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Raman spectra of glasses in the Li20-Si02 system (41.3 ~< Li20 ~< 61.3 mol% ), prepared by rapid 
quenching, were measured. The proportions of SiO 4 units with 1-4 non--bridging oxygens per 
silicon (N BO/Si ) and the fractions of bridging oxygen, non-bridging oxygen and free or full-active 
oxygen were determined for these glasses from quantitative analysis of the Raman spectra 
obtained. X-ray structural analysis of Li20-Si02 showed an increasing elongation of the average 
atomic distance of the Si-O pair with increase in Li20 content due to weakening of the Si-O bond. 

1. I n t r o d u c t i o n  
Rapid quenching is one of the useful techniques for 
developing new glassy materials and for extending the 
composition range of glass formation. In  the system 
Li20-SiO2, Tatsumisago et al. [1, 2] indicated that 
rapid quenching extended the limit of glass formation 
from 40mo1% Li20 for the usual m'elt2cooling 
method up to 66.7 mol % Li20, which corresponds to 
the composition of lithium orthosilicate 2Li20-SiO2 
(Li4SiO4); and also indicated that the ratio Tg/T1 (Tg 
is the glass transition temperature and T~ the liquidus 
temperature) of LizO-SiOz glass deviated from the 
so-called "two-thirds rule" (Tg/T~ = 2/3) with increas- 
ing Li20 content. They [3] also found from the den- 
sity measurement [3] that there is no drastic struc- 
tural change between rapidly quenched Li20-SiO2 
glasses and the corresponding crystals when the Li20 
content is increased. Molecular Dynamics (MD) re- 
sults [4, 5] for the Li4SiO4 melt and glass have re- 
vealed that this glass consists of some discrete SiO4 
Units with 2-4 non-bridging oxygens per Si (NBO/Si) 
because of the freezing of the corresponding melt by 
the rapid quenching. Therefore, these new glasses 
which result from the extension of the glass-forming 
region are of great structural interest since a three- 
dimensional silicate network structure cannot be for- 
med in such a composition. 

Raman spectroscopy is a powerful method for the 
identification of distinct SiO4 units in silicate crystals 
and glasses. The stretching vibration modes of Si-O 
bonds in silicate crystals and glasses can easily be 
observed by Raman spectroscopy in the frequency 
region 800-1200 cm- 1. Many earlier investigations of 
silicate glasses have been reported [6-11]; Mysen and 
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his coworkers [7, 8] pointed out the coexistence of 
anionic SiO4 species such as SiO44 - monomer 
(NBO/Si = 4), Si20 6- dimer (NBO/Si = 3), SiO3 z- 
chain (NBO/Si = 2), Si20~- sheet (NBO/Si = 1) and 
SiO ~ three-dimensional network unit (NBO/Si = 0) in 
alkali and alkaline-earth silicate glasses from their 
Raman results. Iwamoto et al. [9] and Tsunawaki 
et al. [10] determined the fractions of bridging oxygen, 
- O - or O ~ (i.e. oxygen co-ordinated to two Si 4+), 

non-bridging oxygen, O- ,  (i.e. oxygen co-ordinated to 
one Si 4+) and free or fully-active oxygen, O z- (i.e. 
oxygen not co-ordinated to Si4+), in PbO-SiO2, 
CaO-SiO2 and CaO-SiOz-CaF2 glasses from the 
Raman intensities of the Si-O stretching bands. More 
recently, the Raman spectra of rapid quenched 
Li20-SiO2 glasses were reported [12]. 

Thermodynamic studies [13-15] emphasized that 
there is a strong relationship between thermodynamic 
properties and structural information such as SiO4 
species, and the three species of oxygen: O- (or O~ 
O - and 02 -. Therefore, if quantitative concentrations 
of the SiO4 species and three oxygen species in the 
silicate glasses and melts are obtained by Raman spec- 
troscopy, the thermodynamical properties (e.g. activ- 
ity) can be unambiguously predicted as quantitative 
values. 

