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Abstract. In order to decipher information about the 
local coordination environments of Na in anhydrous sili- 
cates from /3Na nuclear magnetic resonance spectro- 
scopy (NMR), we have collected 23Na magic angle spin- 
ning (MAS) NMR spectra on several sodium-bearing 
silicate and aluminosilicate crystals with known struc- 
tures. These data, together with those from the litera- 
ture, suggest that the 23Na isotropic chemical shift corre- 
lates well with both the Na coordination and the degree 
of polymerization (characterized by NBO/T) of the ma- 
terial. The presence of a dissimilar network modifier also 
affects the/3Na isotropic chemical shift. From these re- 
lations, we found that the average Na coordinations in 
sodium silicate and aluminosilicate liquids of a range 
of compositions at 1 bar are nearly constant at around 
6-7. The average Na coordinations in glasses of similar 
compositions, also vary little with Na content (degree 
of polymerization). However, limited data on ternary 
alkali silicate and aluminosilicate glasses seem to suggest 
that the introduction of another network-modifier, such 
as K or Cs, does cause variations in the average local 
Na coordination. Thus it appears that the average Na 
coordination environments in silicate glasses are more 
sensitive to the presence of other network-modifiers than 
to the variations in the topology of the silicate tetrahed- 
ral network. Further studies on silicate glasses contain- 
ing mixed cations are necessary to confirm this conclu- 
sion. 

Introduction 

Alkali and alkaline earth elements (particularly Na, K, 
Mg, Ca) are important network-modifying cations in 
silicates of geological and technological interest. Among 
them, Na is relatively easy to study by NMR because 
the 23Na nucleus has a 100% natural abundance and 
a high magnetogyric ratio. Many of the NMR studies 
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of sodium-bearing silicates and aluminosilicates (crys- 
tals, glasses and melts) have in fact included 23Na NMR 
data. The line shapes of these spectra have often been 
discussed in terms of the number of Na sites, the dynam- 
ics of Na diffusion (e.g. Stebbins et al. 1985; Stebbins 
etal. 1989; Stebbins and Farnan 1992; Hovis etal. 
1992), the structural order/disorder (e.g. Kirkpatrick 
etal. 1985; J/iger etal. 1989) or the distortion of the 
Na coordination (e.g. Buhl et al. 1988). There has been 
relatively less attention directed toward the structural 
significance of the 23Na isotropic chemical shift (60, 
compared to other NMR active nuclei in silicates such 
as 29Si and 27A1. This is partly because 23Na is a quadru- 
polar nucleus with a spin quantum number of 3/2. The 
Z3Na NMR spectra are usually broadened by quadrupo- 
lar interactions and sometimes are featureless when there 
is structural disorder. In principle, the 23Na 6i should 
be sensitive to the local Na coordination environment. 
In a paper that derived formula for calculating MAS 
NMR line shapes of quadrupolar nuclei, including/3Na, 
Kundla et al. (1981) reported 23Na 6i data for several 
aluminosilicates (mostly zeolites and sodalites) and 
pointed out that they cover a large range. In a multinu- 
clear NMR study of alkali feldspar solid solution series, 
Phillips et al. (1988) also took note of the large 23Na 
6i variation within this series and suggested that it is 
correlated with changes in the size of the Na sites. Oes- 
trike et al. (1987) discussed 23Na MAS NMR spectra 
of framework aluminosilicate glasses and suggested that 
/3Na NMR has considerable potential to yield structural 
information for glasses. They also noted the need for 
a systematic study of the causes of variations in its 6i- 

