at about 510 cm�1, which at x = 0.80 becomes the
dominant feature of the entire IR spectrum.

We note that an infrared and Raman study of crystalline
a-Bi2O3 and bismuth oxide derivatives with sillenite structure

showed strong infrared activity in the 400–600 cm�1 range,
assigned to the stretching of Bi–O bonds in BiO6 polyhedra.71

Similarly, studies on multicomponent bismuthate glasses
assigned the far-IR absorption centered around 480 cm�1 to
the Bi–O stretching in strongly distorted BiO6 octahedral
moieties.32,33,36,72,73 The existence of BiO6 octahedra was
proposed also in Raman studies of unconventional lithium-
bismuthate glasses74 and ternary Bi2O3-containing phosphate
and borate glasses,75 in a neutron and X-ray diffraction study of
Bi2O3–Ga2O3 glasses,76 and in a structural study of Bi2O3–Fe2O3

glasses by X-ray diffraction, IR, EPR and Mossbauer
spectroscopies.77 On these grounds, we associate the band at
ca. 500 cm�1 with the formation of BiO6 octahedral units in the
bismuth-borate glasses of this study.

The lower-frequency peak in the 160–240 cm�1 range can be
attributed to vibrations of Bi cations against their ionic sites
formed by oxygen atoms of the glass network. This assignment
is in line with a plethora of previous investigations on metal
oxide-containing borate glasses by both experimental and
molecular simulations techniques.44–52,57,61,65,78–81

4. Discussion
4.1. Quantification of the short-range borate structure

The previously described qualitative picture for the evolution of the
borate structure with Bi2O3 content can be further elaborated to
determine the borate speciation expressed as molar fractions of the
various borate entities. To this aim, we proceed by considering the
deconvolution of the absorption coefficient spectra a(~n) according
to eqn (1). Representative deconvoluted a(~n) spectra are depicted in
Fig. 5 for x = 0.2 and x = 0.4 and in Fig. 6 for the x = 0.65 and x =
0.80 compositions, whereas the fitting parameters of the compo-
nent bands are listed in Table 2 for all glass compositions.

In the following, we focus on the bands 1–6 in the 750–
1600 cm�1 range which originate from the stretching vibration
modes of borate units and use the notation Xi for the molar
fraction of the unit having i bridging oxygen atoms per boron.
Thus, X4m denotes the molar fraction of meta-borate tetrahedral
unit, BØ4

�, and X3, X2, X1, X0 the molar fractions of BØ3,
BØ2O�, BØO2

2� and BO3
3� triangular units, respectively.

For glass compositions 0.20 r x r 0.40, mass and charge
balance considerations give:X

i

Xi ¼ 1 (2)

X4m þ X2 þ 2X1 þ 3X0 ¼
3x

1� x
(3)

Denoting by Aj the integrated intensity of the j-th component
band normalized by the total integrated intensity in the 750–
1600 cm�1 range, the quantities Aj and Xi are related as follows:

Aj ¼
X
i

Xiai (4)

where ai is the normalized absorption coefficient of the
particular vibration mode of a borate unit involved in the j-th
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component band.47 In eqn (4) the summation extends over the
different borate units that contribute to the activity of the j-th
component band.

Starting with the x = 0.20 glass composition, Fig. 5 shows
that the 750–1600 cm�1 range is best fitted with six component
bands. According to Section 3.1, the three bands at 1093, 957
and 824 cm�1 are due to BØ4

� tetrahedra, whereas the
components at ca. 1382 and 1258 cm�1 are due to the

stretching of B–O� and B–Ø bonds in BØ2O� units, respectively.
The remaining band at 1482 cm�1 originates from the stretching
of B–Ø bonds in neutral BØ3 triangles. This assignment is
consistent with the infrared spectrum of bure B2O3 glass that
exhibits a similar feature at ca. 1500 cm�1.45 Following these
assignments, eqn (2) and (3) take the forms:

X4m + X3 + X2 = 1 (5)

X4m þ X2 ¼
3x

1� x
¼ 0:6

0:8
¼ 0:75 (6)

From the above equations, we obtain directly the molar fraction
of BØ3 triangles, X3 = 0.25. Also, it is reasonable to assume that
aB–Ø values for B–Ø bond stretching in either BØ2O� or BØ3

units do not differ appreciably. In that case, eqn (4) for the
component bands at 1258 and 1482 cm�1 leads to A1258 = X2aB–Ø

and A1482 = X3aB–Ø. Then, division of the latter equations by
members and substitution of the integrated intensity values
from Table 2 gives:

A1258

A1482
¼ 1:68 ¼ X2

X3
) X2 ¼ 1:68 � X3 ¼ 0:42 (7)

Using the above result, the aB–Ø value can be estimated:

aB–Ø¼
A1258

X2
¼ 0:4624 cm�2. The obtained values for X2 and X3

and eqn (5) give the molar fraction of meta-borate tetrahedral
units X4m = 0.33.