It is the purpose of this study to reveal by Raman 
spectroscopy detailed structures of LizO-SiO2 glasses 
containing large amounts of Li20 (41.3 ~< Li20 ~< 
63mo1%) which could be prepared by rapid 
quenching. The Raman results are the basis of dis- 
cussion of the abundance of the SiO4 units existing in 
these glasses. Furthermore, an X-ray diffraction 
(XRD) study was carried out in order to obtain the 
atomic and co-ordination number. 
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TABLE I Nominal and analysed composition of the rapidly quen- 
ched Li20-SiO2 glasses 

Glass sample Li20 (mol%) SiO 2 (tool%) NBO/Si 
number 

Nominal Analysed Nominal Analysed 

2Li20 ' SiO= 67.0 63.0 33.0 37.0 3.405 
3Li20 ' SiO2 60.0 59.6 40.0 40.4 2.951 
LizO" SiO2 50.0 50.4 50.0 49.6 2.032 
2Li20" 3SIO2 40.0 41.3 60.0 58.7 1.407 

2. Experimental procedure 
Li20-SiO 2 was prepared by a twin-roller apparatus 
with a thermaMmage furnace, as reported previously 
[1]. Table I provides a list of nominal compositions 
for the starting materials and compositions, upon ana- 
lysis, of the glasses prepared. 

Raman spectra were measured with a JASCO 
model R-800 double-grating spectrophotometer. The 
excitation source was the 51.45nm (19435.6cm -1) 
line of a NEC GLG-3300 Ar-ion laser with power 
levels from 300 to 400 roW. Each Raman spectrum 
obtained was deconvoluted into several Gaussian 
Raman intensities, IR, composed of several Gaussian 
peaks as expressed by the following equation. 

{ 2F> IR = i=~ Ifexp -- In [_ Ami (1) 

where Ii, m; and Am; are the intensity, position and 
halfwidth of the peak i, respectively. The area of this 
Gaussian peak i to the total area, A;, that is, the 
relative intensity, is expressed by 

1 /  ~ ",~1/2 

2~1-~) IiA~ 1.064IiAmi 
A; = - (2) 

IR IR 

Deconvolution of the spectra was carried out for 
digitized scattering data by microcomputer [16]. 

XRD measurements were carried out with a Rigaku 
Denki X-ray diffractometer with a rotating anode 
generator RAD-Ra, with MoKa (X = 0.07107nm) 
radiation under 50 kV and 120 mA. The X-ray scat- 
tering intensities were measured from 20 -- 6-140 ~ at 
0.5 ~ intervals using step scanning with a fixed time of 
200 s. After correction for background, polarization 
and Compton scattering, the coherent X-ray intensity, 

r I,~ (S), was scaled, by means of the high-angle-region 
method and the Krogh-Moe/Norman method, to the 
theoretical intensities due to the independent atoms. 
The radial distribution functions, D(r), were obtained 
from the reduced intensities, S.i(S) 

V lOoh(S~ ] 
S" i(S)= S | - ~  ~ ,___L 1 (3) 

f~(s)  ~ 
i = l  

/ = 1  / = 1  g 

t 
Smax  

x S.i(S) sin (Sr) dS (4) 
do 
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where m is the number of atoms contained in the 
stoichiometric unit, 90 the mean atomic density, f~(S) 
the atomic scattering factor of atom i corrected for 
anomalous dispersion,/(i  the effective electron num- 
ber of atom i and Smax the maximum value of 
S ( = 4~ sin 0/X). The function, D(r)/r, calculated from 
the obtained X-ray intensities was deconvoluted 
into Gaussian peaks by the nonlinear least-square 
procedure for the determination of the distances 
(r u _+ 0.001 nm) and co-ordination numbers 
(N;/j + 0.1 atoms) of the nearest-neighbour atomic 
pairs i-j in these glasses. The density values used for 
these glasses were determined by the heavy-solution 
method [3], using a mixture of bromoform and car- 
bon tetrachloride as the heavy solution. The detailed 
procedure for the measurement and the calculation 
method of the X-ray data have been reported else- 
where [17, 18]. 

3. Results and discussion 
Fig. 1 shows the Raman spectra of the Li20-SiOz 
glasses prepared by rapid quenching. The bands ap- 
pearing in these Raman spectra can be grouped con- 
veniently into two frequency regions, 500-750 cm-1 
and 800-1200 em-  1. As shown in Fig. 1, as the Li20 
content increases, the bands at 500-750 cm-1, which 
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Figure I Raman spectra of the rapidly quenched Li20-SiO2 glasses 
[12]. The Raman spectrum of Li20.2SiO z ( = Li2Si205) glass [18] 
is included for comparison. 



