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1. INTRODUCTION
Binary alkali borate glasses xM?_O(1-x)8203 (M=alkali) have been exten-

sivély studied over the years to elucidate the nature and the relative concentra-
tion of the various borate units constituting the glass network. The ultimate goal
- was to understand the structural peculiarities of these materials, which are mani-
fested by the non-monotonic variation of most physical properties with x and are
widely‘known as the “boron anomaly effect’(1). The NMR investigation of Bray et
al (2,3)-as well as the vibrational work of Krogh-Moe (4) and Konijnendijk and
‘Stevels (5) were particularly helpful in identifying various boron-oxygen arrange-
ments at different modification levels. These studies have put emphasis on the
effect of modifier content (x) on the glass structure, but provided little or no in-
sight in the possible dependence of the latter on the nature of the particular alkali
‘employed.

Interest in structural studies of borate glasses has been renewed since the
discovery of glass compositions with exceptionally high ionic conductivity, which
are promissing for energy storage and microionics applications (6). In that re-
spect, binary alkali borate glasses are of special interest since they can be good
ionic conductors by then;selvvesv (7,8) and /or form the basis of multicomponent

fast ionic conductors (6,9-11). Enhanced ionic conductivity is uéually related to
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high contents of metal oxide modifier in both binary and multicomponent systems
(9,10). '
It has been recognized that the limited structural understanding of glasses,
~ inherent to their disordered nature, is the main reason for the lack of a compre-
hensive theory for the ion transport mechanism in amorphous solids (9, 10,12).
Previous vibrational studies of alkali borate glasses have been Iimited to compo-

sitions with rather low M20 contents (x<0.40). Since most of the current interest

is focussed on glasses with high MZO concentrations, it has been desirable to

extend these studies to such materials.

In this report, we compile representative Raman spectra of sodium- and
caesium-borate glasses, with compositions covering a continuous and very broad
glass forming-‘ range (0<x<0.75). These spectra will enable the systematic
study of the variation of the glass network structure with metal oxide content. In

’additi,on, Raman spectra of borate glasses with fixed M20 content will be preé

sented to illustrate the alkali cation effect on the glass structure.

The thorough understanding of the vibrational characteristics of glassy ma-
terials has required the parallel study in the infrared (13) because of the com-
plementarity of selection rules. Most of the older infrared studies on borate

glasses have been performed on Iow-M20 content samples dispersed in a vari-

ety of media and cover independently the mid- (4, 14-17) and far-infrared (18, 19)

spectral regions. Some reflectance investigations have also been reported but
most of them are limited to the mid-infrared range (20-22). By taking advantage
of the capabilities of the modern Fourier-transform spectrometers infrared reflec-
tance data on a wide ‘frequency range (30-4000 cm'1) have been recently ac-
quired in our laboratory. Thus, the simultaneous study of both, the glass net-
‘work structure in the mid-infrared and the cation-network interactions active in
the far-infrared, is now possible. Spectra of characteristic compositions in the

system xLi,O. (1‘-x)8203 (0<x<0.73) are presented and discussed in relation

to the Raman data..
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2. GLASS PREPARATION
Binary alkali borate glasses are usually prepared from reagent grade pow-

ders of anhydrous 8203 and dried metal carbonates, mixed in appropriate

amounts and melted in Pt crucibles . Small replacement of 8203- by A1203 (-5

mol%) is necessary to ensure the glass formability of sodium, potassium and ru-
bidium borate glasses with 0.45<x< 0.55 (23,24). Melting times of ca 10-30 min,
and temperatures in the range 800-1200 °c, depending on composition, are ap-
propriate to obtain clear and bubble-free melts. Glassy samples can then be
prepared by quenching the melt between two copper blocks. An updated ver-
sion of the alkali borate glass forming regions is shown in Figure 1 for reference.
Samples containing small, (x<0.15), or large, (x>0.50) amounts of alkali
metal oxide are hygroscopic, and thus special care is needed to avoid hydrolysis