In the first part of this paper, we investigate in detail 
the correlations between ZaNa 6i and local structure 
around Na in anhydrous silicates and aluminosilicates. 
We first present 23Na MAS NMR spectra and the de- 
rived NMR parameters for several crystalline sodium 
silicates and aluminosilicates with well-studied struc- 
tures. Together with data for other crystalline phases 
in the literature, we discuss the various structural factors 
that affect the/3Na 6i. 
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In the second part, we reexamine 23Na N M R  data 
for some anhydrous alkali silicate and aluminosilicate 
melts and glasses with the above results as a guide, and 
discuss the local Na environments in these phases. Up 
to now, information concerning the local Na environ- 
ments in silicate glasses has mostly been derived from 
Na EXAFS and infra-red data. Greaves et al. (1981) 
have reported Na extended X-ray absorption five struc- 
ture (EXAFS) data for two silicate glasses ( N a z S i 2 0  5 and 
NazCaSisO12), from which they derived a Na coordina- 
tion of 5 and N a -  O distance of 2.3 A for the NazSieOs 
glass and Na coordinations of 5 or 6 that are split in 
a similar way to crystalline ternary silicates for the Na- 
2CaSisOa2 glass. They suggested that Na adopts a simi- 
lar variety of local structures in the glasses as it does 
in the crystalline phases. McKeown et al. (1985) have 
studied a number of sodium silicate and aluminosilicate 
glasses using Na EXAFS and X-ray absorption mean- 
edge structure XANES. They concluded that the average 
Na coordination environments in these glasses are simi- 
lar, with the Na coordinations range from 5.1 to 7.6 
and the N a - O  distances from 2.57 to 2.62 ~. The Na 
coordination number (6.4) and N a - O  distance (2.61 ~)  
for a Na2Si205 glass derived by McKeown et al. (1985) 
are, however, both larger than those of Greaves et al. 
(1981). More recently, Merzbacher and White (1988) 
have reported infra-red data for several sodium silicate 
and aluminosilicate glasses. They found that the vibra- 
tional energy of Na motions changes systematically with 
the degree of polymerization of the material and sug- 
gested that it indicates a change in the Na site structure, 
contrary to the conclusion of McKeown et al. (1985). 
There have also been several 23Na N M R  studies of sodi- 
um silicate and aluminosilicate melts (Stebbins et al. 

1985, 1992) and glasses (Dupree et al. 1984; Oestrike 
et al. 1987; Hater et al. 1989; Xue et al. 1991), but un- 
ique interpretations of these spectra have been hampered 
by the lack of understanding of the correlations between 
23Na N M R  parameters and the local Na structure. We 
will show that with the new information obtained in 
this study, we were able to gain more insight into the 
local Na coordination environments in sodium silicate 
melts and glasses from the 23Na  N M R  data. 

Experimental Procedure 

All synthetic crystals were prepared by crystallizing glasses of the 
desired compositions. The starting glasses were prepared using re- 
agent grade NazCOa, BaCO3 and SiO2 by the normal melt quench 
method described previously (Xue et al. 1991). The crystallization 
conditions of these crystals and the locality of a natural mineral 
are tabulated in Table 1. The identity and purity of all phases 
have been confirmed by powder X-ray diffraction and 29Si MAS 
NMR. The 29Si chemical shifts (Table I) were calibrated against 
an external tetramethyl silane (TMS) standard and are accurate 
to about _+0.2 ppm (see Xue et al. 1991 for details). The 29Si chemi- 
cal shifts of Na2SiO3, c~-Na2Si205 and jadeite are consistent with 
those previously reported (c.f. Engelhardt and Michel 1987). Those 
of/%NazSi20~ and Na2BaSi206 are reported here for the first 
time. 

We have collected the 23Na MAS N M R  spectra using a Varian 
VXR-400S N M R  spectrometer at a Larmor frequency of 
105.8 MHz with a Doty Scientific, Inc., MAS probe. The liquid 
90 ~ pulse length measured on 1 M aqueous NaC1 was about 5.4 gs. 
A short rf pulse length of  0.5-0.9 gs (about 17-30 ~ tip angle for 
the central transition in solids) was used to ensure quantitative 
and selective excitation of the central transitions of all Na sites. 
A delay time of 1 s was used for all samples. Samples were con- 
tained in a silicon nitride rotor with a 5 mm diameter. Sample 
spinning rates were about 8 to 11 kHz, which was enough to place 

Table 1. Synthetic conditions or locality 
for crystaline samples, and 29Si N M R  
data 