TABLE II Raman frequencies of the Si-O stretching modes due to 
SiO4 units with 0, 1, 3 and 4 NBO/Si in alkali and alkaline-earth 
glasses [6-11] 

SiO,, unit Bonding state NBO/Si Frequency 
of bound oxygen number (cm- 1) 

SiO ~ three- I 0 1060-1065 
dimensional O 1190-1200 
network I 

- - O - - S i - - O - -  
I 

0 
I 

SiaO ~- sheet ~ 1 1030-I I00 
F 

- -O--  Si - - O -  
r 

O 

SiO~- chain ~ 2 950-970 
I 

- - 0  Si--O-- 
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~ 

Si206- dimer ~ 3 850-890 
t 
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Figure 2 Raman spectrum of 63Li20.37SiO2 glass deconvoluted 
into three gaussian peaks due to SiO~- chain, Si20~- dimer and 
SiO~- monolner. 
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are assigned to the bridging S i -O-Si  vibration [19] 
and labelled B, greatly reduced in intensity and shift 
toward higher frequencies. The cont inuous intensity 
drop and shift in the posit ion of  the B band  
with increasing LiaO content  must  be related to 
depolymerizat ion between SiO,~ units. The 
800-1200 cm -1 frequency region of  the measured 
Raman  spectra is at tr ibuted to the non-bridging Si -O 
stretching mode  of four giG4 units with 1-4  NBO/Si;  
that  is, Si20 2-  sheet, SiO 2-  chain, SiaO 6-  dimer and 
SiO 4-  m o n o m e r  [7-111. As summarized in Table II, 
these four Raman  modes caused by the SiO4 units 
with 1-4 NBO/Si  appear  at 1030-1100cm -1, 
950-970 c m -  1,900-930 c m -  1, and 850-890 c m -  t, re- 
spectively. In glasses containing a relatively small 
amoun t  of Li20,  the main peaks are the bands due to 
the Si20 2 - sheet and SiO3 z -  chain. In glasses contain- 
ing a large amoun t  of L i20  , however, bands due to 
Si20 6-  dimer and SiO44- m onom e r  are mainly ob- 
served. These R a m a n  results indicate that  the SiO4 
units with higher NBO/Si  ratios increase with increas- 
ing L i20  content  because of  the depolymerizat ion of  
SiO4 units. 

Fig. 2 shows the Raman  spectrum of 
63LizO" 37SiOz glass deconvoluted  into three Gaus-  
sian peaks due to a SiO~,- monomer ,  a Si20 6-  dimer 
and a SiO~-  chain. As can be seen, most  of  the SiO4 
tetrahedra in the glass with the highest L i20  content  
are present as isolated SiO4 units such as SiO 4 -  
m o n o m e r  and Si20 6-  dirner. This fact was also recog- 
nized from the X-ray analysis and M D  simulation 
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Figure 3 Reduced intensity curves, S "i(S), of 63Li20" 37SIO2 glass 
obtained from: ( - - )  XRD, ( - - - )  a structural model of 
a SiO44- monomer calculated from the Debye scattering equation, 
and ( - - -) Li4SiO,~ glass derived from MD simulations [4, 5]. 

results [4, 5] for this glass. Using the Debye scattering 
equat ion [201 given by 

s . i ( s )  f~(s) ~ = Y~,,j~ N~Hf,(S)fAS) 
i i = i  j = l  

x exp( - b~_jS z) sin(Sri_j) (5) 
r i - j  

where r~_~ and Ni/j are the distance and co-ordinat ion 
number  of the nearest-neighbour ionic i-j pair, respect- 
ively, and b~_j is the temperature factor, i.e. half the 
mean-square  variat ion in ri-~. The reduced intensity, 
S-i(S), was calculated for a structural model of  
a SiO~- monomer ,  in which four lithium ions occupy 
four corner sites in order to satisfy the stoichiometric 
unit of Li4Si04 composit ion.  Excellent agreement for 
three S.i(S)  curves can be seen irt Fig. 3. 
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TABLE III Relative intensity of the Gaussian peaks of four SiO4 units with 1M NBO/Si, and fractions of O ~ O -  and O 2 in the rapidly 
quenched LizO-SiO 2 glasses 

Glass sample Relative intensity" (%) Oxygen fraction (%) 
(mol %) 

Si2052- SiO~- Si20~- SiO~- 0 ~ O- 02- 
sheet chain dimer monomer 

63Li20'  37SIO2 0 9.3 34.3 56.5 4.3 82.2 13.5 
0 b 3. t b 28.1 b 37.2 b 5 b 90 b 5 b 

60Li20" 40SiO 2 5.2 30.5 35.4 28.9 16.0 82.3 1.7 
50Li20" 50SIO2 15.5 60.6 9.4 12.4 29.7 70.3 - 
41Li20" 59SIO2 65.6 33.0 6.3 48.9 51.1 - 

Peak area to total-area represented by Equation 1 
u MD results [4, 5] of Li,~SiO 4 glass at 300 K. 

