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Abstract

Two series of boroaluminosilicate glasses having varying mole ratios of B,O3/Na,O (series 1) and B,Os/SiO, (series 11) were prepared
by conventional melt-quench method. Based on 2°Si and ''B MAS NMR studies, it has been established that for series I glasses up to
15 mol% B,05 content, Na,O preferentially interacts with B,O5 structural units resulting in the conversion of BO3 to BOy structural
units. Above 15 mol% B,Oj; for series I glasses and for all the investigated compositions of the series II glasses, silicon structural units
are unaffected whereas boron exist in both trigonal and tetrahedral configurations. Variation of microhardness values of these glasses as
a function of composition has been explained based on the change in the relative concentration of BO4 and BOj structural units. These
glasses in the powder form can act as efficient room temperature ion exchangers for metal ions like Cu®*. It is seen that the ion exchange

does not affect the boron and silicon structural units as revealed by IR studies.

© 2007 Published by Elsevier B.V.
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1. Introduction

Boroaluminosilicate glasses are technologically impor-
tant due to their high mechanical strength and chemical
durability and are widely used in various applications,
which include optical communication, glass to metal seals,
ion exchange materials, nuclear waste immobilization, etc
[1-6]. It is known that the physico-chemical properties of
borosilicate/boroaluminosilicate  glasses like thermal
expansion coefficient, glass transition temperature, chemi-
cal durability/thermal stability and ion exchange capacity
are strong function of the composition as well as type of
the additives incorporated in the glass [3-8]. Composition
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of the glass and type of the additives decide the nature of
different structural units present in the glass and their inter-
action and this in turn will decide the properties of the
glass. Solid-state magic angle spinning nuclear magnetic
resonance (MAS NMR) spectroscopy using >°Si and ''B
as probe nuclei is an ideal technique to monitor the struc-
tural changes in borosilicate glasses. For example, incorpo-
ration of B,O3 at the expense of PbO in ternary lead
borosilicate glasses decreases the thermal expansion coeffi-
cient and increases the glass transition temperature [9].
Based on ?°Si and "B MAS NMR and infrared (IR)
absorption studies, it has been established that formation
of Si-O-B linkages and increase in concentration of Q*
structural units of silicon (where Q" represents silicon
structural units having n-number of bridging oxygen
atoms) are responsible for the observed variation in the
thermal expansion coefficient and glass transition
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temperature. Similarly Bi,O; incorporation at the expense
of PbO in PbO-B,0;-Si0O, glasses results in the increase
of thermal expansion coefficient, deformation and flow
temperatures [10]. Addition of network modifiers (alkali/
alkaline earth metal oxides) to borosilicate glasses [11-14]
results in the initial conversion of BO3; to BO, structural
units. With further increase in modifier concentration,
BO, structural units in the glass are replaced by BO; struc-
tural units (planar BOj3 structural units with one nonbrid-
ging oxygen atoms). Extensive studies have been reported
on the structural aspects of boroaluminosilicate glasses
using techniques like IR, Raman and »Si, !'B MAS
NMR [15-18]. Based on these studies existence of struc-
tural units like trigonally coordinated boron (BO3), tetra-
hedrally coordinated boron (BQj), silicon atoms with 3
and 4 bridging oxygen atoms, Q" units with Si-O-B/Si—
O-Al linkages, etc., have been well established. It is desir-
able to correlate these structural aspects with physico-
chemical properties so that, it will be helpful for developing
glasses for various user defined applications. Keeping this
in mind, two series of boroaluminosilicate glasses having
general formulae (Na0)0.27-(K20)0.029(B203) (-
Si02)0'69(A1203)0'011 (Wlth 0.05 <x< 022) (series I) and
(Na0)0.12(K20)0.020- (B203)(S102)0.84—(Al203)0.011 (With
0.15< x<0.28) (series II) were prepared. Structural
aspects were studied using >°Si and !'"B MAS NMR tech-
niques. The results obtained are correlated with the varia-
tion of microhardness value of the glasses. Room
temperature ion exchange property of these glasses, in the
powdered form, for Cu®" jon has also been investigated.
To the best of authors knowledge no such studies in this
direction has been reported for this type of glasses.