Name Composition P, T conditions 29Si chemical shift 
or locality (ppm) 

sodium metasilicate Na2SiO3 1 bar, 800 ~ C -76 .8  
sodium disilicate (e phase) Na2Si205 1 bar, 810 ~ C -94 .2  
sodium disilicate (/~ phase) NazSi205 1 bar, 650 ~ C b -86.3 ,  - 88 .2  a 
sodium barium metasilicate NazBaSizO6 1 bar, 800 ~ C -77.8 ,  - 75 .2  a 
jadeite NaA1Si206 Clear Creek, Calif. -91 .8  

a Two peaks of equal intensity 
b The glass was first crystallized at about 0.2 Kbar and 600 ~ C in a cold-seal vessel resulting 
in a mixture of/~ phase and phase C (a higher-pressure polymorph) and then was heated 
at 1 bar to eliminate phase C 

Table 2. 23Na N M R  parameters of sili- 
cates and aluminosilicates obtained in this 
study 

Phase Na site 6i eZqQ/h t/ Relative 
(ppm) (MHz) Intensity 

c~-Na2Si205 16.9+1.0 1.79_+0.1 1.0_+0.05 
/%Na2Si205 Na(l)  15.6+1.5 2.29+0.1 0.85+0.05 1 

Na(2) 9.4+1.5 2.20___0.1 0.55+__0.05 1 
Na2SiO3 23 -t- 3 a 
NaA1Si206-jadeite 11.0• 3.30__+0.1 0.25_+0.05 
Na2BaSizO6 Na(1) 25.0+1.0 2.10_+0.1 0.75+0.05 1.0 

Na(2) 5.4+1.0 2.96_+0.1 0.10+_0.05 1.5 

" Probably contains multiple Na sites, average value estimated 
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Fig. 1. Z3Na MAS N M R  spectra and 
computer simulations of c~-Na2Si2Os (a); 
/~-NazSi205 (b); Na2BaSizO6 (e); and 
NaA1Si206 jadeite (d). In each plot, the 
upper spectrum is the experimental spec- 
trum and below it is the simulated spec- 
trum. In (b) and (d), the components of 
the simulation are also shown at the bot- 
tom. All spectra were collected on 100- 
200 mg of sample with 0.9 gs of pulse 
length, 1 s delay and 1000-7000 signal av- 
erages. The sample spinning rate for (a) 
was about 8 kHz, those of (b), (e) and (d) 
were about 11 kHz. No line broadening 
function was applied to the experimental 
spectra 

the spinning side bands of the broadest peaks clear of the central 
peaks and thus allowed the spectra to be analyzed with an approxi- 
mation of infinite spinning rate. The spectral width was usually 
200 kHz and the digital resolution was 24 Hz. The probe deadtime 
and ringing time were about 15 gs (equivalent to 3 points in the 
front of the FID, free induction decay). Frequencies were externally 
calibrated to about + 0.4 ppm against 1 M NaC1 solution. The 23Na 
51 for the crystals have been derived from computer simulations 
of the MAS N M R  spectra and thus have larger uncertainties that 
are quoted individually. 

The algorithm used for the computer simulations was based 
on the formula derived by Mtiller (1982). In addition to 6i, the 
simulation also yields the quadrupolar coupling constant (eZqQ/h) 
and the asymmetry parameter (t/) for each Na site. Because of 
the large spectral widths, the deadtime problem in general causes 
distortion of the spectra. The experimental spectra typically have 
slightly lower intensities in the center and more enhanced intensities 

on either sides compared with the theoretical line shapes. The dis- 
tortion is more severe for lines with large ;7, especially those in 
samples containing more than one Na sites, such as the 
Na2BaSizO~ phase (see Fig. 1). As a result, the best fits of the 
spectra were achieved by visual inspection to match the positions 
of discontinuities (e.g. peak maxima and shoulders), rather than 
by least squares minimization of the overall deviations of intensi- 
ties, because these features are less affected by the distortions.Two 
of the phases (/~-Na2Si2Os and Na2BaSizO6) studied here each 
contain two Na sites.For /~-Na2Si2Os, we were able to obtain a 
reasonable fit of the spectrum with two sites of equal intensity 
according to the structure (see Fig. 1 and Table 2). However for 
Na2BaSi206, because of the different degrees of spectral distor- 
tions for the two Na sites due to their very different ~/ and 5i, 
we adjusted the relative intensity slightly (Na(l ) :Na(2)= 1:1.5, in- 
stead of 1:1 as in the structure) in order to obtain a reasonable 
fit for both sites (see Fig. 1 and Table 2). 
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Results and Discussions 