The relative intensity of each Raman band in the 
frequency range 800-1200 cm-  x is associated with the 
abundance of SiO4 units giving rise to the stretching 
vibration of the Raman bands listed in Fig. 1. Before 
determining the proportions of the SiO 4 units with 
1-4 NBO/Si in the rapidly quenched Li20-SiO2 
glasses, the normalized Raman cross-sections of the 
four SiO, units with 1-4 NBO/Si empirically checked 
by means of the method proposed by Mysen e t  al. [21, 
22]. The relative intensity, A~, of Raman-band i is 
related to the proportion (mole fraction) of SiO4-unit 
i, x~, by the following equation: 

X i = o~iA i (6) 

where ~ is the normalized Raman cross-section of 
SiO4-unit i, and Ag in Equation 6 corresponds to the 
ratio of the area of Gaussian peak i to the total area 
represented by Equation 2, that is, the relative inten- 
sity. Table III lists the values of the relative intensities 
of these Raman bands due to the four SiO4 units with 
1-4 NBO/Si. The cti are then related to A~, and are 

mass balanced with the number of NBO/Si, n~, which 
is 1, 2, 3 and 4 for Si202- sheet, SiO 2- chain, Si206- 
dimer and SiO 4- monomer, respectively. Conse- 
quently, the summation of n~ is equal to the bulk 
NBO/Si [21, 22], which can be calculated from the 
analysis in Table I as follows 

~ A ~ n i  = NBO/Si (7) 

~ miA, = 1 (8) 

In the rapidly quenched Li20-SiO2 glasses, the ~ 
factors calculated from Equations 6-8 were 1.04, 1.02, 
1.15 and 0.90 for Si20~- sheet, SiO3 z- chain, Si206- 
dimer and SiO]-  monomer, respectively. These estim- 
ated a~ factors indicate that the scattering efficiencies 
of the four SiO, units with 1, 2, 3 and 4 NBO/Si are 
almost equivalent. Therefore, the relative intensity of 
the Raman bands listed in Table III directly corres- 
ponds to the proportions of these four SiO4 units 
present in the rapidly quenched Li20-SiO 2 glasses. 

Fig. 4 shows the proportions of SiO4 units with 0-4 
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Figure  4 Proportions of: (a) SiO, units with 0, 1, 2, 3 and 4 NBO/Si0 and (b) fractions ofO ~ O -  and 0 2- in the rapidly quenched Li20-SiO2 
glasses. The Raman data Rb20"4SiO2 ( = Rb2Si4Og) glass [23] are included for comparison: ( . - )  the proportions of O ~ O and 0 2 
obtained from X-ray-photoelectron-spectroscopy measurements 1-24], (" ' ) the proportion of O ~ O - and 0 2 - calculated from Yokokawa and 
Niwa's thermodynamic model [26, 28] by using an optimal equation constant, K( = 0.0078), derived from the Raman analyses, ( . . . .  ) the 
proportion of O -  can be given by 2x/(1 - x) if the compositional formula of the rapidly quenched Li20-SiO 2 glasses is regarded as 
xLi20 '  (1 - X)SiO 2 . 
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NBO/Si and the fractions of bridging oxygen - O -  or 
O ~ (i.e. oxygen co-ordinated to two Si ~+), non-bridg- 
ing oxygen, O -  (i.e. co-ordinated to one Si 4+), and 
free or fully-active oxygen, O 2 - (i.e. not co-ordinated to 
Si 4+) in the rapidly quenched Li20-SiO2 glasses as 
a function of the Li20 content. Fig. 4 also contains the 
previously obtained data [23] for L i 2 0 2 S i O 2  
( = Li2Si2Os) described above. The content of Si20 6- 
dimer (NBO/Si = 3), SiO~- chain (NBO/Si = 2) and 
Si2 O2- sheet (NBO/Si = 1) have a maximum at ap- 
proximately 60, 50 and 33 mol % Li20, respectively. 
These Li20 contents correspond to Li6Si207 
(NBO/Si = 3), Li2SiO3 (NBO/Si = 2) and Li2Si205 
(NBO/Si = 1), respectively. The proportion of SiO ~ 
three-dimensional network units (NBO/Si = 0) re- 
markably decreases with increasing Li20 content. 
This result of the Raman analysis, illustrated in Fig. 4, 
suggests that no glass is composed of only one SiO4 
unit. For example, the fact that the 63Li2037SiO2  
glass consists not only of SiO44- monomer but also of 
Si20~- dimer and SiO 2 - chain suggests that the glass 
structure should arise from the following equilibrium 
reaction 

