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A B S T R A C T

Ion-conducting lithium borotellurite glasses of composition (Li2O)y-[(2TeO2)x-(B2O3)1-x]1-y (y= 0.33 and 0.40
and 0 ≤ x≤ 1) were investigated by Raman and infrared (IR) techniques. The Raman spectra demonstrated the
transition from TeO4 trigonal bipyramid (tbp's) units to TeO3 trigonal pyramids (tp's) with terminal oxygens
upon increasing B2O3 content, but gave minimal information for the borate species due to their weak scattering
efficiency relative to the tellurite species. In contrast, IR spectroscopy was very effective in probing the vibra-
tional response of borate tetrahedra and triangles. Upon increase of tellurite content, the borate tetrahedra
showed enhanced absorption relative to borate triangles, this result being in line with an increased fraction of
borate tetrahedra seen in previous NMR studies. Raman and IR results are interpreted in the context of weak
Te…O-B interactions, through which tellurium oxide acts as a second modifier next to Li2O and leads to an
enhanced formation of borate tetrahedral units.

1. Introduction

Tellurite glasses are known to display interesting properties such as
high refractive index, good infrared transmittance, high dielectric
constant and low temperature of melting and, thus, their use can span
across a broad range of technological applications comprising optical
recording media, optical switching devices, Raman amplification etc.
[1–4]. Concurrently, lithium borate based glasses have been extensively
investigated over the years due to their high ionic conductivity, which
ultimately makes them prominent candidates for the design of efficient
solid electrolytes in energy storage applications [5–9]. Hence, it is
feasible to achieve fine-tuning of physical, optical and electrical prop-
erties by mixing the tellurite and borate network forming oxides. Such
mixing leads to non-linear variations in the ionic conductivity and glass
transition temperature with composition, a phenomenon known as the
mixed network former effect [10,11].

The implications of such network former mixing are enhanced by
the presence of the glass modifier ions [12]. As a result, important
questions arise concerning the degree of sharing of the modifier ions
among the two network formers and the extent of the interactions be-
tween the two glass sub-networks. Such questions have been recently
addressed for Na-tellurite-phosphate glasses (Na2O)1/3-[(2TeO2)x-
(P2O5)1-x]2/3 [13], Na-tellurite-borates (Na2O)1/3-[(2TeO2)x-(B2O3)1-

x]2/3 [14] and Li-tellurite-borate glasses (Li2O)y-[(2TeO2)x-(B2O3)1-x]1-y

[15]. The tellurite-phosphate system was found to exhibit a positive
mixed network former effect in both glass transition temperature and
ionic conductivity [13], in contrast to the two tellurite-borate glass
systems which show a negative mixed network former effect [14,15].
Possible structural origins of these opposite behaviours were in-
vestigated by spectroscopic techniques including solid-state nuclear
magnetic resonance (NMR) and X-ray photoelectron spectroscopy
(XPS). Thus, it was concluded that the positive mixed network former
effect is associated with the preferential formation of heteroatomic
linkages, e.g. Te-O-P [13], while the data for tellurite-borate glasses
were interpreted in terms of a tendency for avoidance of Te-O-B
bridges, indicating some degree of chemical segregation into binary Na
(Li)-borate and Na(Li)-tellurite domains [14,15].

Besides NMR, Raman and infrared (IR) vibrational spectroscopic
techniques can provide insights into the structural mechanisms control-
ling the properties of ternary glasses. Binary lithium-tellurite and li-
thium-borate glasses have been already studied by means of vibrational
spectroscopy. In particular, Raman spectra of lithium-tellurite and other
metal oxide containing tellurite glasses have clearly demonstrated that
upon increasing the metal oxide content there is a gradual conversion of
TeO4 trigonal bi-pyramids (tbp's) into TeO3+1 polyhedra with one or two
terminal oxygen atoms, which further transform into TeO3

2− trigonal
pyramids (tp's) with all oxygen atoms being terminal at relatively high
amounts of metal oxide [16–20]. In parallel, Raman studies on lithium-
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and other alkali-borate glasses have shown that the boroxol rings in
vitreous B2O3 are gradually modified through conversion of neutral tri-
gonal BO3/2 (O1/2 denotes bridging oxygen) units into tetrahedral [BO4/

2]− units due to the addition of alkali oxide, leading initially to the de-
velopment of large superstructural units (e.g. pentaborates) and, subse-
quently, to anionic triangular borate units with increasing number of
terminal oxygen atoms [12,21,22]. These and related studies [23–26]
have shown that, Raman spectroscopy is a powerful method for probing
boroxol rings as well as the formation of non-bridging oxygens (NBO's) in
modified borate glasses.