Silicate and Aluminosilicate Crystals 

The experimental and simulated 23Na MAS NMR spec- 
tra for the silicate and aluminosilicate crystals listed in 
Table 1 are shown in Figs. 1 and 2 and the simulation 
parameters are presented in Table 2. In Table 3 are also 
listed the 23Na 6 i for a number of Na-bearing silicates 
and aluminosilicates from the literature. Because several 
different NaC1 standards (NaC1 solutions of various con- 
centrations or solid NaC1) have been used in the litera- 
ture, we have normalized all data to a common standard 
of 1 M NaC1 solution (see Table 3 for details). We have 
restricted our compilation and subsequent discussions 
to anhydrous systems. The 23Na c5 i of these silicates span 
a range of about 50 ppm. 

The 23Na MAS NMR spectra of e- and/~-NazSi2Os, 
Na2BaSi206, jadeite (NaA1Si206) (see Fig. 1) and low- 
albite (NaA1Si3Os) (Kirkpatrick et al. 1985; Phillips 
et al. 1988) all consist of one or two patterns with well 
defined quadrupolar line shapes in accordance with the 
crystal structures determined from X-ray or neutron dif- 
fraction, suggesting that there is no static disorder in 
the Na positions. For the Na2SiO3 phase, the 23Na MAS 
NMR spectrum has three recognizable peak maxima 
(Fig. 2), suggesting that there are at least two Na sites. 
However, the crystal structure determined from x-ray 
diffraction contains only one Na site (McDonald and 
Cruickshank 1967). We have carefully checked our sam- 
ple by powder x-ray diffraction and zgSi MAS NMR 
(see Table 1), but found no other phases present. It is 
possible that the either Na positions in this phase are 

partially disordered or that there is more than one crys- 
tallographically unique Na site. We have not attempted 
to obtain a satisfactory fit of the spectrum because of 
the lack of crystallographic constraints, but have esti- 
mated a mean fit value (see Table 2). The spectrum of 
anhydrous sodalite (Na6[A1SiO4]6) (Buhl et al. 1988) has 
a poor signal-to-noise ratio and thus it is difficult to 
judge the order/disorder of the Na positions. 

The spectrum of microcline ((Nao.17Ko.83)A1Si3Os) 
(see Phillips et al. 1988) does not have a well defined 
quadrupolar line shape, suggesting the presence of static 
disorder in the Na position. For silicates containing dis- 
ordered K and Na distributions, such as microcline, X- 
ray diffraction data often gives only an average local 
structural for the alkalis residing in the same site. On 
the other hand, the NMR parameters for microcline may 
be considered as average values for Na (Phillips et al. 
1988). In the subsequent discussions, we will directly 
compare the average Na/K structure from X-ray diffrac- 
tion with the mean 6i of Na cation. The underlying as- 
sumption is that the average environments of Na and 
K occupying the same site are close to each other, which 
may not be strictly valid and thus may introduce some 
uncertainties. The sodic nepheline (Nao.ys(Nao.zoK- 
o.os)A1SiO4) has two broad and featureless 23Na MAS 
NMR peaks at room temperature as a result of static 
disorder of Na residing in each of the two alkali cages. 
At 200 ~ C, however, the spectrum consists of two pat- 
terns with well defined quadrupolar line shapes, most 
likely due to motional averaging of the Na positional 
disorder within each alkali cage (Stebbins et al. 1989). 
The Z3Na 6i listed in Table 3 are taken from simulations 
of the spectrum at 200 ~ C (I. Farnan, personal communi- 
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Fig. 2. 23Na MAS N M R  spectrum of crystalline 
NazSiO3. The spectrum was acquired on about 100 mg 
of sample with 0.5 gs of pulse length, I s delay and 100 
signal averages. The sample spinning rate was about 
8 kHz. No line broadening function was applied to the 
experimental spectra 
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Table 3. 23Na NMR isotropic chemical shifts and structural parameters of anhydrous silicate and aluminosilicate crystals and liquids 

Phase Na site NBO/T cr i Corr. cri a Original 
(ppm) (ppm) NMR std. 