The fitting results in Table 2 indicate that for x = 0.30 the
800–1600 cm�1 range is best fitted with five component bands
(Fig. 5, bands 2–6). The first three bands at 1079, 957 and
820 cm�1 are due to BØ4

� tetrahedra, whereas the components
at ca. 1393 and 1263 cm�1 are due to the stretching of B–O�

and B–Ø bonds of BØ2O� and BØO2
�2 units, respectively. For

the x = 0.30 glass, eqn (2) and (3) give:

X4m + X2 + X1 = 1 (8)

X4m þ X2 þ 2X1 ¼
3x

1� x
¼ 0:9

0:7
¼ 1:286 (9)

Subtracting eqn (8) from eqn (9) gives immediately X1 = 0.286.
Moreover, eqn (4) for the component at 1263 cm�1 takes the
form A1263 = (X2 + X1)aB–Ø and by using the fitting values
of Table 2 we obtain: A1263 ¼ X2 þ X1ð ÞaB–Ø) X2 þ X1 ¼
A1263

a
¼ 0:592. Thus, the calculated molar fractions of the borate

units are X1 = 0.286, X2 = 0.306, X4m = 0.408.
For the x = 0.40 composition, the 800–1600 cm�1 range is

best fitted with five component bands. The first three at 1066,
952 and 842 cm�1 are typical for BØ4

� tetrahedra, while the two
remaining components at 1331 and 1214 cm�1 originate from
the vibrations of both BØO2

2� and BO3
3� units. Eqn (2) and (3)

take now the following forms:

X4m + X1 + X0 = 1 (10)

X4m þ 2X1 þ 3X0 ¼
3x

1� x
¼ 1:2

0:6
¼ 2 (11)

These equations are easily reduced to:

Fig. 5 Deconvolution into Gaussian component bands of the infrared
absorption coefficient spectra, a(~n), of glasses xBi2O3–(1 � x)B2O3 with x =
0.2 (a) and 0.4 (b). Black solid lines represent the experimental spectra and
circle symbols (J) the simulated spectra. Gaussian component bands are
colored as follows; : band 1 attributed to BØ3 triangles (x = 0.2), :
bands 2 and 3 attributed to BØ2O� (x = 0.2) or to BØO2

2� and BO3
3�

triangles (x = 0.4), : bands 4–6 attributed to BØ4
� tetrahedral units. For

assignments of bands 7–11 see text and Table 2.

Fig. 6 Deconvolution into Gaussian component bands of the infrared
absorption coefficient spectra, a(~n), of glasses xBi2O3–(1 � x)B2O3 with x =
0.65 and 0.80. Black solid lines represent the experimental spectra and
circle symbols (J) the simulated spectra. Gaussian component bands are
colored as follows; : bands 2 and 3 attributed to BO3

3� triangles, :
bands 4–6 attributed to BØ4

� tetrahedral units. For assignments of bands
7–11 see text and Table 2.

B–Ø
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X4m = X0 (12)

X1 + 2X0 = 1 (13)

Eqn (11) shows that the glass x = 0.40 has the nominal
pyroborate composition, with two negative charges per boron
on the average. Therefore, the presence of the undermodified
BØ4

� tetrahedra (X4m) must be counterbalanced by the existence
of the overmodified ortho-borate BO3

3� triangles (X0). This is
achieved through the following disproportionation reaction of
pyroborate dimers:

B2O5
4� - B+4

� + BO3
3� (14)

The proposed reaction (14) is in agreement with the provision
of eqn (12).

To proceed further, we note that for compositions with x Z

0.65 the only borate triangles present are the BO3
3� units.

Also, we observe that for the two component bands attributed
to BO3

3� units, due to the splitting of their doubly degenerate
n3 asymmetric stretching mode, the results of Table 2 indicate
that the ratio of the integrated intensities of the low (1155–
1170 cm�1) vs. the high (1240–1270 cm�1) frequency compo-
nent band attributed to BO3

3� units is constant and equal to
0.14 for x Z 0.65. This was a constraint imposed in the fitting
procedure in order to minimize the residual between experi-
mental and simulated data in the x = 0.65 up to x = 0.80

composition range. With this constraint in mind, we return to
composition x = 0.40 for which eqn (4) gives for the two
components at 1331 and 1214 cm�1 the relations:

A1331 = (X1 + X0)aB–O� (15a)

A1214 = X1aB–Ø + 0.14X0aB–O� (15b)

where aB–O� is the normalized absorption coefficient for B–O�

bond stretching in either BØO2
2� or BO3

3� units. After sub-
stitution of aB–O� from eqn (15a) and using X1 + 2X0 = 1 from
eqn (13), the eqn (15b) then yields the following trinomial
expression:

X1
2aB–Ø + X1(aB–Ø � 0.14A1331 � A1214) + 0.14A1331 � A1214 = 0

(16)

The positive root of the above equation is X1 = 0.139 and, as
follows from eqn (12) and (13), X4m = X0 = 0.43. In addition, for
the normalized absorption coefficient for B–O� bond stretching
in either BØO2