The knowledge on the structural evolution observed by Raman
spectroscopy is complemented by IR studies on the same glasses. For Li-
borate glasses in particular, the IR spectra display distinct absorption
bands assigned to borate triangular and tetrahedral species, and these
spectral features facilitate the quantification of boron speciation
[7,24–26] even for borate glasses containing paramagnetic ions like
Mn2+ and Cu2+ for which no NMR data are available [26]. Compared to
the rich infrared data available for Li-borate glasses, no infrared spectra
have been reported for Li-tellurite glasses to the best of our knowledge.

Considering the existing knowledge on binary Li-borate and tellurite
glasses and the effectiveness of both vibrational spectroscopies, we
employed here these techniques on ternary lithium boro-tellurite
glasses to enhance our understanding on the structural interplay be-
tween the borate and tellurite sub-networks, in light of the NMR work
performed by Oliveira et al. on the same glass samples [15].

2. Materials and experimental methods

2.1. Glass samples

Two series of lithium borotellurite glasses of composition (Li2O)y-
[(2TeO2)x-(B2O3)1-x]1-y with y= 0.33 and 0.40 were synthesized using
the conventional melt quenching technique [15]. Appropriate quan-
tities of the reactants (Li2CO3, H3BO3 and TeO2) were mixed in powder
form and heated in a platinum crucible at temperature varying from
700 to 1000 °C depending on composition. The melt was subsequently
splat-quenched on a stainless-steel plate at room temperature and the
formed glasses were then annealed at a temperature of Tg−50 °C for
4 h. Further details regarding the synthesis of these glasses can be found
in the work of Oliveira et al. [15]. Prior to spectroscopic measurement,
samples were polished to produce smooth surfaces suitable for high
quality IR reflectance spectra.

2.2. X-ray diffraction

The amorphous nature of lithium borotellurite samples was con-
firmed by X-ray diffraction (XRD) measurements. They were carried out
on powders of representative glass compositions with Cu Kα radiation,
angular range 15.0 ≤ 2θ/°≤80.0 and 120 s exposure (Agilent
Technologies, λ=1.5418 Å, with X-rays being generated at 50 kV and
0.8 mA). The XRD patterns shown in Fig. 1 are characterized by broad
halos which are typical of fully amorphous materials, in agreement with
reported XRD patterns of lithium-borate [27] and borotellurite [28]
glasses. In addition, the broad XRD patterns are in line with the Raman
spectra of this work (Fig. 2), which are also free of sharp peaks char-
acterizing crystalline compounds.

2.3. Spectroscopic techniques

Raman spectra were measured under backscattering geometry on a
Renishaw inVia Raman Microscope, using the 514.5 nm line of an Ar
ion laser for excitation. All spectra were recorded at room temperature
with 4 cm−1 spectral resolution. A 50x long working distance lens was
employed to form a laser spot diameter of 2–3 µm on the sample, with
no signs of laser-induced modifications being observed.

Infrared spectra were measured on a vacuum Fourier transform
spectrometer (Bruker, Vertex 80v), in quasi-specular reflectance mode
(11° off-normal). Reflectance spectra were separately recorded in the
far-IR (2000 scans averaged) and mid-IR range (400 scans averaged)
and then merged to form a continuous spectrum in the range 30–7000
cm−1. All spectra were measured against a high reflectivity gold mirror
at room temperature with 4 cm−1 resolution. Analysis of reflectance
spectra by Kramers–Kronig transformation yielded the absorption
coefficient spectra, a(v), from the expression =a v vk v( ) 4 ( ) where v is
the infrared frequency in cm−1 and k(v) is the imaginary part of the
complex refractive index [29].