Some carbonate retention can not be avoided in high MZO content glasses due

to their high melt basicity (23,24). Further details on sample preparation and han-
~ dling can be found elsewhere (14, 25,26). :
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Figure 1. Glass forming regions of alkali borate glasses. Shaded areas indicate vitrifica-
tion of small batches by splat or roller quenching. Vertical lines indicate cystalline borate

stoichiometries.
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3. RAMAN SPECTRA OF ALKALI BORATE GLASSES
3.1 The Structure of Sodium- and Caesium-Borate Glasses over Extended

Composition Ranges.

The Raman spectra of sodium-borate glasses are shown in Figure 2 for

several compositions with relatively low Na20 content. The spéctrum of glassy

B5Oq4 (x=0) is characterized by the strong, sharp and highly polarized band at

806 cm'1. The origin of this band has been the subject of extensive investiga-
tions, which have led to its, quite well accepted by now , assignment to the sym-
metric ring breathing vibration of the boroxol ring (Figure 3(1) ) (27-32).
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Figure 2. Raman spectra of sodium-borate glasses, xNa2O.(1-x)B 203, in the composi-

tion range: 0 < x £ 0.30.
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Figure 3. Structural groups postulated for borate ‘glasses: (1) boroxol ring, (2) pentabo-
rate unit, (3) triborate unit, (4) diborate unit, (5) metaborate ring, (6) metaborate chain, (7)

“loose” BJ 4' tetrahedron, (8) pyroborate unit, (9) orthoborate unit and (10) boron-oxygen

tetrahedron with two bridging and two non-bridging oxygens. Solid circles represeni
boron atoms, open circles oxygen atoms. Note that O with a slash indicates a bndgmg .

oxygen and O indicates a non-bridging oxygen.

Addition of'NaZO to 82 O3 appears to cause substantial structural chahges -

in the borate network, evidenced by alterations in the Raman vibrational charac-
teristics. The most important effect of increasing x-is the rapid decrease of the
806 cm'1 band intensity, with the simultaneous development of a new band-at ca
770 cm'1. For the glass composition x=0.25 the 806 cm"i feature has disap-
peared, indicating the absence of boroxol rings,' while that at 765 cm'1 becomes
the dominant Raman band. The latter feature has been observed in the specfra
of similar glasses and assigned by Brill (33) to the symmetric ring breathing vi-
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bration of six-membered ring arrangements containing one or two B®4' tetrahe-
dra (@=bridging oxygen). Several borate groups of this kind are shown in Figure
3(2,3). Thus, the Raman spectra of Fig.2 indicate that addition of sodium oxide

to 8203 cause the progressive change of boron coordination number from three

to four.

Increasing further the Na20 content causes drastic spectral effects, shown |

in Figure 4 (0.35<x<0.55). These Raman spectra are rather complex and only
the compositional variation of a few bands will be discussed here, while more -
details can be found elsewhere (25). The band at 630 om™!

at x=0.35 and subsequently develops with X, is of particular interest since it indi-
' 1

, which appears first

cates the creation of ring-type metaborate units (Fig.3(5)). In fact, the 630 cm™
band originates from the ring breathing vibration of the latter units (33). A new
band at 820 cm'1 appears in the spectrum of the x=0.45 glass and becomes a
dominant feature upon further increasing x. This band, as well as the one at
1210 cm'1 , are characteristic of the pyroborate units (Fig.3(8)), originating from
the symmetric stretching vibration of B-O-B bridges and terminal B-O~ bonds re-
spectively (25). Thus, the sequence of the Raman spectra presented in Figure 4

indicate that, for this‘parﬁcular composition range, addition of Na20 results in a

progressive disruption (i.e. depolymerization) of the borate network, through the
formation of non-bridging oxygen-containing borate units. Such representative
units are the metaborate rings and the pyroborates, both representing “molecu-
lar” type moieties which are completely dismantled from the covalent borate net-
work. '