2� or BO3
3� units one obtains the value aB–O� =

0.785 cm�2.
As mentioned in Section 3.1 and shown in Fig. 4, the borate

speciation for glasses with x = 0.50 and 0.60 involves BØO2
2�

and BO3
3� trigonal units and borate tetrahedra in the form of

either BØ2O2
3� or BØ4

�. The evaluation of molar fractions is
based now on the mass balance equation, eqn (3), and on
eqn (15), by adopting the previously calculated values for

Table 2 Deconvolution parameters of the a(~n) spectra of glasses xBi2O3–(1 � x)B2O3; resonance frequency ni (cm�1), width wi (cm�1) and integrated
intensity Ai (104 cm�2)

x 0.20 0.30 0.40 0.50 0.60 0.65 0.70 0.75 0.80

n1 1481.9
w1 82.1
A1 34.74
n2 1382.0 1393.0 1331.0 1315.3 1290.8 1270.0 1265.2 1251.2 1242.1
w2 130.0 136.3 159.6 143.9 137.1 142.1 135.4 134.6 126.2
A2 122.57 115.4 176.0 109.5 168.1 144.5 99.0 93.0 58.5
n3 1258.8 1262.8 1213.9 1199.3 1185.0 1171.4 1166.6 1158.2 1155.5
w3 100.0 140.6 93.1 101.7 87.4 73.7 68.3 65.0 63.5
A3 58.4 85.5 30.0 27.4 33.6 20.2 13.8 12.9 8.2
n4 1093.1 1078.8 1066.0 1060.5 1030.0 1025.0 1021.1 1024.4 1030.0
w4 110.0 90.2 107.1 88.5 109.9 107.9 109.5 105.2 130.0
A4 34.0 32.7 55.3 23.1 48.8 34.1 18.9 10.7 3.2
n5 957.3 957.0 952.1 942.7 927.1 912.8 908.3 909.1 900.0
w5 140.0 140.0 120.0 147.0 99.1 104.9 103.7 114.0 107.3
A5 38.0 62.7 65.4 59.4 31.7 28.0 16.5 14.6 6.8
n6 824.1 820.0 841.8 820.5 850.0 830.0 820.0 810.0 813.9
w6 130.0 110.0 140.0 130.0 126.0 140.0 150.0 139.7 119.1
A6 12.8 16.0 44.7 16.6 40.0 26.0 15.0 8.3 3.3
n7 703.2 697.1 697.3 705.3 703.6 707.5 709.6 709.9 711.1
w7 69.2 70.6 70.6 54.3 59.9 35.9 32.2 30.0 29.7
A7 11.1 13.3 15.8 7.1 13.3 7.3 4.6 4.4 3.2
n8 609.9 598.1 600.2 607.9 597.3 615.6 599.7 600.0 597.8
w8 110.0 108.6 110.0 120.0 90.0 92.1 100.8 84.3 79.2
A8 9.9 13.2 21.6 19.0 20.6 12.1 15.2 11.1 9.4
n9 475.0 480.0 490.0 493.2 495.0 505.0 500.1 505.8 510.0
w9 120.0 110.7 130.0 140.0 150 155.0 150.0 151.7 147.0
A9 8.2 13.0 32.8 37.0 96.1 102.9 77.0 92.5 76.1
n10 330.0 341.4 350.0 356.1 357.3 365.0 368.4 360.7 365.0
w10 120.8 140.0 137.5 140.0 125 120.0 130.0 130.0 135.0
A10 7.1 13.0 28.6 27.5 44.9 43.9 37.6 46.0 37.9
n11 161.5 185.3 195.5 209.6 225.0 220.0 230.8 225.4 232.0
w11 145.2 130.0 139.0 140.0 137.5 150.0 150.0 140.0 150.0
A11 12.1 16.9 38.3 38.3 81.6 103.9 74.1 72.6 54.2
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aB–O� = 0.785 cm�2 and aB–Ø = 0.4624 cm�2 and the results of
fitting for the normalized integrated intensities. In fact, a pair
of equations similar to eqn (15) applied for the first two
component bands, 1290–1315 cm�1 and 1185–1199 cm�1, can
be solved to obtain first the molar fractions X1 and X0 of
BØO2

2� and BO3
3� units. Then, the remaining molar fraction

of borate tetrahedra results from the mass balance equation.
With this procedure the calculated molar fractions for x = 0.50
are X1 = 0.145, X0 = 0.447 and X4 = 0.408, whereas for x = 0.60 the
corresponding values are X1 = 0.089, X0 = 0.576 and X4 = 0.335.
Details for the calculation of molar fraction of borate species
for x = 0.50 and 0.60 are presented in the ESI.†

For the remaining glass compositions, x = 0.65–0.80, the
molar fraction of BØO2

2� species vanishes and the molar
fraction of BO3

3� units can be deduced from the normalized
integrated intensity A2 of the highest-frequency component
band with center frequency 1242–1270 cm�1 (see Table 2), as
follows:

X0 ¼
A2

aB�O�
¼ A2

0:785
(17)

Then, the molar fraction of borate tetrahedra results from the
mass balance equation as X4 = 1 � X0, where X4 includes now
the new BØ2O2

3� ortho-borate tetrahedra and the remaining
meta-borate BØ4

� tetrahedra. The results for the short-range
borate structure as a function of the bismuth oxide content are
presented in Fig. 7.