3. Results

The unpolarized Raman spectra of lithium borotellurite glasses
(Li2O)y-[(2TeO2)x-(B2O3)1-x]1-y for y= 0.33 and 0.40 are shown in
Fig. 2a and b, respectively, as a function of tellurite content (x). The
Raman spectra of pure Li-tellurite glasses in Fig. 2a (x= 1, 0.2Li2O-
0.8TeO2) and Fig. 2b (x= 1, 0.25Li2O-0.75TeO2) are in very good
agreement with those reported for glasses having the same [16] or si-
milar compositions [17,18]. For both glass series, the addition of B2O3

leads to the gradual destruction of the tellurite network as manifested
by the decrease in intensity of the tellurite bands at about 460 and 665
cm−1, while the concomitant development of the bands at about 770
cm−1 mark the gradual formation of the borate network.

The Raman spectra of binary Li-borate glasses in Fig. 2a (x= 0,
0.33Li2O-0.67B2O3) and Fig. 2b (x= 0, 0.40Li2O-0.60B2O3) exhibit
their most prominent band at ∼770 cm−1 and are in very good
agreement with reported spectra [21,22]. Besides the strong and sharp
bands at ∼770 cm−1, the Li-borate glasses exhibit weaker and broader
features at 505–528 cm−1, ∼660 cm−1, 955–1000 cm−1, 1125 cm−1

and 1430–1470 cm−1. These weaker borate bands are strongly reduced
in intensity in the spectra of the ternary glasses, even in those at x= 0.2
glass compositions which contain 80% B2O3. This apparent dispropor-
tional reduction in the Raman activity of borate-related bands in Fig. 2
should originate from the large difference in polarizability, α, between
the Te4+ and B3+ ions, +Te4 =1.595 Å3 and +B3 = 0.002 Å3 [30],
which makes the Te-O bond much more polarizable than the B-O bond
and, thus, leads to large differences in the Raman cross section between
tellurite and borate vibrational modes. This should hold with the ex-
ception of the breathing mode of borate rings with [BO4/2]− tetrahedra
at ∼770 cm−1, involving mainly the three oxygen atoms within the
ring [21,22]. Because of its totally symmetric and completely localized
character, this mode has a high Raman cross section and gives rise to

Fig. 1. XRD patterns of representative glass compositions (Li2O)y-[(2TeO2)x-
(B2O3)1-x]1-y with y= 0.33, x= 0; y= 0.40, x= 0; y= 0.40, x= 0.4.
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relatively sharp bands like the breathing mode of boroxol rings at 805
cm−1 [31,32]. Due to such limitations, it is difficult to extract from the
Raman spectra alone information on the possible changes of boron
speciation in the presence of tellurite species.

An alternative method to probe the boron speciation is IR spectro-
scopy, where changes in the dipole moment of the vibrating structural
units determine their activity. The IR spectra of Li-borotellurite glasses
with y= 0.33 and 0.40 are depicted in Fig. 3a and b, respectively. The
IR spectra of the binary Li-tellurite glasses (x= 1) show a broad ab-
sorption band in the far-IR region (below ∼530 cm−1) and a strong
absorption envelope in the mid-IR, with its strongest component at
625–635 cm−1 and shoulders at ∼690–700 cm−1 and ∼760 cm−1.

Addition of B2O3 causes the appearance of two new absorption
envelopes peaking initially at about 940 and 1330 cm−1, where there is
no infrared activity of tellurite species. Clearly, these new IR features
signal the presence of borate units already at 20 mol% B2O3 (x= 0.8).
In comparison, the corresponding Raman spectra at x= 0.8 are domi-
nated by the much intense scattering of the tellurite units and give no

direct evidence for the presence of borate species.
The envelops at ∼940 and 1330 cm−1 gain relative intensity upon

increasing the B2O3 content, and become the main absorption profiles
of the end-member Li-borate glasses in Fig. 3a (x= 0: 0.33Li2O-
0.67B2O3) and Fig. 3b (x= 0: 0.40Li2O-0.60B2O3). The spectra of these
binary Li-borate glasses are in good agreement with reported data for
the same glass compositions [7].