2. Experimental

Glass samples were prepared by conventional melt-
quench method from reagent grade SiO,, H;BO;, Al,O3,
NaNO; and KNOj3 at 1400-1500 °C in platinum crucibles.
The structural aspects were studied using X-ray diffraction
and NMR techniques.

2Si and "B MAS NMR patterns of these glasses were
recorded using a NMR machine having a magnetic filed
of 7.04 T. Powdered samples were packed inside zirconia
rotors and subjected to a spinning speed of 5 kHz. Typical
90° pulse durations for >°Si and ''B nuclei are 4.5 and
2.09 ps, respectively with the corresponding delay times
of 6 and 2s. ""B NMR experiments were carried out with
lower pulse durations also (up to 0.3 ps) and the line shapes
were found to be identical. The chemical shift values for
2Si and "B NMR spectra are reported with respect to tet-
ramethylsilane and 1M aqueous solution of H3;BO3, respec-
tively. All the "B NMR patterns were corrected for the
boron nitride (BN) background arising from the Bruker
MAS NMR probe. ?A1 MAS NMR patterns were
recorded for representative glass samples of both the series
with a basic frequency of 78.2 MHz. The 90° pulse dura-
tion was 3.5 us with a relaxation delay time of 4 s. Errors

in the relative concentration and chemical shift values of
Q" structural units of Si are calculated by combining the
fitting errors and errors obtained form duplicate
measurements.

The microhardness of the samples were measured based
on indentation technique using Vickers microhardness
indenter under a constant load of 50 g for 10 s duration
at room temperature. Errors in the microhardness are cal-
culated by duplicate measurements.

For ion exchange studies, Cu®" ion solutions were pre-
pared by dissolving suitable amounts copper chloride in
dilute HCI and then standardized by EDTA titrations.
Ten milliliter of Cu®* ion solution of known concentration
was equilibrated with a weighed amount of glass sample for
5h and the concentration of metal ions in solution was
determined after equilibration by Atomic absorption spec-
trophotometer. Errors in the exchange capacity have been
calculated by duplicate measurements.

For IR investigations, the samples were thoroughly
ground with KBr and the fine powder was pressed in the
form of thin pellets. IR patterns were recorded using a
FTIR machine with a resolution of 4 cm~'. Luminescence
studies were carried out using a fluorimeter having 150 W
Xe lamp as the excitation source.

3. Results

X-ray diffraction studies revealed the glassy nature of
the samples. Fig. 1 shows the °Si MAS NMR patterns
of the (Nax0)g.27-(K50)0.020(B203)(Si02)0.69(Al03)0.011
glasses (series I) as a function of B,O5; concentration. For
the glass sample having 5 mol% B,0Os3, an asymmetric peak
with maximum around -92 ppm was observed. Deconvolu-
tion of this peak assuming a Guassian line shape resulted in
two peaks around —102 ppm and —91 ppm. Based on the
previous Si MAS NMR studies of borosilicate and
boroaluminosilicate glasses [11-15], the peaks around
—102 and —91 ppm can be attributed to the Q* and Q®
structural units of silicon (i.e. silicon structural units having
4 and 3 bridging oxygen atoms, respectively). As the B,O3
concentration increases up to 15 mol%, at the expense of
Na,O, there is a systematic conversion of Q* structural
units to Q* structural units. With further increase in the
B,O; content, relative concentration of Q® and Q* struc-
tural units remained same as revealed by the identical
2Si MAS NMR line shapes. Further the chemical shift val-
ues of the Q* and Q° structural units systematically shifted
to more negative values (Fig. 2) suggesting the increased
chain length (extent of cross linking) of silicate/borosilicate
network [19]. Fig. 3 shows the >’Si MAS NMR patterns for
(Na0)0.12(K20)0.020(B203) (S102)0.84—(Al203)0.011 glasses
(series II) as a function of B,Os concentration. All the
patterns are found to have identical line shape with a
broad asymmetric peak around —105 ppm. Deconvolution
based on a Guassian fit resulted in two peaks with rela-
tive concentration of Q* and Q? structural units in the
ratio 80:20. The relative concentration of Q* and Q°
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Flg 1. ngi MAS NMR patterns for (Nazo)()_27,x(K20)()_()29(B203)X(-
Si05)0.69(A1,03)0.011 glasses (series I) with (a) x =0.05 (b) x=0.10 (c)
x=0.15, (d) x =0.17, (e) 0.20 and (f) x =0.22.

structural units along with their chemical shift values are
found to be unaffected (within experimental error) by the
increase in B,O3 content in the glass as can be seen from
Fig. 3.