The IR-derived molar fraction of borate tetrahedra X4 is
compared in Fig. 8a with the reported N4 values from NMR
spectroscopy.37 It is evident that in the common composition
range, between x = 0.2 and x = 0.65, the IR and NMR data are in
good agreement. The experimental X4 data are also compared
in Fig. 8a with the theoretical N4th value obtained if all oxygen
atoms introduced by Bi2O3 are forming BØ4

� units, N4th = 3x/
(1 � x). Clearly, the experimental rate for BØ4

� 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 BØ4

� units. For x = 0.3 the experimental N4 rate
reduces to x/(1 � x), indicating that 33% of the available oxygen
forms BØ4

� units. Therefore, the rest of the added oxygen
should participate in other structural arrangements, including
the non-bridging oxygen containing BØ2O� and BØO2

2� units
with molar fractions X2 and X1 (Fig. 7).

The last demanding task to fully resolve the short-range
borate structure is to separate the contributions of the BØ2O2

3�

and BØ4
� tetrahedral species to the X4 values, as resulted from the

analysis of the IR spectra. Unfortunately, the characteristic bands
of both tetrahedral borate species lie in the 800–1200 cm�1 range
and overlap strongly; thus, the deconvolution procedure cannot
be adopted in this case. Nevertheless, it is possible to evaluate the
contributions of the BØ2O2

3� and BØ4
� species by observing that

at low Bi2O3 contents x = 0.2 and 0.3 only BØ4
� species are present

and at the highest content, x = 0.80, BØ2O2
3� units prevail as

shown in Fig. 3 and 4 and discussed in Section 3.1. Based on the
results of Table 2 and the calculated X4 values, the normalized
absorption coefficients a4m and a4o for meta-borate BØ4

� and
ortho-borate BØ2O2

3� species can be evaluated: a4m = 0.865 cm�2

and a4o = 2.440 cm�2. Then, if we denote by X4m and X4o the
contributions to the molar fraction X4 of the meta- and ortho-
borate tetrahedra, the following equations result:

X4m + X4o = X4 a4mX4m + a4oX4o = A4t (18)

Fig. 7 Molar fractions of the short-range order borate units in glasses
xBi2O3–(1 � x)B2O3 as a function of composition, calculated from data of
the deconvoluted absorption coefficient spectra (Fig. 5, 6 and Table 2).
Lines are drawn to guide the eye. For details see text.

Fig. 8 (a) Comparison of the molar fractions of borate tetrahedral units in
glasses xBi2O3–(1 � x)B2O3 obtained in the present IR study, X4 (m), and in
the NMR study of ref. 37, N4 ( ). Dashed lines are drawn as guides to the
eye. The solid black lines present the theoretical value for the fraction of
BØ4

� units, N4th, formed at rates 3x/(1 � x), 1.3x/(1 � x) and x/(1 � x). (b)
Fractional contributions of the meta-borate tetrahedral units BØ4

�, X4m/
X4, and of the ortho-borate tetrahedral units BØ2O2

3�, X4o/X4, to the total
fraction X4 of borate tetrahedra in glasses xBi2O3–(1 � x)B2O3. Solid lines
are the fitted exponential curves according to eqn (20).
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where A4t is the total normalized integrated intensity of the
component bands attributed to borate tetrahedral (bands 4–6).
Then, solution of eqn (18) gives the molar fractions X4m and X4o

as follows:

X4m ¼
a4oX4 � A4t

a4o � a4m
¼ 2:440X4 � A4t

1:575

X4o ¼
A4t � a4mX4

a4o � a4m
¼ A4t � 0:865X4

1:575

(19)

The fractional contributions of the meta-borate, X4m, and the
ortho-borate, X4o, tetrahedra to the total population of borate
tetrahedra X4 are presented in Fig. 8b. In the same figure are
shown also the best fitted curves to the data, according to the
exponential formulae:

X4mðxÞ
X4ðxÞ

¼ Aþ BeCx

X4oðxÞ
X4ðxÞ

¼ A0 þ B0eCx

(20)

As shown in Fig. 8b, the relative populations of the BØ4
� and

BØ2O2
3� species are described well by exponential curves with

the constant C in the exponent being C = 11 � 1, the pre-
exponential factors are B = (�10 � 1)10�5 and B0 = (10 � 1)10�5,
and A = 1, A0 = 0.