As observed in Fig. 3a and b, the mixing of the two glass former
oxides in the ternary compositions affects both the borate and tellurite
characteristic bands. The most profound changes include the upshift in
frequency of the ∼940 and 1330 cm−1 borate features to about
995–1042 and 1377–1380 cm−1, and the intensity increase of the

tellurite shoulders at ∼690–700 cm−1 and ∼760 cm−1 over the
625–635 cm−1 band as the B2O3 content increases (decreasing x).
These spectral variations show clearly that the tellurite and borate sub-
networks are both influenced by mixing and this aspect will be dis-
cussed in the next section.

Fig. 2. Unpolarized Raman spectra of glasses (Li2O)y-[(2TeO2)x-(B2O3)1-x]1-y for y= 0.33 (a) and y= 0.40 (b).

Fig. 3. IR spectra of (Li2O)y-[(2TeO2)x-(B2O3)1-x]1-y glasses for y= 0.33 (a) and y= 0.40 (b).
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4. Discussion

4.1. Raman spectroscopy

The Raman spectra of Li-tellurite glasses in Fig. 2a and b (x= 1)
exhibit a strong feature at 665 cm−1 attributed to stretching vibrations
of TeO4 tbp's, a shoulder at ∼745 cm−1 corresponding to the stretching
of TeO3+1 polyhedra with terminal oxygen atoms, and a weak com-
ponent at 460 cm−1 assigned to stretching-bending vibration of Te-O-
Te bridges [17–20,33,34]. A noticeable difference among the spectra of
the two Li-tellurite glasses is the relative intensity of the 745 cm−1

feature which appears more pronounced in the 0.25Li2O-0.75TeO2

glass (Fig. 2b), suggesting an increased fraction of TeO3+1 units as a
result of the higher Li2O concentration. Addition of B2O3 causes the
progressive reduction in intensity of the 665 cm−1 band. This is fol-
lowed initially by the strengthening of the 745 cm−1 shoulder, and then
the growing of a new band at ∼770 cm−1; the latter feature indicates
the formation of TeO3 units with terminal oxygen atoms [17,34].
Therefore, increasing the B2O3/TeO2 ratio in these ternary glasses ap-
pears to trigger the transformation TeO4→TeO3+1→TeO3, despite the
fact that the Li2O content is kept constant. For x= 0, the Raman spectra
of the Li-borate glasses display their strongest band at ∼770 cm−1

(Fig. 2a,b). The breathing vibration of borate rings containing two tri-
gonal BO3/2 units and one tetrahedral [BO4/2]− unit was measured at
780 cm−1, while the corresponding mode of borate rings with one BO3/

2 and two [BO4/2]− units was found to scatter at 760 cm−1 in Li-borate
glasses [23]. Therefore, the ∼770 cm−1 in Fig. 2a and b indicates the
coexistence of borate rings with one and two [BO4/2]− units, and cor-
responding numbers of BO3/2 units [22,23]. Weaker features located in
the region of 950–1000 cm−1 are generally attributed to the asym-
metric stretching vibration of borate tetrahedra in superstructural
groups like pentaborate and tetraborate, while the very weak band at
about 1120 cm−1 can be associated to diborate groups [22]. The low
frequency band at about 505–530 cm−1 designates also the presence of
[BO4/2]− units in superstructural groups (pentaborate, tetraborate and
diborate). The broad-band structure centered at ∼1420 cm−1 (Fig. 2a)
or ∼1460 cm−1 (Fig. 2b) is attributed to boron-oxygen stretching vi-
brations, including B-O− stretching in metaborate triangles BO2/2O−

attached to large borate groups [22,23]. Finally, the lack of sufficient
Raman signal at ∼930, 840 and 1250 cm−1 denotes the absence of
detectable concentration of orthoborate and pyroborate units [22]. As
observed in Fig. 2, minor additions of the tellurite component led to the
severe diminishing of the weak borate bands because of the strong
polarizability of the tellurite vibration modes. Also, there is substantial
overlapping of the stretching frequency of TeO3 units containing
terminal oxygens with the strong breathing mode of the six-membered
borate rings, making difficult the separation of their contributions to
the total Raman signal measured at ∼770 cm−1.