Fig. 4 shows the ''"B MAS NMR patterns for series I
glasses as a function of B,Os concentration. As ''B is a
quadrupolar nuclei (I = 3/2), it will be having a negligible
quadrupolar interaction when it occupies environment with
cubic symmetry, i.e. tetrahedrally coordinated boron struc-
tural units (BO,4). Unlike this boron in trigonal coordina-
tion (BOj; structural unit) is significantly affected by the
quadrupolar interaction, giving rise to a broad peak. For
the glass containing 5 mol% B,O; (Fig. 4(a)), the NMR
pattern consist of a sharp isotropic peak around
—22 ppm along with number of side bands characteristic
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Fig. 2. Variation of chemical shift values of Q" structural units as a
function of B,O; concentration for series I glasses. Lines have been drawn
as guide to the eyes.

of tetrahedrally coordinated BO, structural units [5,9].
The patterns essentially remained same up to 15 mol%
B,O; (Fig. 4(c)). However above 15 mol% B,O3; a broad
peak appeared as symmetrically placed shoulders around
the sharp peak around —22 ppm. Intensity of the broad
peak increases with further increase in B,O5 concentration.
The broad peak has been attributed to the trigonally coor-
dinated boron structural units [5,9]. Fig. 5 shows the ''B
MAS NMR patterns of series I glasses as a function of
B,0; concentration. All the patterns consist of sharp peak
with symmetrically placed broad shoulders on either side,
characteristic of BO4 and BOj structural units respectively.
The relative intensity of the peak corresponding to BOj
structural units systematically increase with increase in
B,0O3 concentration in the glass. Accurate determination
of BO; and BO, structural units could not be made due
to significant loss of intensity of the peaks corresponding
to BO3; and BOy structural units in number of side bands.
Al MAS NMR studies carried out for these samples
revealed only a broad peak around —60 ppm characteristic
of tetrahedrally coordinated aluminum (AlQ,) structural
units (not shown).

Fig. 6(a) and (b) shows the variation of microhardness
as a function of B,O5 content for both series I and series
IT glasses. For series I glasses microhardness value
increases up to 15 mol% B,O; and above that it started
decreasing. Unlike this for series I glasses the microhard-
ness value systematically decreases with increase in B,O3
content in the glass. Similar change in the relative concen-
tration of BO; and BOy structural units are observed for
both the series of glasses as can be seen from the ''B
MAS NMR patterns (Figs. 4 and 5).

Cu”" ion exchange studies were carried out at room
temperature for two powdered glass samples having
composition (Na20)0.22(K20)0.029(B203)0.05(5102) .69~
(A1,03)9011 (series I with x=0.05) and (NayO)g.os-
(K20)0.020(B203)0.22(S102)0.60(Al203)0.011  (series I with
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Flg 3. 29Si MAS NMR patterns for (Nazo)()_12(K20)()»()29(B203)X-
(Si03)0.84—(Al,03)0.011 glasses (series II) with (a) x =0.15 (b) x=0.20
(¢) x =0.24 and (d) x = 0.28.

x =0.22). These compositions are specifically chosen as
they contain maximum and minimum concentrations of
Na,O between both the series of glasses. Ion exchange
capacity for series I glass with x =0.05 is found to be
86% (£3%) and for series I glass with x =0.22, it is only
12% (£3%). As expected ion exchange capacity has been
found to be more for sample containing higher amounts
of replaceable ions like Nat or K*.