Representative Raman spectra of Na-borate glasses with compositions
0.61<x<0.75 are depicted in Figure 5. It is quite clear that the bands at 630 ,
755, 820 and 1210 cm"1 , as well as the ones at ca 550 and -940 cm'1»,. suffer a
systematic intensity decrease upon increasing x. Thus, the borate groups re-

sponsible for these bands are progressively destroyed in such high NaZO-COn-

tent borate glasses. This is accompanied by the appearance of the 8395 cm'1

feature (x=0.61) which increases in inte'nsity with x and eventually becomes the
main band of the x=0.75 glass spectrum. This band is attributed to the symmet-
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, .
 ric stretching vibration of the planar orthoborate units, BO, (Fig. 3(9)). Inad-

1

dition the weak band at 1275 cm ° is assigned to the asymmetric stretching of

’802- , while the one at 588 cm™ ! to the in-plane bending mode of the same unit

(25). The weak band observed at 1570 cm'1 can be assigned to the overtone of

the out-of-plane bending mode of -BO:;' ,which is infrared active only at 780 cm'1
(34).

Besides the bands attributed to BO:;' species the spectrum of the x=0.75

glass exhibits a sharp band at. 1060 cm'1, which was assigned to the totally

symmetric strefching vibration of carbonate species, OOi (35) These are

present in such high basicity borate glasses and their influence on the glass
structure, iheir interaction with the glassy environment, as well as their depen-
‘dence on melting time, temperature and composition have been recently investi- |
gated (36).

~ The Raman spectra of Cs-borate glasses have also been reported for com-
positions in the range: 0<x<0.50 (37). It was observed that for small values of x,
the Cs-glass spectra are quite similar to thé corresponding ones of Na-borate
glasses. The cation dependence of the borate glass network is consequently
rather small at low modification levels, but becomes progressively very significant
as x increases towards the metaborate stoichiometry. Thus, the spectrum of the
- x=0.50 Cs-borate glass, (Figure 6),exhibits pronounced differences compared to
that of the Na-glass of the same alkali content. It should be kept in mind that the
spectrum of sodium metaborate is that of a pseudo-binary glass containingca 5

mol % Al ,O,. The alumina-free Na-melt is not glass-forming, contrary to the cor-

responding Cs-melt and this illustrates even better the role of the modifying cat-
ion in determining the structure of borate networks . This has triggered the ex-

tension of the glass forming region of the CsZO-B 20 3 system (26) and the struc-

tural study the structure of the obtained glasses.
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" Figure 6. Raman spectra of sz20.(1-x)8203 glasses (0.50< x < 0.75).

The Raman spectrum of the Cs-metaborate is characterized by sharp
bands at 606 and 545 cm'1which'have been attributed to metaborate rings and

“loose” B®4' tetrahedra, respectively (37). The former groups are also respon-
sible for the 370, 463 and 1400-1600 cm'1_Afeatures. The latter units (Fig. 3(7))

are boron oxygen tetrahedra isomeric to the metaborate triangles B(DZO' ,-and

are thought to connect various segments of the glass network without participat-

ing to specific borate arrangements.The 900 cm” band was assugned to the as-

-1,

ymmetric vibration of “loose” BG, " tetrahedra, while that at 1040 cm™ ' is indica-

tive of the presence of some undissociated carbonates (37).

