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Simple hinary Na,5-5i0, oxysulfide glasses were prepared by a conventional melt-quench method in order to
investigate the role of sulfur in glass structure and the electronie state, By X-ray photoelectron spectroscopy (XPS)
measurement, S2p bhinding energy of the glass was observed at approximately 161eV which was close to that of
ionic 5*. The coordinating state around silicon atoms were investigated by *Si MAS-NMR measurement. The
chemical shift observed from NMR supported that sulfur atom was joined to a silicon atom by substituting for an
oxygen atom and was present as a non-bridging sulfide ion in low alkali content. On the ather hand, it could be
presumed that a portion of sulfur anions existed in an isolated state from the glass-network frame at high alkali
content. The state of these sulfurs was also studied by Raman speectroseopy in detail.
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I. Introduction

ulfur is widely nsed as colorant and refining agents

in glass industry. Especially, it is well known that
the sulfur compounds such as sodium sulfate act as re-
fining agent in commercial glass batches. Recently these
compounds are mare effective than polyvalent metals
such as As and Sb in terms of environmental chemistry.
Sodium sulfate decompose in the melt and produce SO,
pases. In this process, these formed bubbles grow larger
for each combination and sweep the smaller bubbles con-
taining O, and CO; in the melt. Consequently, sulfur
ecompounds promote refining and hemogenizing reaction
as glass melting and a better quality of glass is produced
at fast rate."” However, sulfur added to aid the refining
of the glass may also be present as impurity and be in-
corporated in the resulting glass. Since the small amounts
of sulfur remaining in glass products are closely related
to coloration and affects their properties such as photo-
absorption and chemieal durability,” the removal of sul-
furs after refining is great important to produce high
quality products. On the other hand, the chemical state
of sulfur in glass is essentially changed with glass com-
position, type of alkali, sulfur concentration, and the mel-
ting conditions. Behavior of sulfur in glasses, however,
has net been made clear in the previous studies owing to
uncertainty in correlation among these conditions and
chemical state of sulfur. Therefore, it is also interesting
to investigate the chemical state and the role of sulfur in
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glass structure.

Sulfide ion is associated with glass network former in
the same manner as oxide ion at the reducing atmosp-
here. Sinee sulfur has large ionie radius and small elec-
tronegativity, the glass containing sulfide ions has differ-
ent electron density compared with oxide glass.*® There-
fore, these glasses are expected to show electrical or opti-
cal character with peculiarities. In this study, due to the
large solubility of sulfur alkali exysulfide glasses were
selected to investigate the role and effect of sulfur on the
glass structure. Hanada ei. al studied thermal and mech-
anical characteristics in oxysulfide glass system and com-
pared them with the values in oxide glasses."” Recently,
the oxysulfide glasses are of interest in ionic conductive
behavior.™ In the present study, glass network anions
are partly substituted from oxide to suifide ions in the
system of sodium silicate glasses. Chemical bonding
states of sulfur and ecoordinating state around silicon
atoms were discussed.

II. Experimental Procedure

1. Preparation of glass samples

Binary glasses in the series xNa,S-(100-x)Si0, were
prepared from mixture of reagent grade silica sand and
anhydrous sodium sulfide. The glass composition was
gelected at the range x=25 to 50 mol%(bhatch composi-
tion). The appropriate amounts of batch were dry-mixed
completely. Melting was carried out in an alumina cru-
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cible with a lid at 1400°C for 20 min under normal at-
mosphere. After melting, glasses were obtained by pour-
ing melts onto a stainless steel plate. All the samples
were preserved in a desiccator to avoid moisture attack.

Every obtained glass was reddish brown in eolor. The
coloration changed to dark brown with increasing amount
of sodium sulfide. Na,® formed stable glass with Si0, at
alkali concentration range less than 50 meol% in batch
composition, but at larger alkali eontent than 50 mol%,
the erystal deposition partly occurred. The transparent
and homogeneous samples at glass forming range were
used in various meagsurements.

2, XPS measurement

XPS spectra were measured with a Fisons Instruments
"S-Probe ESCA (SSX1008)" equipped with monochromatic
Al Ko X-ray (hv=1486.6 eV). The rod shaped glass sam-
ples were broken under ultra high vacuum less than
1.33 107 Pa and the emitted photoelectrons from the
fresh surface were analyzed. The control of surface
charge-up was carried out by using both a low energy
electron flux and an electrically grounded Ni mesh
screen located about 1 mm above the sample surface.
The photoelectron spectrometer was calibrated by using
Audf,, binding energy while the measured Cls binding
energy for hydrocarbon impurities piling up on the sam-
ple surface in the vacuum for a few hours was calibrated
as 284.6 eV.”