4.2. Bonding of bismuth in borate glasses

As observed in Fig. 5 and 6, the infrared profiles below
650 cm�1 can be described by four component bands. Table 2
shows that the frequencies of these components are in the
ranges 162–232 cm�1 (band 11), 330–365 cm�1 (band 10), 475–
510 cm�1 (band 9) and 597–615 cm�1 (band 8). The latter
component (band 8) is related to borate species as it can be
assigned to the in-plane bending mode of borate triangular
units.45

The composition dependence of frequency and relative
integrated intensity of bands 9, 10 and 11 are shown in
Fig. 9a and b, respectively; relative intensities were obtained
by normalizing with the integrated intensity of the entire
infrared spectrum. The integrated intensity of band 11 shows
an increasing trend up to about x = 0.60 and then a tendency for
saturation at higher Bi2O3 levels. As noted above, band 11 can
be associated to bismuth–oxygen stretching, n(Bi–O), in ionic
sites formed by oxygen atoms provided by the borate network in
analogy to previous findings for metal oxide-containing borate
glasses.45,47,48,52,78–81

Bands 9 and 10 exhibit similar dependences on composition
in terms of both frequency and relative intensity. This suggests
that these bands can be associated to vibrations of the same
bismuthate species, like the BiO6 octahedra discussed in
Section 3.2. BiO6 octahedra would have two infrared active
T1u modes under Oh point group; the asymmetric stretching
(o3) and the asymmetric bending (o4) modes.82 Due to structural
distortions, the degeneracy of the o3 and o4 modes will be
removed in the glassy state and contribute to broadening of the
corresponding bands. Along these lines, we attribute band 9 to

the asymmetric stretch (o3) and band 10 to the asymmetric bend
(o4) of distorted BiO6 octahedra in borate glasses. Using
frequency data from Table 2 for the o4 (n10) and o3 (n9) modes
of BiO6 octahedra we find an average value of 0.71 for the
frequency ratio o4/o3, in good agreement with the average value
o4/o3 = 0.69 for octahedral Bi3+ complexes.82

We note also that the relatively high-frequency value of the
o3 mode (average 495 cm�1) indicates considerable covalence
in the Bi–O bonding. Nevertheless, the corresponding Bi–O
bond strength is lower than the average B–O strength as
suggested by the large difference in the so-called interaction
parameter for the corresponding cation–anion pairs, Ath, as
determined by Dimitrov and Komatsu;83 i.e. Ath(Bi2O3) = 0.008
and Ath(B2O3) = 0.244. In addition to this approach, a compar-
ison between the Bi–O and B–O bond strengths can be made by
employing experimentally derived values for the weighted
average frequency of the o3 and o4 modes for the BiO6 glass-
forming sites, nBi–O(f) = 451 cm�1, and the weighted average nB–O

frequency in 4-fold, nB–O(4) = 952 cm�1, and 3-fold, nB–O(3) =
1292 cm�1, coordinated boron–oxygen sites. For this, we used
frequencies n9 and n10 from Table 2 to calculate the weighted
average nBi–O(f) value, frequencies n4, n5 and n6 for nB–O(4) and
frequencies n2 and n3 for nB–O(3).

The harmonic oscillator model for the frequency of vibration
of an M–O bond gives nM–O = (1/2pc)(kM–O/mM–O)1/2 where c is the
speed of light and kM–O and mM–O are the force constant and
reduced mass of vibration; this leading to the following expression
for M = Bi and M = B:

kBi�O
kB�O

¼ mBi�O
mB�O

n2Bi�O
n2Bi�O

(21)

Approximating the reduced mass by mM–O = (mOmM)/(mO + mM)
where m is the atomic mass, and considering borate triangular
sites with average frequency nB–O(3) = 1292 cm�1, eqn (21) gives for
the glass-forming BiO6 sites kBi–O( f ) = 0.28kB–O(3) using

Fig. 9 Composition dependence of frequency (a), and of relative inte-
grated intensity (b) of component bands 9–11 obtained by deconvolution
of the infrared spectra of glasses xBi2O3–(1 � x)B2O3 (see Fig. 5, 6 and
Table 2). Lines are drawn to guide the eye.
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nBi–O( f ) = 451 cm�1. Application of the same equation to ionic
bismuth–oxygen sites, which manifest the glass-modifier role
of Bi2O3 with an average frequency nBi–O(m) = 210 cm�1, results
in kBi–O(m) = 0.06kB–O(3).

In conclusion, infrared spectroscopy gives values for the
average Bi–O bond strength reflecting the dual role of Bi2O3 in
borate glasses, i.e. as glass-forming and glass-modifying oxide
with average Bi–O bond strengths reaching about 28% and 6%
of the average B–O bond strength in triangular borate sites.