At higher Cszo contents all spectral features related to the aforementioned

boron‘ oxygen units appear to decrease in intensity, indicating that those units are
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| no longer favoured. Instead, the spectral activity is progressively enhanced
around 675 cm'1 and 345 cm'1. These features maintain fixed relative intensi-
ties regardless of the extend of their coexistence with bands that characterize the
metaborate glass, and finally dominate the spectrum of the orthoborate composi-
tion (x=0.75). It was argued, on the basis of the similarity between the spectrum
of the x=0.75 Cs- borate glass and those of calcium orthoaluminate and orthogal-

late, that the new features at 675, 377 and 345 cm'1 denote the existence of

B®2023 units (Fig.3(10)) (26). These are boron oxygen tetrahedra with two

bridging (@) and two non bridging (O") oxygen atoms. \
The majority of crystalline orthoborate compounds are formed by isolated

triangular orthoborate units, Boz' , which were also found to constitute the

‘network’ of the x=0.75 Na-borate glass; However, such units are not present in

the corresponding Cs-borate glass, but instead, they are replaced by their iso-
meric B®2023' species. Thus, it appears that the structure of the borate glass

network is a function of both content and nature of the metal oxide present. The
effect of the nature of alkali metal is examined in more detail in the following sec-
tion. '

3.2. Alkali Cation Dependence of the Borate Glass Structure

As noted above, differences between the spectra of alkali borate giasses of
the same x value are mainly manifested at high alkali contents. Nevertheless, a

careful examination of the Raman spectra of glasses with relatively low—vM‘zO

contents has also revealed the dependence of the network structure on the par-
ticular alkali employed (38). Figure 7 illustrates the Raman spectra: of boré’t'e
glasses with x=0.70. This particular composition lies roughly halfway between |
the pyroborate (x=0.67) and orthoborate (x=0.75) compositions, and thus it
should in principle correspond structurally to a mixture of the corresponding iso-
lated moieties (Fig. 3(8,9)). Indeed, the spectrum of the lithium glass exhibits
bands characteristic of orthoborate (925 cm'1) and pyroborate (835, 1250 cm'1)

units, as well as six membered rings with BQ 4' tetrahedra (763 cm'1). The
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Figure 7. Raman spectra of alkali borate glasses of composition 0.70M2 O. 0.308203 ,

same network building units are evident in the spectrum of the corresponding Na
glass.. They are also present in the K-glass, as manifested by their correspond-
ing Raman bands, which are now coexisting with a number of new features. For
instance,we can deduce the presence of metaborate rings (608 cm'1) and chains
(740 cm'1) in addition to orthoborate triangles (865 cm'1) and pyroborates (810

and 1180 cm'1) (37). The formation of B®2023~ tetrahedra is also evident, on

the basis of the presence of the 680, 395 and 350 <:m'1 bands . These features
grow mainly at the expense of the band characteristic of orthoborate triangles
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(865 cm ! ), which has suffered a significant loss in relative intensity from Na to
K. The spectra of the Rb-and Cs-glasses recover their simplicity in a way that
“bears no similarity with those of Li-and Na-glasses. Thus, the predominant net-

work unit appears to be the four-coordinated B’®2023' species (675, 377 and
345 crn'1), while some “loose” BO 4' tetrahedra (545 cm'1) and metaborate rings

(600 cm 1) are also present

On the basis of the Raman spectra, discussed above, glass formation of
highly modified borate glasses seems to be associated with the existence of the
following set of high temperature equilibria (26):

meta- : x=0.50, (BO}, ) BG,0" «~ BP, (1)
2. _ :

pyro- : x=0.67, (BO, ) 28307 « (BO;)+ (BO}) (@)
3. 3- 3.

ortho-: x=0.75, (BO ) BO, « BQ)202 (3)

It is obvious that the above equilibria are strongly cation dependent. For ex-
ample, Egs.(2) and (3) are shifted to the left for M=Li, Na. The K-analog, whose
- spectrum is the most complex of all, favours the coexistence of all reactants and

products of Egs.(1)-(3). In Rb- and Cs- glasses-of high M50 contents ( x=0.70),

the Raman spectra indicate that all three equilibria are shifted to the nght result-
ing in network tetrahedra with none and/or two non-bridging oxygens.