3. ¥Si MAS-NMR measurement

For the *3i MAS-NMR measurement, the sample glasses
containing 0.01 mass% Fe.Q, for the total amount of
batch were prepared. A JEOL JNM-CMX 300 spectro-
meter was employed to obtain the *Si MAS-NMR spee-
trum and operated at 59.74 MHz. The powdered glass
samples were loaded into a zirconia spinner tube and
spun ab 4 kHz, The chemieal shift of *Si was determined
by using polydimethylsilan(PDMS) as a secondary stan-
dard. The chemical shift of PDMS was -34.11 ppm ag-
ainst tetramethylsilane (0 ppm). The pulse delay time
between 4.5 ps pulses (a n/2 pulse) was bs.

4. Raman specitra

Raman spectra of the glasses were measured with a
Nippon Bunke model JASCO NR-1000 Raman spectro-
photometer using the 514.5 nm line of Ar* laser as the
exiting beam. The laser power was set at 60 mW and
Raman spectra were measured at the rate of 120 em™”
per minute with the resclution of 0.5 cm™.

II1. Results

1. XPS specira

Fig. 1 shows the XPS wide scan spectrum of 40Na,8
60Si0, glass. S2p signal is observed in this chart with Si
2p, Ols and Nals signals. Since any signal of aluminum
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Fig. 1. XPS wide scan spectrum of 40Na,S - 608i0, glass
{mol%) including narrow scan spectrum between 50 to 170 eV.

Table 1. Chemieal Compesition Caleulated from XPS Spec-
tra (Selected for Si2p, Na2s and 82p spectra) for Na,3-5i0,
glasses

Batch composition Analytical composition
(mol%s) (mol%)

NaS 510, Na,S3 Na,0 3i0,
30 70 11 21 68
35 65 14 23 64
40 60 21 20 59
45 55 24 22 b4
50 50 24 26 50

orbits can not be seen, there is no contamination of the
glags through chemical attack by aluminum ions from
the crucible during melting. Table 1 shows analytical
composition obtained from XPS spectra for Na,S-5i0,
glasses. Si2p, Na2p and 52p signals are selected for eal-
culating chemical composition at the range between 50
ta 170 eV due to the high intensity of each signal. With
the peak intensity considering photoionization cross sec-
tion, the amounts of oxygen are calculated from stoichio-
metric difference in amounts between cations and sul-
furs in the glass. The ratio of Si0, to (Na,5+Na,0) esti-
mated from analytical composition are almost equal to
that of the batch composition. Therefore, it is found that
the loss of alkali metal by volatilization was small and
sulfurs in raw sodium sulfide were partly substituted for
0xyLen.

Fig. 2 shows 52p photoelectron spectrum for each sample.
These peaks appear around at 161 eV. The 2p-orbit belangs
in same azimuthal gquantum number 1=1. Therefore, S2p
spectrum split into S$2p., and S2p;, peaks because of the
apin-orbit interactions. Both &2py. and S2ps. peak po-
sitions shift low energy about 0.3 eV for high alkali con-
tent samples at x=40 mol% or above. This fact indicates
that the electron demsity of sulfur changes with glass
composition. Furthermore, it is ohserved that shoulder-
like peak is appeared at low binding energy region for
the glasses at x=45 mol% or above. And the peak is gra-
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Fig. 2. 52p photoeleciron spectra in the system of xNa,5 -

{100-x)8i0, (X=25, 30, 35, 40, 45 and 50) glasses. (The dotted
curve are S2p.s and 52pys spectra for 26Na,S - 758i0; glass)
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Fig. 3. S2p binding energy in the system of xNayS - (100-x)
8i0; () together with S2p of reference materials {(arrow},
(These values are the weight-mean of both 82p,, and S2ps,
bhinding energies, The rmumbers inside bracket represent the
valence number for sulfur)