O 0 O e O 0 O 0 

~ ~i O ~i O~ ~ - O - S i - O -  + ~  0 

;0 ol0 o0 o0 
(3) (2) (4) 

This analysis of the Raman results shows a satisfac- 
tory agreement with 29Si magic-angle spinning (MAS) 
NMR results [25] in the Li20-SiO2 glasses 
(15 ~< Li20 <~ 40mo1%) prepared by the usual 
melt-cooling method, as shown in Fig. 5. This Raman 
result is also in quantitatively satisfactory agreement 
with MD simulation results [4, 5], as indicated in 
Table III. More recently, Dorfeld [15] estimated the 
concentration of SiO4 units in Na20-SiO2 glasses at 

300 K as a function of glass composition from an ideal 
chemical model. Dorfeld's values are in reasonable 
agreement with those derived from our Raman results. 

As previously mentioned, oxygen ions in the silicate 
glasses can be generally classified as bridging oxygen, 
O ~ non-bridging oxygen, O - ,  or free or fully-active 
oxygen, 0 2-. As indicated in Table II! the fractions of 
O ~ O -  and 0 2- in the 63Li20- 37SIO2 glass derived 
from the Raman results were 4, 83 and 13%, respect- 
ively. However, the proportions of O ~ O -  and O z-  
calculated from MD simulations [4, 5] were 5, 90 and 
5%, respectively. The agreement with these Raman 
and MD [4, 5] values is satisfactory. Furthermore, as 
shown in Fig. 4b, comparison of the fractions of O ~ 
O -  and 0 2- obtained from the Raman results with 
those calculated on the basis of a thermodynamic 
model proposed by Yokokawa and Niwa [26] gives 
an excellent agreement. In Fig. 6, the ratios of bridging 
to nombridging oxygen, R ( =  N o o / N o - ) ,  are com- 
pared with the values predicted for each glass from its 
composition and charge-balance considerations and 
the modified random network (MRN) model [273. All 
ratios are found to agree with the predicted values. 
The equilibrium constant, K, of the reaction 
2 0 - ~ - O  ~  2- be tweenO ~  and 0 2- can be 
given by the following equation [13, 14] 

[ o  ~ 3 [ o  ~- ] 
K - [O_]2  (9) 

The Raman-estimated value K calculated from Equa- 
tion 9 is 0.0078, which is in reasonable agreement 
with the value of 0.0032 for the Li4SiO4 glass at 300 K 
obtained from MD simulations [4, 5]. Yokokawa and 
Niwa [26] estimated the K values to be 0.14-0.003 for 
M2+O-SiO2 binary melts (where M is either Mn, Pb 
or Ca) from a thermodynamic calculation. It is pre- 
sumed that the value K relates to the cohesive energy 
of the network-modifying oxides, Ma20  (where Ma is 
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Figure 5 Comparison of the proportions of SiO4 units in the 
Li20-SiO2 glasses determined by: ( - - )  our Raman and (---)  
Shramm and de Jong's 29Si MAS NMR [25] analyses. Included in 
this figure for comparison are the Raman results for Rb20'4SiO2 
( = RbaSi4Og) glass [23]. 
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Figure 6 Ratio of bridging to non-bridging oxygen, 
R( = No0/No_): ((3) rapidly quenched Li20-SiO2 glasses derived 
from the Raman results showing agreement with (---) the values 
predicted from the glass composition. 
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an alkali metal), such as Li20 in silicate melts and 
glass [26]. Usually a lowering bond strength, 
ZM,/(rM,+ + ro~- ) (where ZM, is the formal charge of the 
Ma + ion, rMa+ and ro~- are the ionic radii of ions Ma + 
and O 2- ), between Ma + and 0 2- tends to decrease 
the value of K [26-]. It is, therefore, concluded that the 
value of K for the 63Li20" 37SIO2 glass is much 
smaller than that for the CaO-SiO2 [26]. From the 
value obtained for K, it is possible to predict that the 
activity coefficient is one of the most important ther- 
modynamic parameters. Therefore, by the use of the 
following Yokokawa and Niwa equations [26, 28] 