4.3. Property–structure correlations in bismuth-borate glasses

The strong effect of Bi2O3 on the nature and distribution of
structural units constituting the glass, as shown in Fig. 7 and 8,
can provide insights into the composition dependence of
physical properties. Previous studies focused on the optical
basicity and electronic polarizability of bismuth-borate
glasses.28,30 We consider here the glass transition temperature,
Tg, a property related to the rigidity of the glass network; the
latter reflects the interatomic bonding energy and the atomic
packing density of the glass.84,85

The composition dependence of Tg is shown in Fig. 10a,
based on data reported by Bajaj et al.37 for Bi2O3 contents up to
66 mol% and by George et al.24 for higher Bi2O3 contents
(Table 3). Clearly, Tg exhibits a decreasing trend upon increasing
Bi2O3 content and the rate of decreasing Tg appears to be
composition dependent. In particular, three composition
regimes can be distinguished where Tg exhibits approximate
linear dependencies on the Bi2O3 content: (I) 0.2 r x r 0.4,
where Tg decreases at a rather mild rate; (II) 0.4 o x r 0.6, with a
fast decrease of Tg; and (III) 0.6 o x r 0.83, where Tg decreases
at a reduced rate in comparison to regime II.

The variation of Tg with Bi2O3 content can be viewed in
terms of the molar fractions of the short-range units constituting
the borate structure (Fig. 7 and 8). The composition range I is
characterized by decreasing fractions X3, X2 and X1, while X4

increases towards its maximum value at x = 0.4. The net effect of
these structural rearrangements leads apparently to a decreasing
connectivity of the borate network as manifested by a slightly
decreasing Tg. In region II, the combined effect of decreasing X4

and the formation of the completely depolymerized ortho-borate
triangular BO3

3� species (X0) cause a pronounced decrease of Tg.
It is of interest to note that in region III the decrease of Tg slows
down, despite the continuing decrease of X4 and the rise of X0 as
observed in Fig. 7. This apparent discrepancy can be resolved by
recalling the increasing formation of ortho-borate tetrahedral
BØ2O2

3� species in region III (X4o in Fig. 8). This process restores
some of the borate connectivity, because BØ2O2

3� provides two
bridging boron–oxygen bonds (B–Ø) per boron in comparison to
zero B–Ø bonds offered by BO3

3� species.
For alkali-borate glasses M2O–2B2O3 (M = Li–Cs), Tg was

found to vary proportionally to the average number of bridging
B–Ø bonds per boron center, Nb.86 Using the molar fraction
data of this study, Nb can be calculated for bismuth-borate
glasses as follows:

Nb = 4X4m + 2X4o + 3X3 + 2X2 + X1 (22)

To calculate Nb for glasses not studied in this work, we used
interpolated or extrapolated values for the mole fractions of the
borate species involved in eqn (22). The obtained Nb values are
plotted in Fig. 10b versus Bi2O3 content, and are found to
exhibit approximate linear dependencies on composition in
the three regimes defined by the Tg response.

As observed in Fig. 10b, the slopes of the Nb variations show
differences compared to those of Tg; for example, the decrease
of Nb in regime II is not as steep as that of Tg. This indicates
that the proportionality constant between Tg and Nb is compo-
sition dependent. Also, although Nb plays a crucial role on Tg,
there are additional factors which influence Tg as well. They are
the strength of the metal cation–oxygen interactions,87 and the
effectiveness in packing of the glass constituents as quantified
by the atomic packing density Cg.84,85

Previous studies on alkali-borate,87 alkaline-earth borate,48

and transition metal-borate52 glasses, having fixed metal oxide
contents, demonstrated linear-dependences of Tg on the
strength of the M–O interactions, which express the ability of
the Mn+ cations to cross-link network segments through M–O

Fig. 10 Composition dependence of properties in glasses xBi2O3–(1� x)B2O3;
(a) glass transition temperature Tg,24,37 (b) average number of bridging boron–
oxygen bonds per boron center Nb, calculated from eqn (22), (c) average single
bond strength EM–O, calculated from eqn (24), and (d) atomic packing density,
Cg, calculated from eqn (26). Vertical dashed lines mark the Bi2O3 contents x =
0.4 and x = 0.6 which define three regimes (I, II and III) with different rates in the
composition dependence of Tg. Straight lines are linear fits to data in the three
composition regimes. For details see text.
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bonding. Instead of looking separately at the effects of metal
cation–oxygen (i.e., Bi–O) and B–O bonding on Tg, we propose
to evaluate their combined effect on the interatomic bonding
energy of the glass determining the rigidity of the glass
network, in terms of the average single bond energy EM–O

calculated as follows:

EM�O ¼
x

3ð1þ xÞ 6 1� fBi�O fð Þ
� �

EBi�O mð Þ þ 6fBi�O fð ÞEBi�O fð Þ
� �

þ ð1� xÞ
3ð1þ xÞ½4X4EB�O 4ð Þ þ 3 1� X4ð ÞEB�O 3ð Þ�

(23)