dually clear. At the high alkali content, the change of
glass structure was caused by the appearance of sulfurs
having higher electron density. Fig. 3 shows the chem-
ical shift of 52p binding energy for the glasses together
with those of reference materials. These values are cal-
culated by using the mean S2p binding energies weight-
ed by 52p,; and 82p.; peak areas. The 52p mean values
for the glasses are located near the value in Na,8(161.7
eV). For high valence sulfurs, such as sulfur in Na,50,
(58%") and Na,S0,(53*), the electron densities are higher
than that of crystalline sulfur (orthorhombic variety).
From these results, neither sulfate (:SOX) nor sulfite(:307)
anions can be seen in the glasses. Sulfurs in the glasses
exist as sulfide(S8*) having electron density equal to (-2)
valence, and which show strong ionic bonding character.
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Fig. 4. ®31 MAS-NMR spectra in the system of xNa,S - (100-
%810, plasses(x=30, 37, 40 and 50).

Table 2. The Fraction of Peak Area Calculated fram *Si
MAS-NMR Spectra for Na,5-810; Glasses

Batch composition (mol%) Peak area (%)
Na,O 510, Peakl Peak?2 Peak3
30 70 8.2 169 779
33 67 5.5 20.2 74.3
40 60 10.9 17.9 71.4
a0 50 124 19.7 67.9

2. *8i MAS-NMR spectra

Fig. 4 shows *8i MAS-NMR spectra in the Na,S-3i0,
glass system. Three peaks appeared clearly in the range
of 0 to -120 ppm. These peaks are regarded as “Peakl’,
“Peak?’, and “Peakd’ in turn from a high magnetic field
side. Peakd around -80 to -120 ppm are attributed to sil-
icon atoms coordinated with four oxygen atoms. In full
oxide glass systems, only Peak3 can be observed. However,
both peakl and peak2 appeared in the plass econtaining
sulfur. Each spectrum can be fitted to several Gaussian
peaks. The relative fraction of each peaks to the total
peak area of [Peakl+Peak2+Peakd] are calculated from
peak deconvolution. Table 2 shows the fraction of peak
areas for each spectrum. The total peak area of [Peakl
and Peak2] increases with the amounts of sodium sulfide.
Therefore, it is considered that Peakl and Peak2 are
attributed to silicon atoms coordinated sulfur atoms sub-
gtituting for axygen atoms. Hirai et.al concluded that the
peaks between -25 and -55 ppm were attributed to sil-
icon atoms coordinated sulfur and oxygen atoms simul-
taneously in the system of Li,S-8i8,-LiP0, glasses from
#S MAS-NMR measurement,”™ and our study also sup-
ported the formation of silicon atoms coordinated with
both sulfur and oxygen atoms.

IV. Discussion

The Ols spectra in XPS for Na,8-53i0, glasses split as
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Fig. 5. The fraction of NBO to (BO+NBO) calculated from
Ols XPS spectra in the system of xNa,S - (100-x)Si0, glasses.

{The solid line is the values caleulated for xNa,O - (100-x)
SiQ, plass)

with Na,0-Si0, glasses and also make it clear that non-
bridging cxygen(NBQ) formed in sulfur containing glasses.
The fraction of NBO to the total amount of oxygen in
glagses calculated from peak area of Ols spectra are
shown in Fig. 5 together with those of full oxide glasses.
The golid line is the value which is calculated as an alk-
ali metal ion forms a NBO in the full oxide glass. The
fraction of NBO to total oxygen (=NBO+B0O) decrease in
the region of high alkali content compared with Na,O-
510, glasses, and it iz suggested that the part of alkali
metal ions are not role of NBO formation in Na,S5-5i0,
glasses. Fig. 6 shows experimental ratio of non-bridging
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Fig. 6. The ratio of NBO coordinated to a Si atom calculated
from *3i MAS-NMR spectra in the systern of xNa,S - (100-x)

5i0), glasses. (The solid line is the values calculated for xNa,O
+ (100-%)8i0, glass)
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Table 3. 5/53i Atomic Ratic Calculated from *3i MAS-NMR
and XPS Spectra for Na,3-3i0, Glasses

Batch composition | S/Si) (NMR) |  S/Si() (XPS)
30Nag,8 Y0810, 0.22 017
40Na,3 - 6080, 0.29 0.35
50Na,S - 50810, 0.32 (.64

oxygen to a Si atom that are determined from Qn dis-
tribution by using Peak3 in NMR measurement against
glass composition, where n ig the number of bridging
oxygen atoms in a Si0, tetrahedral structure unit. The
golid line in the figure is the same value which was cal-
culated in Fig. 5. Since the values of NBO/SI for the sul-
fur containing glasses decrease in comparison with thoge
of MNa,0-5i0; glasses, it iz considered that the oxygen
atoms around a silicon atom coordinated no sulfide ion
are present as bridging oxygen(B{O).