2XSiOz - -  1 - [_ 2(1 - 4K) 
asio2 = 1 + XSiO2 

and 

OLi20 = fl  
XLizO 
"l- XSI02 

.1 + Xsi____O=) 3 (10) 
2Xsioz / 

_ 

numbers can be given as follows 

Nsi/si = 3f~NBO/Si= 1)+ 2 f 2 ) +  3f(3) (12) 

No/s i  = 1.75f~t)+ 1.50f(2) + f ( 4 )  (13) 

Nolo = 5.25ft) + 4.50f2) + 3f4) (14) 

where f(i) (i = 1-4) is the proportion of the SiO4 unit 
with NBO/Si = i as indicated in Table III. 

Method 2. The fractions of O ~ O-  and O 2- can be 
given by the following equations 

Nsi/s i = 4Noo 

No/s i  = 2No0 + No- 

No/o = 6Noo + 3No- 

(15) 

(16) 

(17) 

where No o, No- and No2- are the fractions of O ~ O-  
and O 2- as listed in Table III. 

[! _sx 1_ 4K,] J2 lJ2 ( 
(1 + XLi2O) 2 1 L XSi~O2X} 3/2 
2(1 - 4K) XLi20 // 

(1t) 

and the value obtained for K the activity curves of 
Li20 and Si02 for the Li20-SiO2 glasses at 300 K 
were calculated, as indicated in Fig. 7. 

By using the proportions of the four SiO4 units 
present in the rapidly quenched Li20-SiO2 glasses, 
the average co-ordinati0n numbers were determined 
for the nearest-neighbour atomic pairs Si-Si, O-Si 
and O-O; i.e. NsJ/s~, No/s~ and No/o were determined. 
These co-ordination numbers can be estimated using 
the following two methods. 

Method 1. Table IV shows the average co-ordina- 
tion numbers of the nearest-neighbour correlations 
Si-Si, O-Si and O-O for the SiO4 units with 0, 1, 2, 
3 and 4 NBO/Si, i.e. nsi/s~, no/si and nolo. The relation- 
ship between the bulk- and SiO4-unit's co-ordination 
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Figure 7 Activity curves for binary Li20-SiO2 glass at 300 K cal- 
culated from Yokokawa and Niwa's model [26, 29] by using an 
optimal equilibrium constant K ( =  0.0078) derived from Raman 
analysis. 

The results calculated from methods 1 and 2 are 
shown graphically in Figs 8 and 9, respectively, the 
values Nsi/si, No/si and Nolo estimated from these two 
methods drop reasonably with the increase in Li20 
content due to a depolymerization reaction between 
SiO4 units. This tendency of these co-ordination num- 
bers confirms the prediction from simple considera- 

TABLE IV Co-ordination numbers of nearest-neighbour correla- 
tions Si Si, O-Si and O - O  for SiO4 units with 0, 1, 2, 3 and 
4 NBO/Si 

SiO,, unit Bonding state NBO/Si Co-ordination number  
of bound oxygen number nsl/s i no/si nolo 

I 0 4.00 2.00 6.00 SiO ~ three- O 
dimensional I 
network - - O  S i - - O - -  

I 
o 

I 

~ 1 3.00 1.75 5.25 
L 

- - O  S i - - O  
I 

O 

~O 2 2.00 1.50 4.50 
I 

- - O - -  Si - - O - -  
I 

~O 

eO 3 1.00 1.25 3.75 
I 

00-- S i - -O--  
I 

~o 

~ 4 0 1.00 3.00 
I 

~  Si - - 0  ~ 
I 

o 0 

SizO z- sheet 

SiO3 2- chain 

Si2 O{ dimer 

SiO~- monomer 
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Figure 8 Composition dependence of co-ordination numbers of 
nearest-neighbour pairs Si Si, O-Si and O-O in the rapidly quen- 
ched Li20-SiO ~ glasses obtained from Raman analysis by means of 
Method 1: ( ) co-ordination numbers estimated from composi- 
tion dependence of silicate glass structure, ((3, O) Ns~/s,, (D, II) 
No/s~, (A, A) No/o . The data for Li20' 2SiOz glass obtained from 
neutron diffraction measurement by Hannon et al. [29] and for 
Na20-SiO2 melts obtained from XRD measurement 1-30] are in- 
cluded for comparison. 
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Figure 9 Composition dependence of co-ordination numbers of 
nearest-neighbour pairs Si-Si, O-Si and O-O in the rapidly quen- 
ched LizO SiOz glasses obtained from Raman analysis by means of 
Method 2: ( ) co-ordination numbers estimated from composi- 
tion dependence of silicate glass structure, (O, O) Ns~/s~, (D, III) 
No/s~, (~, A) Nolo. Data for Li20"2SiO2 glass obtained from 
neutron diffraction measurement by Harmon et al. [29] and for 
Na20-SiO2 melts obtained from XRD measurement [30] are in- 
cluded for comparison. 