Fig. 7 shows the IR spectra of Cu’" exchanged
and unexchanged (Na0)22(K20)0.020(B203)0.05(S102)0.60-
(ALO3)o011 glass samples. The patterns are almost same
except that the intensity of peaks around 3500 cm™!' and
1600 cm ™! are significantly higher for Cu®" exchanged
sample compared to the unexchanged sample and this
has been attributed to the water molecules incorporated
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Fig. 4. "B MAS NMR patterns for (NayO)g 27— +(K20)0.020(B203)-
(Si03)0.69(A1,03)0.011 glasses (series 1) with (a) x =0.05 (b) x =0.10 (c¢)

x=0.15, (d) x=0.17, (e) 0.20 and (f) x =0.22. Peaks marked ‘*’ are
spinning side bands.

into the glass during the room temperature ion exchange
process. The peaks around 1050 and 460 cm ™' have been
attributed to the stretching and bending vibrations of
Si-O-Si/Si-O-B linkages [5,9,13] present in the glass.
Photoluminescence measurements were carried out on the
samples to check whether any Cu™ ions are formed in the
glass after ion exchange. This is because Cu®' ion in
the glass matrix does not give any emission at room tem-
perature, whereas Cu’ ion gives a broad green emission
at room temperature [20].

Fig. 8 shows the emission spectrum of room temperature
Cu”" exchanged (N2a,0)22(K20)0.029(B203)0.05(Si02)0.60-
(A1,03)9.011 glass along with that of the same sample after
re-melting. No emission peak is observed for the room tem-
perature ion exchanged sample revealing that all the copper
ions exist in the Cu®" state. However, a broad peak around
500 nm is observed from ion exchanged and re-melted glass
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Flg 5. “B MAS NMR patterns for (Nazo)ov|2(K20)0.029(B203)X-
(Si03)0.74—(A1,03)0.011 glasses (series II) with (a) x =0.15 (b) x=10.20
(c) x =0.24 and (d) x = 0.28. Peaks marked ‘*’ are spinning side bands.
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Fig. 7. IR patterns for (NayO0)y27-(K20)0.020(B203)(SiO5)0.60-

(AL,O3)g 011 glass (a) after (b) before Cu*"exchange.

sample. The broad peak around 500 nm is attributed to the
transition between closely non-degenerate 7', and 7, level
to the ground state (lAg level) of Cu™ ion [20].

4. Discussion

2°Si MAS NMR patterns of series I glasses revealed that
Q® structural units got converted to Q* structural units
only up to 15mol% B,O3 concentration, whereas from
"B MAS NMR patterns of the same glasses it is clear that
above 15mol% only BOj; structural units are formed.
Hence by combining *°Si and ''B MAS NMR it can be
established that initially when B,O3; concentration
increases at the expense of Na,O up to 15 mol%, B,O3 pref-
erentially interacts with Na,O resulting in the conversion of
BO; to BO, structural units. This also leads to the conver-
sion of Q*~Q* structural units of silicon, as Na* ions are
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Fig. 6. Variation of microhardness values as a function of composition for (a) (Nay0)p27-+(K50)0.020(B203)(S102)0.60(A,03)0.011 glasses and (b)
(Na50).12(K50)0.020(B203)(S103)0 84 (Al,03)0.011 glasses. Lines have been drawn as guide to the eyes.
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Fig. 8. Emission spectra obtained on 260 nm excitation for (a) as prepared
Cu** exchanged (Na,0)922(K20)0.020(B203)0.05(5i02)0.60(A1:03)o.011 glass
(b) re-melted cu** exchanged (Na0)o.22(K20)0.020(B203)0.05(S102)0.69-
(A1,03)0.011 glass. Peaks marked ‘** are artefacts.

insufficient for charge neutralizing the Q* structural units
of silicon. Na* ions are preferentially taken up by B,O;
and are used for the conversion of BO3 to BO, structural
units. However, above 15 mol% B,0O3, Na,O concentration
is small and whatever remaining is not sufficient to convert
all the BO5 to BO, structural units. Due to this the relative
concentration of Q* and Q? structural units of silicon are
unaffected and concentration of BOs structural unit
increases with increase in B,O; content in the glass. These
results agree well with alkali ion behavior observed in
sodium borosilicate glasses [11,12].

For series II glasses, the relative concentration of Q* and
Q? structural units are unaffected by the change in the B,O5
concentration. Unlike this there is an increase in the rela-
tive concentration of BOj structural units as revealed by

the "B MAS NMR patterns. As B,O; concentration
increases at the expense of SiO,, Na™ ions proportionately
get redistributed between the boron and silicon structural
units. This results in an increase in BO3 concentration leav-
ing the silicon structural units unaffected as the Na™ ions
attached with silicon structural units proportionately
decreases with decrease in silica content.