NNa_o b dNa_O b ~VN,_O ~ NMR Structure 

(~) reference reference 

Crystals 
Na2Si205 - 0~ 
NaaSizOs-fl 

Na2SiO3 
Na2BaSi206 

NaA1Si206 jadeite 
Nao.75(Nao.zoKo.o 5)A1SiO4 nepheline 

NaA1SiaO8 albite 

Na(1) 
Na(2) 

Na(1) 
Na(2) 

Na site 
K site 

(Nao.17Ko.83)AISi308 microcline 
Na6[A1SiO4]6 anhydrous sodalite 

Liquids 
Na2SiOa (1100 ~ C) 2 13 (2.5) f 13.7 6.5 M NaC1 
Na2Si205 (1100 ~ C) 1 7 (5) f 7.7 6.5 M NaC1 
35Na20" 15A1203" 50SIO2 (1100 ~ C) 0.5 5(6) f 5.7 6.5 M NaC1 
NaA1Si20 6 (1100 ~ C) 0 -4 .4  (16) f -3 .7  6.5 M NaC1 
31.3NazO'6.2AlaO3"62.5SiOz (1050 ~ C) 0.67 4 4 1 M NaC1 
31.3NazO-6.2A1203"62.5SiO2 (1350 ~ C) 0.67 3 3 1 M NaC1 

1 16.9+_1 16.9 1 MNaC1 5 2.40 1.04 1 9 
1 15.6+1.5 15.6 1 M NaC1 5 2.42 0.98 1 10 
1 9.4 + 1.5 9.4 1 M NaC1 6 2.45 1.03 1 10 
2 23_+3 23 1 M NaC1 5 2.38 1.07 1 11 
2 25.0__1 25 1 MNaC1 5 2.35 1.16 1 12 
2 5.4+_1 5.4 1 M NaC1 8 2.74 0.84 1 12 
2 11.0-t-1 11.0 1 MNaC1 8 2.47 1.42 1 13 
0 -5 .5  -5 .5  1 M NaC1 2 a 14 
0 -19.5 -19.5 1 M NaC1 2 d 14 
0 -8 .5  -8 .5  1 M NaC1 8 2.71 0.89 3 15 
0 -6 .8+0 .3  -6 .6  3 MNaC1 8 2.71 0.89 4 15 
0 -7.3+_2.0 -7 .1  3 MNaC1 8 2.71 0.89 5 15 
0 -24.3 -24.3 1 M NaC1 10 3.01 0.43 3 16 e 
0 -9_+4 -1 .7  solid NaC1 6 2.63 0.41 6 17 

a Chemical shifts relative to 1 M NaC1 solution; the correction 
scheme follows Templeman and Van Geet (1972). Specifically, 
0.2 ppm is added to those relative to 3 M NaC1; 0.7 ppm added 
to those relative to 6.5 M NaC1; and 7.3 ppm added for those 
relative to solid NaCI (assuming the shift of solid NaC1 relative 
to 3 M NaC1 is 7.1 ppm following Kundla et al. (1981) 
b Na coordination and average N a - O  bond distance 
~ Bond valence sum 
d The data are simulations of the spectrum measured at 200 ~ C 
and were provided by I. Farnan (per. commun.) 