The above equation takes into consideration the coordination
numbers of bismuth and boron. For boron, information for
4-fold (X4) and 3-fold (1 � X4) coordination is taken from the
present IR results. Bismuth is assumed to have six-fold coordi-
nation in both glass-modifying and glass-forming sites,25 with
the fraction of Bi in the latter sites being obtained from the
corresponding far-IR relative intensity: fBi–O(f) = (A9 + A10)/(A9 +
A10 + A11). The terms EBi–O(m), EBi–O(f), EB–O(4), and EB–O(3) denote
the average bond energies in the corresponding Bi–O and B–O
sites. Considering that kBi–O(m) = 0.06kB–O(3) and kBi–O(f) =
0.28kB–O(3), and the relation kB–O(4) = 0.54kB–O(3) between three-
and four-fold borate sites, eqn (23) can be simplified to read:

EM�O ¼
x

3ð1þ xÞ 0:36þ 1:32fBi�O fð Þ
� �

EB�O 3ð Þ

þ ð1� xÞ
3ð1þ xÞ½3� 0:84X4�EB�O 3ð Þ (24)

For the average single B–O bond energy in three-fold borate
sites we use EB–O(3) = 498 kJ mol�1 28 and apply eqn (24) to

calculate the average single bond energy, EM–O, in glasses
xBi2O3–(1 � x)B2O3. The results are given in Table 3 and plotted
in Fig. 10c as a function of composition. It is found that
consideration of both borate and bismuthate constituents leads
to a rather smooth decrease in the average single bond energy with
Bi2O3 content. Nevertheless, progressive changes in the slop of
EM–O versus Bi2O3 content can still be seen in the three
composition regimes. In any case, the variation of EM–O

with composition is in line with the general trends of both Tg

and Nb.
Finally, we evaluate the composition dependence of the

atomic packing density Cg in bismuth-borate glasses. Cg is
defined as the ratio between the theoretical volume occupied
by the constituent ions and the real volume of glass. For
multicomponent glasses Cg is given by the general equation:

Cg ¼ d

4

3
pNA

P
fi arA

3 þ brB
3

� �
P

fiMi
(25)

where d is the glass density, NA is the Avogadro number, and fi

is the molar fraction of the ith glass component having
chemical formula AaBb, molar mass Mi, and ionic radii rA and
rB for atoms A and B, respectively.85 For glasses xBi2O3–
(1 � x)B2O3, eqn (25) reduces to the form:

Cg ¼ d

4

3
pNA 2xrBi

3 þ 2 1� xð ÞrB3 þ 3rO
3

� �
MW

(26)

Values of density (d) and molar weight (MW) are given in
Table 3, noting that the ratio d/MW in eqn (26) is the inverse
of the glass molar volume, 1/Vm. For radii we use effective ionic
radii of Shannon,88 taking the values rO = 1.35 Å for oxygen
and rBi = 1.03 Å for bismuth, the latter corresponding to Bi in
six-fold coordination. For the ionic radius of boron we take
into consideration the change in coordination number with
composition (x) and write rB = X4rB(4) + (1 � X4)rB(3),

89 where the
boron ionic radii for 4- and 3-fold coordination are rB(4) = 0.11 Å
and rB(3) = 0.01 Å;88 recognizing though that boron has a very
small effect on Cg in comparison to oxygen and bismuth.

The calculated Cg values are given in Table 3, while the
evolution of the atomic packing density with composition is
demonstrated in Fig. 10d. Despite the fact that the Cg values
seem to have relatively larger scattering than those for Nb and
EM–O, all three properties are found to exhibit a general
decreasing trend with Bi2O3 content. It is noted though that
Cg shows a maximum at x = 0.25, which should reflect the
minimum in Vm at the same composition as reported by
George et al.24 In any case, it is found that Nb, EM–O and Cg

all contribute to shaping the overall composition dependence
of Tg (Fig. 10a). Considering that the glass structure affects
directly Nb, EM–O and Cg as expressed by eqn (22), (24) and (26),
the present results demonstrate the close correlation between
Tg and glass structure in the broad glass-forming region of the
bismuth-borate system.

Table 3 Selected properties of glasses xBi2O3–(1 � x)B2O3; density d,
molar weight MW, glass transition temperature Tg, average number of
bridging boron–oxygen bonds per boron center Nb, average single bond
strength EM–O, and atomic packing density Cg. Values for Nb, EM–O and Cg

were calculated using eqn (22), (24) and (26), respectively

xBi2O3 da (g cm�3) MW (g mol�1) Tg
a (1C) Nb EM–O (kJ mol�1) Cg

0.20 4.46 148.89 469 2.91 331.7 0.590
0.25 5.05 168.71 469 2.75 305.4 0.598
0.30 5.47 188.52 463 2.52 282.0 0.588
0.33 5.64 200.41 459 2.28 269.9 0.575
0.375 6.01 218.25 447 2.03 252.7 0.569
0.40 6.25 228.16 440 1.77 243.4 0.570
0.41 6.36 232.12 433 1.82 240.6 0.572
0.42 6.39 236.08 432 1.79 237.3 0.566
0.47 6.74 255.90 414 1.75 221.8 0.558
0.50 6.87 267.79 408 1.70 212.8 0.549
0.53 7.07 279.68 393 1.60 205.2 0.545
0.55 7.21 287.61 378 1.53 200.0 0.543
0.60 7.55 307.42 358 1.28 187.6 0.538
0.65 7.76 327.24 342 0.94 176.3 0.527
0.70 8.10 347.06 328 0.76 164.6 0.524
0.75 8.33 366.88 319 0.47 155.3 0.516
0.80 8.67 386.69 312 0.14 146.9 0.516
0.82 8.75 394.62 307 0.06 144.4 0.513
0.83 8.92 398.58 306 0.03 143.1 0.519