Microhardness values of the glass mainly depend on the
rigidity of the glass network. Increase in the rigidity of the
network is associated with increase in the microhardness
values. In both the series of glasses the borosilicate struc-
tural units mainly form the network and hence the changes
in the boron and silicon structural units decide the rigidity
of the glass network. Q? structural units of silicon and BO,
structural units of boron are more rigid compared to Q?
structural units of silicon and BOj structural units of
boron. Hence an increase in concentration of Q* structural
units of silicon and BO, structural units of boron will be
associated with an increase in microhardness value of the
glass. Based on the structural information obtained above,
the increase in micro hardness value up to 15 mol% B,0O;
for series I glasses can be attributed the increase in concen-
tration of Q? structural at the expense of Q* structural units
and presence of more rigid BO, structural units. However,
above 15 mol%, there is an increase in the concentration of
BO; structural units whereas silicon structural units
remained unaffected. As the Si-O and B-O bonds have
got comparable energy, the increase in less rigid BOj; struc-
tural units in the glass is the reason for decrease in microh-
ardness values of the glass. For the series II glasses, silicon
structural units are unaffected. But the relative concentra-
tion of trigonally coordinated boron structural units
increases with increase in B,O3; contents. Hence decrease
in microhardness with increase in B,0O5 content for series
IT glasses is again due to the increase in concentration of
less rigid BO; structural units. As the Al,O; content is very
small and constant and the fact that aluminum exist in the
glass as tetrahedrally coordinated AlO,4 structural units
irrespective of the composition of the glass, it is reasonable
to conclude that Aluminum structural units do not have
any effect on the micro hardness variation as a function
of composition for both the series of glasses.

Ton exchange capacity has been found to be more when
more Na™ ions are present in the glass sample. High con-
centration of network modifiers like Na®, results in the
conversion of Si-O-Si to Si-O~ Na™ or Si-O-H linkages
thereby increasing the concentration of nonbridging oxy-
gen atoms in the glass. 2°Si MAS NMR patterns clearly
show that the glass with composition (Na»0O)g »>(K»0)g 929~
(B203)0.05(5102)0.60(A1203)0.011 has got higher nonbridging
oxygen concentration attached to silicon. Also boron in
these glasses exist only as BO, structural units whose
charge is neutralized by the Na™ ions. This will result in
improved ion exchange capacity for this glass compared
to the glass with composition (NayO)g 05(K20)0.029-
(B203)0.25(S105)9 69(Al,03)0.011, Where mostly Q* structural
units exist along with BOj structural units, which are
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neutral structural units (does not have any charge). >°Si
MAS NMR patterns could not be recorded for the Cu®*
exchanged sample due to the significant extent of line
broadening brought about by the presence of paramagnetic
centers in the glass. IR pattern of the glasses have estab-
lished that the borosilicate structural units are unaffected
by the ion exchange process. This again supports the fact
that only the Na*/K"/H" ions are replaced in the glass
by Cu?" ions during ion exchange. No Cu™ ions are formed
in the exchanged glass sample, as it would have given a
peak centerd around 500-550 nm in the emission spectrum
from the sample [20]. However the Cu?" ion in the glass get
converted to Cu™ when the exchanged glass is re-melted
and quenched as revealed by a broad peak around
500 nm characteristic of the transition between almost
degenerate T,/Thg levels to 'A, level of Cu™ ions [20].

5. Conclusion

Based on »°Si and ''B MAS NMR studies, it has been
concluded that for series I glasses below 15 mol% B,O;
content, Na,O preferentially interacts with B,O; structural
units resulting in the conversion of BO; to BOy structural
units along with the conversion of Q* to Q* structural units
of silicon. Above 15 mol% B,O; for series I glass and for all
the investigated compositions of the series II glass, silicon
structural units are unaffected whereas boron exists in both
trigonal and tetrahedral configurations. Variation of
microhardness values of these glasses as a function of com-
position has been explained based on the change in the rel-
ative concentration of BO4 and BOj structural units. Room
temperature Cu>" ion exchange capacity is highest for glass
sample having maximum concentration of exchangeable

ions like Na* and K*. Melting of the exchanged glasses
results in the formation of Cu™ ions in the glass.
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