tion on the basis of composition dependence and 
charge balance of alkali-silicate-glass structure. For 
instance, the Nolo  value of the 63Li20" 37SiOz glass is 
2.7 ~ 3.4, and is almost equal to the values obtained 
from XRD (No/o = 3.3) and MD simulations [4, 5] 
(Nolo = 3.3). More recently, Hannon et al. [29] have 
studied the structure of three alkali silicate glasses of 
nominal composition M20"2SIO2 (with M = K ,  
K0.46Lio.54 and Li) with a high-resolution neutron 
diffractometer. The values for No/si and No/o of the 
LizO'SiO2 glass reported from the neutron results 
[29] are 1.61 and 4.81, respectively; these values are 
also equal to the values estimated from the two 
methods outlined above, as shown in Figs 8 and 9. 
Values of the co-ordination numbers for molten 
Na20-SiO2,  obtained from XRD measurements by 
Waseda et al. [30] are included for comparison. 
Waseda and his coworkers systematically carried out 
X-ray structural analyses of alkali and alkaline-earth 
silicate melts [31]. As shown in Figs 8 and 9, Waseda's 
results, unfortunately, indicate that the addition of 
N a 2 0  up to 60mo1% has no effect on Nsl/si and 
No/o in the molten NazO-SiOz system [30], which is 
not in agreement with our Raman results. When 
Ma20  (where Ma is an alkali metal) is added to an 
SiO2 melt and/or glass, it is widely accepted that 
physical properties such as viscosity drastically 
change [33], owing to the rupture of three-dimen- 
sional network structure. In the MRN model [271, the 
addition of one network modifier unit, Ma20,  causes 
one bridging oxygen (BO) between two connected 
tetrahedra to be replaced by two non-bridging oxygen 
(NBO) atoms. The negative charge on the singly 
charged NBOs is balanced by the positively charged 
Ma + ions. Therefore, the authors consider that there 
is room for the X-ray results reported by Waseda and 
his coworkers [30-32] to be remeasured. 

The S . i ( S )  curves for the rapidly quenched 
Li,O-SiO2 glasses are shown in Fig. 10. Periodical 
profiles of the curves are very similar to each other 
among these glasses with different composition. The 
increase in the LizO content, however, causes the 
change of the peak in the S region below about 
30 nm-  1. This feature of the S . i ( S )  curves may corres- 
pond to a change in the atomic Configuration of the 
mid- and long-range region of SiO4 units caused by 
depolymerization with increasing Li20 content. The 
average atomic distances and co-ordination numbers 
for nearest-neighbour pairs Si-O, Li-O, O - O  and 
Si-Si derived from the function D(r) / r  of Fig. 11 are 
listed in Table V. The data for Li4SiO,;, Li6Si207, 
LizSiO3 and LizSi2Os crystals 1-35-38] are included 
for comparison. From this table, the average bond 
length of an Si-O pair, rsi-o, tends to increase from 
0.160 to 0.164 nm with the increase in Li20 content, 
this is due to the weakening of the Si-O bond, due to 
the introduction of a modifier oxide into the silicate- 
network structure [39]. Misawa et at. [34] reported 
a similar elongation of the Si-O bond length in three 
alkali disilicate glasses from a time-of-flight total neu- 
tron scattering experiment. Although the co- 
ordination number of nearest-neighbour oxygen 
around silicon, Nsi/o, is almost equal to 4 because 
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T A B L E V Atomic distances and co-ordination numbers of nearest-neighbour pairs Si-O, Li-O, O-O and Si-Si in the rapidly quenched 
Li20-SiO 2 glasses determined from X-ray analysis. Data for lithium disilicate glass [29, 31, 34] and several Li20-SiO 2 crystals [35-38] are 
included for comparison. 