Raman and IR study by Rong et al. on the binary glass system zB2O3-
(1-z)TeO2 (0<z≤ 0.275) reported the absence of TeO3 units with
terminal oxygen atoms and the formation of discrete BO3/2 and [BO4/

2]− units, i.e. the absence of large borate structures [16]. A Raman
study by Sekiya et al. [33] on the same binary glasses suggested the
formation of TeO3 tps, as well as of discrete [BO4/2]− units and small
amounts of pyroborate and orthoborate units. The conversion of TeO4

tbp's to TeO3 tp's was also suggested by Raman spectroscopy on ternary
sodium-borotellurite glasses where the sodium content was held con-
stant [14].

In summarizing this section we note that our Raman results on
(Li2O)y-[(2TeO2)x-(B2O3)1-x]1-y glass show the progressive transforma-
tion of TeO4 tbp's to TeO3+1 units and to TeO3 tp's with terminal
oxygen atoms upon increasing B2O3 content, although the lithium oxide
content is held constant in each series. This interesting result may in-
dicate some kind of interaction among the two glass formers and this
will be discussed later. Also, the strong Raman scattering of the tellurite
units renders the structural investigation of the borate network

cumbersome and, thus, IR spectroscopy was employed to overcome this
hindrance.

4.2. IR spectroscopy

The IR spectra of Li-tellurite glasses in Fig. 3a and b (x= 1) exhibit
a strong band at ∼630 cm−1 attributed to the stretching vibrations of
TeO4 tbp's, weaker features at ∼690 and 760 cm−1 denoting the
stretching of TeO3+1 and TeO3 structural units, and weaker contribu-
tions at about 460 cm−1 assigned to the bending of Te-O-Te bridges
[34]. Low-frequency shoulders at about 340 cm−1 (Fig. 3a) and 365
cm−1 (Fig. 3b) may arise from the vibration of Li cations against their
anionic tellurite sites, ν(Li-O), in analogy to Li-O vibrations measured in
other oxide glasses [35]. The addition of B2O3 causes an intensity re-
duction of the 630 cm−1 band indicating the progressive destruction of
TeO4 units, whereas the bands at ∼690 and 760 cm−1 gain intensity,
thus signaling the formation of TeO3+1 and TeO3 units with terminal
oxygen atoms. Therefore, the composition dependence of the IR bands
assigned to tellurite units is in very good agreement with the evolution
of the corresponding Raman spectra; both confirming the reduction in
the coordination number of tellurium from 4 to 3 upon addition of
B2O3.

The Li-borate glasses (x= 0) exhibit IR absorption predominantly in
three regions: 650–800 cm−1 ascribed to the bending motions of borate
units, 800–1200 cm−1 assigned to B-O stretching vibrations of borate
tetrahedra and 1200–1550 cm−1 attributed to B-O stretching vibrations
of borate trigonal units [7]. As observed in Fig. 3, the band envelop
related to borate tetrahedra downshifts from about 1042 to 995 cm−1

upon increasing modification of the borate network from 0.33Li2O-
0.67B2O3 to 0.40Li2O-0.60B2O3. Similarly, the absorption envelop of
borate triangular units downshifts from about 1380 to 1375 cm−1 upon
increasing Li2O content (i.e. from y= 0.33 to y= 0.40). These spectral
changes manifest variations in the environment of borate tetrahedral
and triangular units as modification increases in the binary Li-borate
glasses. The incorporation of TeO2 in the two borate glass systems at
constant Li2O content (y= 0.33, 0.40) leads to further spectral altera-
tions of the borate absorption envelopes, including changes in their
shape and large frequency shifts. The borate tetrahedral and triangular
absorption envelops appear now at about 940 and 1330 cm−1 for
x= 0.8. Considering the absence of tellurite absorption above 900
cm−1, the borate tetrahedral units appear to prevail at increasing TeO2

content (Fig. 3a and b). Taken together, these results manifest the
gradual change in the nature and relative population of the borate
species with addition of TeO2. It has been previously suggested that the
presence of the large tellurium atoms facilitates the breaking down of
the rigid Li-borate network [36], whereas a subsequent increase in the
molar volume of the present glasses was observed at increasing TeO2