Freezing the above equnllbna at the fictive temperature accounts for the
observed diversity in borate glass structure as a function of the modifier for a
given stoichiometry. It should also be relevant to the glass formability of the cor-
responding melts and finds support in the devitrification data recently -available
for selected glasses (39,40).
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4. INFRARED SPECTRA OF ALKALI-BORATE GLASSES
4.1. Compositional Dependence of the Glass Network Structure (0<x<0.73)

The infrared absorption spectra of lithium-borate glasses, obtained by
Kramers-Kronig analysis of the reflectance spectra, are shown in Figures 8 and

9 . It is obvious that additions of Li20 to 8203 result in significant spectral
changes, which illustrate the continuous structural variation of the borate net-

work. The measured infrared spectra appear more complex than the Raman
ones, due to the presence of broad and extensively overlapping bands.
Nevertheless, three spectral regions can be distinguished in the mid-infrared :

1200-1450 cm'1 (B-O stretching vibrations of trigonal BO3 units), 850-1200 cm'1

(B-O stretching vibrations of tetrahedral BO4 units) and 600-800 cm'1 (originat-

ing from bending vibrations of the borate network) (4,17).
The first obvious effect of adding Li 20 to 8203 is the growing of a multiple

band (800-1200 cm'1) , attributed to BO 4' absomptions. This envelope exhibits

a maximum relative intensity for x=0.40, and then it decreases upon further in-
creasing x. Such a behaviour is indicative of the initial creation of B¢;1 tetrahe-

dra-containing groups, followed by their subsequent destruction in favour of non-
bridging oxygen-containing units (x>0.40). This is in accordance with the findings
of NMR spectroscopy for this and similar glass systems (41).

Careful comparison of the spectra of Figures 8 and 9 with those of crystal-
line borate compounds of similar compositions (4,42) suggests that the initially

created B®4' tetrahedra are found in pentaborate (Fig.3.(2)) groups, which are
then replaced by diborate arrangements (Fig.3(4)) with maximum concentration
at x=0.40. The subsequent destruction of the latter groups is due to the creation

1 band
(x>0.40). This is a characteristic feature of the infrared spectrum of crystalline a-

of non-bridging oxygens as suggested by the appearance of the 1240 cm”

Li20.8203, known to consist of metaborate chains (Fig.3(6)) (42). In addition,

-1

Vthe 1135 cm ' band, developing at the high frequency side of the BO 4' absorp-

tion envelope, denotes the formation of pyroborate units.
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The dominant absorption of the x=0.73 glass spectrum is that at 1300 cm'1,

1

observed originally as a shoulder to the 1250 cm™ ' band. Crystalline lithium or-

thoborate (3Li 20.8203) gives its strongest absorption at this frequency, as a re-

3.
sult of the infrared active asymmetric stretching vibration -of BO, units (42).

Thus, the borate network of the x=0.73 lithium glass appears to the built up main-
ly of orthoborate units and contains a minor conce'ntration of pyroborates (1130

cm'1) as well as groups with B@ 4' tetrahedra (1040, 960 cm'1). The second

strongest feature of the mid infrared spectrum of this glass is that at 775 cm'1,

. 3-
which can be assigned to the out-of-plane bending vibration of BO3 units, while

the in plane bénding mode gives rise to the 650 _cm'1 shoulder of the Li-motion
band (34).

Detailed assignments of all infrared features requires careful deconvolution
of the glass spectra and comparison with crystalline analogous compounds.
While the details of the deconvolution can be found elsewhere (42), we present
here the summarized results of this study (Figure 10) expressed as the relative

concentration of various borate units as a function of Li20 content. This enables

the illustration of the network modification scenario upon increasing the amount

of modifier oxide (Li20). Thus, the relative concentration of borate groups with

BO 4' tetrahedra peaks at x=0.40, with obvious shoulders at x=0.20 and x=0.50,
while metaborate chains and pyroborate units exhibit their maximum concentra-
tion of x=0.50 and x=0.65 respectively. The trigonal orthoborate units are the
dominant species in glasses of very high Li20 content.