Glass sample Atomic distance (nm) 
(mol %) 

Co-ordination number 

r s i  - o r L i  - O r o  - o r s i  - s l  N s i / o  N L i / O  

63Li20' 37Si02 0.164 0.223 0.272 0.320 4.0 3.1 
0.160 a 0.193 ' 0.259" 0.310 ~ 4.0" 3-4" 

60Li20" 40Si02 O. 163 0.221 0.268 0.315 3.8 2.4 
50Li 20" 50Si0 z O. t 61 0.22 t 0.264 0.314 4.3 22 
41Li20" 59Si02 0.161 0,224 0.274 0.20 4.5 2.0 

Li20" 2Si02 h 0.1630 0.1968 0.2660 3,80 2.16 
Li20" 2Si02 ~ 0,162 0,207 0.265 0.313 3.7 3.8 
Li20" 2SIO2 d 0.1624 0.265 3.9 

Li4SiO 4 crystal ~ 0.163 0.211 4 4-6 
Li6SizO 7 crystal d 0.164 0.207 4 4-5 
LizSiO 3 crystal d 0.t63 0.207 4 4 
Li2Si205 crystal d 0.163 0.195 4 4 

a MD results [4, 5] of Li4SiO4 glass at 300 K. 
b [29]; ~ [31]; d [34]; " [35--38]. 
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Figure 10 X-ray reduced intensity curves S . i (S )  for the rapidly 
quenched Li20-SiO2 glasses: ( - - - )  63Li20.37SiO> ( - - - )  
60Li20 "40Si02, (' " " ) 50Li2 O" 50Si02, and ( - - )  
41Li20' 59Si02. 
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Figure 11 Radial distribution function curves D(r) for the rapidly 
quenched Li20-SiOz glasses: (---)  63Li20'37SiOz, (---) 
60Li20' 40SIO2, (.. , ) 50Li20 �9 50SIO2, and ( - - )  
41Li20' 59SIO2. 

of SiO4 tetrahedra, the co-ordinat ion number  
a round lithium, NLi/O , is increased from 2.0 for 
4 1 L i 2 0 '  59SIO2 glass to 3.1 for 63Li20"  37SIO2 glass 
with increasing L i20  content. As shown in Table V, in 
the lithium-silicate crystal structures [35-38]  lithium 
ions are co-ordinated with 4-6  oxygen ions, whereas 
the NLi/O values for the rapidly quenched L i20  SiO2 
glasses obtained from the X-ray results are much 
smaller than those of crystals [34-37] .  The small 
NLi/O values are in accordance with the results of M D  
results [4, 5] for the Li4SiO4 glass. Furthermore,  the 
present result is also supported by the results of 
Hannon et aL [29] who have shown (in a high-resolution- 
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neutron-diffraction study of  three alkali silicate glasses 
of nominal  composi t ion M 2 0 " 2 S I O 2  where M is K, 
Ko.46Lio.54 or Li) that  NLi/O is 2.16 for the 
Li20"  2SIO2 glass. According to H a n n o n  et al. [29], if 
a lithium ion has only N B O  in its first oxygen co- 
ordinat ion shell then the number  of lithium ions which 
are first neighbours to a N B O  is NO/Li/fN~o, which is 
calculated to be 2.18, suggesting a simple pairing of 
lithiums between two non-bridging oxygens, thus 

[ Li+ I 
- - S i - - O  - - O - - S i - -  

I Li+ t 



4. Conclusion 
The results of Raman analysis of the rapidly quenched 
Li20-SiO2 glasses lead to the conclusion that the 
Raman relative intensities of the four SiO~ units with 
1, 2, 3 and 4 NBO/Si in these glasses are equivalent to 
the abundances of the corresponding SiO4 units. By 
the use of the proportions of the SiO4 units and the 
fractions of bridging, non-bridging and free or fully 
active oxygen, the co-ordination numbers were deter- 
mined for the nearest-neighbour pairs, Si-Si, O-Si and 
O-O in Li20-SiO 2 glasses. As a result, the co-ordina- 
tion numbers obtained reasonably drop with the in- 
crease in the Li20 content due to the depolymer- 
ization reaction between SiO4 units. Furthermore, in 
order to Obtain structural information on the 
Li20-SiO2 glasses, XRD measurements were carried 
out. The X-ray results showed an increase in the 
average atomic distance of the Si-O pair with increas- 
ing Li20 content due to the weakening of the Si-O 
bond. Lithium ions are found to be coordinated by 
2 ~ 3 o x y g e n  ions .  
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