[15]. The superstructural units (e.g. diborates) in the Li-borate glasses
are thus expected to dismantle, and “loose’’ borate units are likely to
form at higher TeO2 contents. The term “loose’’ is used to describe
borate tetrahedral and triangular units that are part of the glass net-
work but do not participate in large superstructural units [37]. The
presence of such borate units in the tellurite-rich glasses could possibly
explain the new absorption bands peaking at about 940 and 1330 cm−1

for borate tetrahedral and triangular units, respectively.
The NMR results by Oliveira et al. indicate proportional sharing of

lithium oxide between the borate and tellurite sub-networks, with a
deviation at x= 0.6 and 0.8 in favor of the borate network [15]. For a
glass structure based only on the proportional sharing of Li2O with no
interactions between the two sub-networks, one could assume that the
spectra of the ternary glasses (0<x<1) may be expressed as appro-
priate linear combinations of the spectra of the end-member binary
glasses, normalized by their respective molar volumes to account for
differences in the number density of the borate and tellurite species
[38,39]. In this respect, Fig. 4 compares measured and calculated IR
spectra of ternary glasses at maximum mixing (x= 0.5).
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Clearly, there is no matching between measured and calculated
infrared spectra, reflecting a mutual influence between the two sub-
networks. In particular, the tellurite response in the measured spectra
appears to have enhanced relative population of TeO3+1 and TeO3 units
with terminal oxygen atoms (bands at ca. 710 and 755–770 cm−1 re-
lative to the 630–640 cm−1 band), implying an over-modification of the
tellurite subnetwork. In addition, the change in relative intensity of the
bands at 990 and 1340–1350 cm−1 in the measured spectra shows that
the borate sub-network has an increased relative population of tetra-
hedral over triangular units in comparison to the calculated spectra.
This result is in agreement with an increased fraction of borate tetra-
hedral units, N4, found by NMR spectroscopy on the same glasses [15].
Therefore, according to both NMR and IR spectroscopies the borate
tetrahedral units form in excess to those expected from a simple pro-
portional sharing of Li2O. The IR spectra can be employed to quantify

the effect of tellurium oxide on the borate speciation by computing the
integrated intensities of the absorption envelops attributed to borate
tetrahedral (800–1200 cm−1) and triangular (1200–1600 cm−1) units,
denoted as A4 and A3, respectively. Fig. 5 shows an example of band
integration for the absorption bands corresponding to the asymmetric
stretching vibration of borate tetrahedral (A4) and borate triangular
(A3) units.

The relative integrated absorption Ar=A4/A3 is displayed as a
function of tellurite content in Fig. 6. Both glass series are characterized
by increasing Ar values upon TeO2 addition, i.e. there is a progressive
increase in the relative population of borate tetrahedral over triangular
units at higher tellurite contents, with a steeper increase being observed
for the y= 0.33 glass series. The knowledge of the Ar values provides
the opportunity to obtain the relative absorption coefficient of boron
tetrahedra over boron triangles, αr=α4/α3, using the following equa-
tion [25]:

=
+

N
a A

A ,r

r r
4 (1)

For N4 values we employed those by Oliveira et al. [15], adjusted to
those reported by Feller at al. [40] for the two end-member Li-borate
glasses (x= 0).

Fig. 7 provides the tellurite dependent variation of the relative ab-
sorption coefficient of borate tetrahedral over triangular units, αr=α4/
α3, with errors in αr resulting from the propagation of errors involved in
the determination of Ar (δ(Ar)/Ar∼0.015, this work) and N4 (δ(N4)/
N4∼0.08, ref. [15]). It is found that αr increases as a function of tell-
urite content for the y= 0.33 glasses, giving the average value
<αr>=1.4 ± 0.1. For the y= 0.4 series, αr shows a minor decrease
with TeO2 content and gives the average value <αr>=1.7 ± 0.1.
These results show clearly that borate tetrahedral units absorb stronger
in the infrared than the borate triangles, giving the average value
<αr>=1.6 ± 0.1 for the two glass series studied here. This value for
the relative absorption coefficient is in good agreement with the earlier
result αr=1.5 obtained for Li-metaborate glass, 0.5Li2O-0.5B2O3 [24].