The above modification pattern for lithium borate glasses is in general

agreement with that deduced from the Raman studies of the same glasses.
However, it is at’ pronoqnced variance with that found for Cs- and Rb-borate

glasses, especially of high MZO contents. This is presumably'the manifestation

of the “preference” of each alkali cation to specific borate units.
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Figure 10. Normalized infrared band areas of borate units encountered in Li-borate glass-

es. BJ 4' denotes borate groups containing boron-oxygen tetrahedra (Fig.3 (2,3,4,7)) and

B¢20' indicates metaborate chains. Vertical lines mark the stoichiometries of known

crystalline Li-borate compounds. The composition dependence of boroxol rings has been

determined from the Raman Spectra (17, 25).

4.2 Cation-Network Interactions .

While the network vibrations contribute mostly to the mid-infrarted absorp-
tion profile, the alkali cation-site vibrational modes dominate the low frequency

part of the spectrum (18). As shown in Figures 8,9, the absorption in the 50-600
cm spectral region is progressively increasing with x and results into a broad

and asymmetric band with both frequency at maximum and relative intensity in-
creasing with Li,O content. " The large relative bandwidth of this feature has
been associated with the broad distribution of similar Li*-hosting sites in thé glass

(19). A Born-Mayer potential has been kecently employed to model these cation-
site interactions. For example, an analytical expression has been obtained con-
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necting the characteristic cation vibrational frequency to the cation and anionic
site parameters (19,43).

Careful deconvolution of the far-infrared absorption envelope has revealed
the presence of the two Gaussian components in the majority of the glasses
studied. These are marked as H and L in the representative spectra of Figure
11, and are taken to indicate distinct types of cation-hosting environments in
~ dlass (19,44). It is worth noting that the relative bandwidth of the low frequency
component band (i.e. the ratio of the width at half maximum versus the frequency
at maximum) is about twice as that of the. high frequency component. This has
been associated with a difference in the “amorphicity” of the two environments
(42) and may be relevant to the recent views of glass formation and ionic trans-

port (45).

ABSORBANCE

Figure 11. Representative deconvolution of far-infrared spectra of borate glaSsés‘ con-

taining 35 mol% alkali oxide.
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5. CONCLUSIONS

Raman and infrared spectroscopic techniques are powerful in providing
structural insight for borate glasses. The results presented in this report, togeth-
er with the available literature, point to the strong dependence of the network
modification scenario on the nature of the cationic modifier. 1t could have been
expected that this cation dependence would be most obvious in glasses with
high alkali contents. Indeed, this is now demostrated a least on a qualitativé
~ basis. The smallest alkali cations, Lit and Na+, seem to favour the complete
disfuption of the borate network into isolated units, because of their high charge

density. Correspondingly, the fraction of four-coordinated boron atoms, N 4 after

going through a maximum at x=0.35, is progressively reduced smoothly towards
a limiting value of zero as the glass composition approaches the orthoborate stoi-
chiometry (x=0.75). To the contrary, the large and polarizable alkali cations

(Rb+, Cs+) do not favour this reversal of boron-oxygen coordination from four to

three. Instead, the N 4 value of the 75 mol% CszO-glass is approaching unity

due to the formation of tetracoordinated boron atoms with two non-bridging oxy-
gens, which are not encountered in their Li- and Na-analogs.

These results are expected to trigger the investigation of high alkali content
borates by NMR and other techniques. They also open the way for a detailed
study of the devitrification mechanisms for these glasses, to confirm the nature of
the high temperature equilibria thought to account for the diversity of the modifi-
~cation schemes. Much will be gained also in terms of understanding the glass
formability of the corresponding borate melts, and the glass transport properties.

Acknowledgement : Most results presented in this report are based on the re-

search projects of a number of graduate students working in the glass group, at
the National Hellenic Research Foundation.
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