e Data for sample CA1E (Or89) 
f Numbers in the brackets are line widths 
References: 1. this work; 2. Stebbins et al. (1989); 3. Phillips et al. 
(1988); 4. Kirkpatrick et al. (1985); 5. Kundla et al. (1981); 6. Buhl 
et al. (1988); 7. Stebbins et al. (1985); 8. Stebbins et al. (1992); 
9. Pant & Cruickshank (1968); 10. Pant (1968); 11. McDonald and 
Cruickshank (1967); 12. Gunawardane et al. (1973); 13. Prewitt 
and Burnham (1966); 14. Dallase and Thomas (1978); 15. Harlow 
and Brown (1980); 16. Dal Negro et al. (1978; 1980); 17. Felsche 
et al. (1986) 

cat ion) ,  and  m a y  be cons ide red  to c o r r e s p o n d  to the 
average  env i ronmen t s  for  each  o f  the  two N a  sites a t  
this t empera tu re .  However ,  because  o f  the lack  o f  accu-  
ra te  i n f o r m a t i o n  a b o u t  its average  s t ruc ture  at  e levated 
t empera tu re ,  we will exclude the d a t a  for  nephel ine  in 
the subsequen t  discussions .  

Before  we discuss the cor re la t ions  be tween  23Na 6i 
and  local  N a  c o o r d i n a t i o n  env i ronment s ,  it  is necessary  
to examine  the concep t  o f  N a  c o o r d i n a t i o n  for  silicates. 
The  N a -  O b o n d s  are  m o r e  ionic  and  much  weaker  than  
S i - O  or  A 1 - O  b o n d s  a n d  the N a  c o o r d i n a t i o n s  are  
thus of ten  bel ieved to be  i l l -defined.  F igure  2 shows the 
n u m b e r  o f  oxygens  as a func t ion  o f  d i s tance  f rom the 
cent ra l  N a  up  to 4.0 ~ for  the  phases  unde r  discussion.  
The  N a  sites in Na2SiO3 ,  e- and  f l -NazSi2Os ,  and  anhy-  
d rous  sodal i te ,  as well as the  Na(1)  site in N a z B a S i 2 0 6  
(Fig.  3) all have  well  def ined  first  c o o r d i n a t i o n  spheres  
o f  5 or  6 oxygens ,  i.e. the m o r e  d i s t an t  oxygens  are  
well s epa ra t ed  by  a b o u t  1 ~ or  m o r e  f rom the first  coor -  
d i n a t i o n  sphere.  In  j ade i t e ,  there  a re  six oxygens  at  dis- 
tances  wi th in  2.41 A a n d  two o thers  a t  2.74 ~ ,  and  the 
m o r e  d i s t an t  oxygens  are  fu r the r  s epa ra t ed  f rom these 
by  a b o u t  0.6 ~ (Fig.  3). Thus  the  N a  site in j ade i t e  m a y  
be cons ide red  to  be 8 -coord ina ted .  The  a lkal i  site in mi-  

crocl ine  has  a con t inuous  d i s t r i bu t ion  o f  10 oxygens  up  
to 3.4 • and  there  is a gap  o f  a b o u t  0.5 ~ f rom the 
more  d i s tan t  oxygens  (Fig.  3) and  thus  the  N a  in this  
site m a y  be cons ide red  10-coord ina ted .  However ,  for  the 
Na(2)  site in N a z B a S i 2 0 6 ,  there  is a con t inuous  d is t r ibu-  
t ion o f  oxygens  all the way  to 3.98 ~ (wi thin  the 4.0 
l imit).  F o r  the N a  site in albi te ,  there  is also a con t inuous  
d i s t r i bu t ion  o f  oxygen  all the way  to 3.74 ~ .  Therefore ,  
for  N a  c o o r d i n a t i o n s  be low 8 in the c o m p o u n d s  cons id-  
e red  here,  there  is a c lear  d i s t inc t ion  be tween  the first  
and  ou te r  oxygen  c o o r d i n a t i o n  spheres  a n d  thus  there  
is no a m b i g u i t y  wi th  the  concep t  o f  N a  c oo rd ina t i on .  
But for  larger  N a  sites, as po in t e d  ou t  by  Phi l l ips  et al. 
(1988), the  c o o r d i n a t i o n  n u m b e r  o f  N a  is to some extent  
a rb i t r a ry .  I t  is conce ivable  tha t  the  effective d i s tance  
wi th in  which  oxygens  can  be cons ide red  to be b o n d e d  
to N a  also depends  on  the sensi t ivi ty  o f  the t echn ique  
in ques t ion .  F o r  the  N a  site in a lbi te  a n d  the Na(2)  
site in N a 2 B a S i 2 0 6 ,  we will  use 3.4 ~ as the cu to f f  dis- 
tance,  which  is rough ly  the d iv id ing  p o i n t  for  the  oxy-  
gens in the  first  c o o r d i n a t i o n  spheres  and  the more  dis- 
t an t  oxygens  in the phases  discussed above.  This  results  
in a c o o r d i n a t i o n  o f  8 for  b o t h  N a  sites. I t  should  be 
kep t  in mind  tha t  for  some  N a  sites, such as the  Na(2)  
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N a 2 B a S i 2 0 6 ,  jadei te ,  a n h y d r o u s  sodali te ,  albite and  mi-  
crocline.  The  s t ruc tu ra l  references  are  t abu la t ed  in 
Table 3 