In summarizing the key aspects of this section, the evolution of the
IR spectra is in full agreement with the Raman spectra and demon-
strates the change in the coordination number of Te from 4 to 3 upon
increasing the boron oxide content. The IR spectra shed light also on the
effect of tellurium oxide on the boron speciation, demonstrating the
dismantling of the rigid borate structure and the parallel conversion of
borate triangular into tetrahedral units upon addition of TeO2 to the

Fig. 4. Comparison of calculated spectra (weighted from the respective binary
end-members) and measured IR spectra of glasses (Li2O)y-[(2TeO2)0.5-
(B2O3)0.5]1-y for y= 0.33 (a) and y= 0.40 (b). For details see text.

Fig. 5. Example of spectral integration for the IR absorption bands of borate
tetrahedral (800–1200 cm−1) and triangular (1200–1600 cm−1) units of the
binary 0.33Li2O-0.67B2O3 glass.

Fig. 6. Relative integrated intensity A4 /A3 values as a function of tellurite
content for glasses (Li2O)y-[(2TeO2)x-(B2O3)1-x]1-y for y= 0.33 and 0.40. Most
error bars are of the size of data symbols or less. Lines are drawn as guides to
the eye.
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borate network. In the following we will discuss possible mechanisms
for the mutual influence of the two sub-networks.

4.3. Tellurite-borate interactions in Li-boro-tellurite glasses

Assuming a proportional sharing of Li2O between tellurite and bo-
rate sub-networks, the increase of the fraction of four-coordinated
boron atoms N4 in the ternary glasses can be considered in the context
of following chemical equilibrium in the melt between the isomeric
meta-borate species:

BO4/2
−⇌ BO2/2O− (2)

According to the calculations of Araujo [41], this equilibrium shifts
to the left upon decreasing temperature and leads to an increased
fraction of the [BO4/2]− species. The equilibrium constant of this iso-
merization reaction is principally related to the fictive temperature, but
in the absence of such information the glass transition temperature (Tg)
can be considered as well [42]. For the glasses investigated in this work,
the Tg values decrease with increasing TeO2 content [15], suggesting
the prospective transformation of metaborate triangles, BO2/2O−, to
metaborate tetrahedral units, [BO4/2]−.

In the absence of pyro- and ortho-borate units in Li-borate glasses of
this study, the fractions N2, N3 and N4 corresponding to the [BO2/2O]−,
BO3/2 and [BO4/2]− units, respectively, satisfy the following equations
[40,42] based on mass and charge balance:

N2 + N3 + N4 = 1 (3)

N2 + N4 = 1/2 (4a)

N2 + N4 = 2/3 (4b)

Eqs. (4a) and 4b express the total negative charge per boron centre
for y= 0.33 and y= 0.40, respectively, and suggest that the maximum
attainable values of N4 are 0.50 and 0.67, respectively, in case of
complete isomerization of [BO2/2O]− to [BO4/2]− (Eq. (2)). However,
the reported N4 values for the tellurite-rich glass (x= 0.8) are 0.61 for
y= 0.33 and 0.70 for y= 0.40 [15], i.e. higher than the maximum
attainable values for borate modification based on the entire Li2O
content available. It is thus deduced that borate modification based
only on the lithium oxide modifier and the isomerization of metaborate
triangles to tetrahedral units cannot adequately account for the high N4

values. This inevitably points towards consideration of an alternative
mechanism that may involve direct interaction of the two sub-

networks, in accordance to the suggestions by Oliveira et al. [15].
Indeed, a TeO2–induced formation of borate tetrahedra can be ra-

tionalized in terms of the Lewis acid-base properties of the B2O3 and
TeO2 oxides as discussed recently [34]. Since the optical basicity (Λ)
values of TeO2 and B2O3 are 0.99 and 0.43 [30], respectively, tellurium
oxide can act as a Lewis base (electron donor) and boron oxide as a
Lewis acid (electron acceptor). This suggests that the relatively basic
TeO2 can function as a second modifier (besides Li2O) on the more
acidic B2O3. This change of role for TeO2 from glass former to glass
modifier is not surprising as it exhibits very similar optical basicity to
Li2O (Λ=1.0). Also, this role of tellurium oxide is in line with the large
difference in bond strength energies between the Te-O and B-O bonds
with ETe-O = 390.8 ± 8.4 kJ/mol and EB-O = 806.3 ± 5.0 kJ/mol
[43], implying a glass modifier function of TeO2 in the presence of B2O3