a Density and glass transition temperature data are from Bajaj et al.37

for Bi2O3 contents up to 66 mol% and from George et al.24 for higher
Bi2O3 contents.
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5. Conclusions

Glasses in the system xBi2O3–(1 � x)B2O3 were synthesized by
melting in Pt crucibles and subsequent splat-quenching
between two stainless-steel blocks; this technique was found
to give homogeneous glasses in the continuous range 0.2 r
x r 0.8. The evolution of glass structure with composition (x)
was studied by infrared (IR) reflectance spectroscopy in a broad
and continuous spectral range, comprising well-separated
far- (30–650 cm�1) and mid-IR (650–5000 cm�1) responses for
bismuth-borate glasses. Absorption coefficient spectra were
calculated from the measured reflectance spectra, and were
deconvoluted into component bands attributed to vibration
modes of specific bismuthate and borate species.

The Bi–O vibrational activity was probed at low frequencies
in the far-IR region. It involves a band at 160–230 cm�1 due to
Bi–O stretch in ionic sites reflecting the glass-modifying role of
Bi2O3, and bands at 330–365 cm�1 and 475–510 cm�1 assigned
to the asymmetric bend and asymmetric stretch in distorted
BiO6 sites. The relatively high frequency of the latter bands
demonstrates considerable covalence in the Bi–O bonding in
BiO6 sites and manifests the parallel glass-forming role of
Bi2O3. Ionic Bi–O and relatively covalent BiO6 sites were found
to coexist in the composition region 0.20 r x r 0.80. The latter
sites prevail for Bi2O3 contents above 60 mol%, and account
for the extended glass-forming range of the bismuth-borate
system. Consideration of the corresponding IR frequencies
allowed estimating the average Bi–O bond strengths in glass-
modifying and glass-forming bismuthate sites; they reach ca.
6% and 28% of the average B–O bond strength in triangular
borate sites.

Bands arising from B–O stretching modes were found in the
810–1090 cm�1 and 1155–1490 cm�1 range for borate units
having tetrahedral and triangular B–O coordination, while
their bending modes are active in the 595–710 cm�1 range.
Comparison with previous IR studies on modified borate
glasses and bismuth-borate crystalline compounds allowed
the borate speciation as a function of composition. Thus, two
kinds of borate tetrahedral species were identified having the
meta-borate, BØ4

�, and ortho-borate, BØ2O2
3�, stoichiometry

where the oxygen atoms are all bridging (Ø) or two are bridging
and two non-bridging (O�), respectively. In addition, all
possible types of triangular borate units were identified in
bismuth-borate glasses for the first time, i.e. units BØ3, BØ2O�,
BØO2

2� and BO3
3� with increasing number of non-bridging

oxygen atoms per boron. The IR results on the relative inte-
grated intensity of bands characterizing the different borate
species were combined with mass and charge balance equations
to quantify for the first time all six type of borate species present
in the bismuth-borate glass system. The complete mapping of
the short-range borate structure as a function of composition
was achieved in terms of the molar fractions X4m, X4o, X3, X2, X1

and X0 of units BØ4
�, BØ2O2

3�, BØ3, BØ2O�, BØO2
2� and BO3

3�,
respectively. The present IR results for the total molar fraction X4

of the borate tetrahedral species, X4 = X4m + X4o, were found in
excellent agreement with reported N4 data from NMR

spectroscopy.37 In addition to X4 or N4, the present work gives
the X4m and X4o fractions as well as the fractions of all types of
triangular borate species X3�n where n = 0, 1, 2 and 3.

The composition dependence of the glass transition temperature,
Tg, of bismuth-borate glasses24,37 was discussed in terms of
three glass properties calculated using the structural results of
this work: the average number of bridging boron–oxygen bonds
(B–Ø) per boron center, Nb, the average Bi–O and B–O single
bond energy, EM–O, and the atomic packing density, Cg. It was
found that Nb, EM–O and Cg all exhibit approximate linear
dependencies on the Bi2O3 content in the three composition
regimes 0.2 r x r 0.4, 0.4 o x r 0.6 and 0.6 o x r 0.83, and
contribute to the overall composition dependence of Tg.
In conclusion, Tg-structure correlations are determined by the
combined effect of the borate cross-linking ability, the strength
of the interatomic bonding energy and the effectiveness of
atomic packing in the studied bismuth-borate glasses.
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