On the other hand, the silicon tetrahedron are coor-
dinated sulfur atoms and sulfurs exist as S* having strong
ionic bonding character., Therefore, sulfurs in the glasses
are present as 8" substituting NBO site rather than BO
site in a 8i0, tetrahedral structure unit. These 8% ter-
minate chemical bonding and correspond to non-bridging
sulfur,

Furthermore, we calculated the atomic ratio of silicon
to sulfur from SZp and SiZp XPS spectra to reveal the
amount of sulfur coordinated to silicon atoms. For Fig. 4,
Peakl and Peak2 are not identified clearly how many sil-
icon atom coordinates sulfur and oxygen atoms. However,
we tried to estimate the ratio of silicon to sulfur on the
assumption that both Peakl and Peak?2 are regarded as
a silicon tetrahedron coordinating one sulfur and three
oxygen atoms. Table 3 shows the comparison of the ratio
of 52p/Si2p caleulated from XPS with the ratio obtained
from “Si MAS-NMR spectra. The amount of sulfur cal-
culated from XPS sums up the overall sulfurs in the
glass. On the other hand, ®Si MAS-NMR spectra pick out
the sulfurs coordinated te a silicon tetrahedron. Although
the hath values are approximately comparable in low alk-
ali content, these values are quite different in high alk-
ali content. This fact suggested the formation of the sul-
fur which are not bonded to silicon atom at high alkali
regions. The shoulder peak appears at x=45 mol% or
above in Fig. 2 also indicates the formation of sulfur iso-
lated from glass network former.

In addition, it is expected that sulfur in the glasses is
not only exit as 5% but also as polysulfide species such as

% By and 8x.”" In the system of Na,S-5i0. glasses,
the excess amount of sulfurs make glass structure loose
and give rise to crystallization at last. Therefore, at high
alkali content it is thought that the excess of sulfurs
which igolated from the glass-network are more stable to
be present as polysulfide clusters incorporated with the
godium ions rather than existed as non-bridging sulfur.

Raman spectra of the glasses were shown in Fig. 7.
Ahmed et. al measured Raman spectra for sulfur-con-
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Fig. 7. Raman spectra of xNa,3 - (100-x)810, glasses (x=0,
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taining alkali borate glasses, and they studied the origin
of coloration for the glass in terms of the different state
of sulfur.” In their studies, the frequencies of the Ra-
man bands associated with singly and doubly charged
sulfur ions such as 8% and S(x=2-8) oceur in the range
400 to 600 em™ In this study, the intensity of peaks
ranging from 400 to 500 em® gradually increased with
the amounts of sodium sulfide and the peak becomes
sharper. It is also revealed that these peaks indicate the
formation of polysulfide clusters coupled with excess so-
dium lons in the glasses.

V. Conelusion

Na,S formed stable glass with Si0. by the conventional
melt-quench method. The glass formation range in Na,S-
50, systems is similar to that of Na,0-5i0, systems.
The obtained glasses were reddish brawn in color and it
iz confirmed that large amount of sulfurs were present
in glass samples bhecause of detecting S2p spectrum by
the XPS measurement. The value of S2p binding energy
was close to the value in Na,S. Therefore, it was assumed
that sulfurs in the glasses had an electron density close
to ionic 8%, Furthermore, by the *3i MAS-NMR measure-
ment, three sharp peaks were detected between ( and
-120 ppm. The peaks between -25 and -55 ppm were at-
tributed to a silicon tetrahedron coordinated both sulfur
and oxygen atom simultaneously because these peaks
could not be seen for full oxide glasses. The fraction of
NBO estimated to XPS and *Si MAS-NMR spectra were
decreased compared with that of Na,0-S8i0, glasses.
From these results, it was considered that 5% existed as
non-bridging sulfur substituting oxide ion in 810, tetr-
ahedral units at the region of low alkali content. On the
other hand, it was suggested that the formation of sulfur
isolating from glasg-network frame al the region of high
alkali content. These sulfurs made clusters coupling with
sodium ions, and Raman spectra showed these clusters as
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the sharp peaks at the range hetween 400 and 500 em™.
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