[44]. The formation of [BO4/2]− units by TeO2 addition to B2O3 can be
described by the following reaction:

TeO2 + ½B2O3 → TeO3/2
+…O(-BO)− (5)

According to Eq. (5), tellurium is assumed to keep its four-fold co-
ordination through formation of an elongated Te…O bond, which is
responsible for providing the required oxygen atoms for the modifica-
tion of B2O3 [16,34,45]. This elongated bond is weaker than the other
three Te-O bonds on the TeO3/2 …O tellurite unit. The latter units can
be considered as distorted TeO4/2 units with vibrational signatures
close to those of TeO3+1 [34]. The O(-BO)− notation in Eq. (5) in-
dicates tetrahedral [BO4/2]− and/or triangular [BO2/2O]−metaborate
species.

On the other hand, addition of B2O3 leads to the progressive for-
mation of negatively charged TeO3 tellurite units. Due to the constant
amount of lithium oxide available, an additional modification me-
chanism is required for the development of such TeO3 units. We suggest
that part of the TeO3/2

+…O(-BO)− units can be modified by lithium
oxide as described by the following reaction:

TeO3/2
+…O(-BO)− + Li2O → (TeO1/2O2)−…Li+ + (BO2)−…Li+ (6)

In Eq. (6), (TeO1/2O2)− represents a negatively charged TeO3 unit
with two terminal oxygen atoms and (BO2)− is a borate tetrahedral
[BO4/2]− unit and/or trigonal [BO2/2O]− unit.

Therefore, interaction among the two sub-networks appears to
provide reasonable mechanisms and structural models for the under-
standing and interpretation of the Raman and IR spectra, although
there was no detection of specific vibrational features assigned to the
weak Te…O-B linkages. The decrease of the glass transition tempera-
ture and its negative deviation from linearity upon increasing the TeO2

content (see Fig. S1 of ref. [15]), is an indication of the building up of
rather weak Te…O-B linkages between the two sub-networks.

5. Conclusion

This work has focused on the investigation of ternary lithium bor-
otellurite glasses with composition (Li2O)y-[(2TeO2)x-[(B2O3)1-x]1-y

(y= 0.33, 0.40 and 0 ≤ x≤ 1) by means of Raman and IR spectro-
scopies. The Raman spectra demonstrate the progressive transition from
TeO4 to negatively charged TeO3 structural units with terminal oxygen
atoms at increasing boron oxide content and the formation of distorted
TeO4 units with elongated Te…O bonds, such units being associated to
the vibrational activity emerging at ∼745 cm−1. The presence of these
distorted tellurite units provides new insights into the interaction of the
two glass sub-networks through weak Te…O-B bonds. However, due to
their high scattering cross section, the tellurite vibrational modes
dominate the Raman spectra and very limited information is obtained
for the structure of the borate units. On the contrary, the IR spectra
exhibit distinct absorption features assigned to borate tetrahedra and
borate triangles, with the former species gaining relative population as
a function of TeO2 inclusion. In addition, the borate absorption

Fig. 7. Relative absorption coefficient of borate tetrahedral over triangular
units, αr=α4/α3, as a function of tellurite content in glasses (Li2O)y-[(2TeO2)x-
(B2O3)1-x]1-y for y= 0.33 and 0.40, after calibration with B-NMR data. For
details, see text. Lines are drawn as guides to the eye.
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envelopes in the IR were found to exhibit variations in shape and fre-
quency upon increasing the tellurite content. This finding was discussed
in terms of the effect of the large tellurium atoms on the borate sub-
network, leading to the disassembling of the borate superstructural
groups and the creation of “loose’’ borate units.

We suggest that the described structural changes can be explained
on the basis of weak interactions among the two sub-networks, where
TeO2 can act also as a second modifier on B2O3 due to their difference
in optical basicity. A modification mechanism is proposed to account
for the “excess” formation of tetrahedral [BO4/2]− units; it involves
distorted TeO4 units with elongated Te…O bonds leading to the for-
mation of weak Te…O-B linkages and the additional borate modifica-
tion. Overall, these results highlight the need for complementary use of
Raman and IR techniques to investigate and understand the structure of
multicomponent glass systems.
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