site in Na2BaSi206, the Na coordination numbers de- 
fined in this way are larger than normally described in 
the crystallographic literature. 

The 23Na 6i values are plotted against the Na coor- 
dination number and against the mean N a - O  distance 
in Fig. 4. In general, the data show a trend of decreasing 
6i with increasing Na coordination and increasing mean 
Na- -O  bond distance. Decreasing 61 with increasing Na 
coordination has also been observed for Na in sodium 
aluminofluorides (Dirken et al. 1992; Stebbins et al. 
1992). This trend is consistent with that observed for 
other cation nuclei such as 29Si and 27A1, and reflects 
the lower electron density around the cation with in- 

creasing coordination (and accordingly increasing mean 
cation-oxygen distance). However, there is considerable 
scatter in the plot of  23Na 6i vs. Na coordination 
(Fig. 4a). The 61 of  Na sites with different coordinations 
overlap. The same can be seen for 23Na 61 of sodium 
aluminofluorides (Dirken et al. 1992; Stebbins et al. 
1992). While part of the scatter may be related to the 
arbitrariness of the Na coordinations, the large scatter, 
even for the low Na coordination numbers that are well 
defined, suggests that there are other factors that signifi- 
cantly affect 23Na 61. 

In contrast to known trends for 29Si or 27A1, the 
scatter in the relation between 23Na 6~ and Na coordina- 
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Fig. 4. a 23Na 6i versus Na coordination number. 
Numbers on the lines refer to the NBO/T (non-bridging 
oxygens per tetrahedral cation) of the crystals. Different 
symbols denote different NBO/T; b 23Na 6i versus 
mean N a - O  distance; e 23Na 6i versus NBO/T. 
Numbers on the line are Na coordination numbers. Dif- 
ferent symbols represent different Na coordination 
numbers. Wherever available, the error bars for the 
Z3Na 6i are also shown. All data are for anhydrous sili- 
cate and aluminosilicate crystals tabulated in Table 3 

tion cannot be attributed to the effect of  second neighbor 
cations (the cations bonded to the first neighbor oxy- 
gens). For example, the Na sites in both NazSiO3 and 
~-Na2Si20 5 (both 5-coordinated) have four nonbridging 
oxygen and one bridging oxygen neighbors, despite the 
large difference in their 23Na 6 i. This lack of  correlation 
with second neighbor cation is not surprising considering 
that the N a - O  bonds are much weaker than the S i -  O 
or A 1 - O  bonds. 

On the other hand, for a given Na coordination 
number, there is a clear general trend of  increasing 23Na 
5~ with increasing degree of  polymerization of the struc- 
ture. In Fig. 4c we have plotted 23Na 5i as a function 
of  NBO/T (nonbridging oxygens per tetrahedrally coor- 
dinated cation), which is a measure of  the degree of  
polymerization of  silicates. The NBO/T for a material 
with a general formula of  

n (Na20) �9 m (M~ + O 0 . a (AlIV20 3)" s (Si wO/) 

can be calculated as following: 

NBO/T = 2 (n + mx - a)/(2a + s) 

where M is a network modifier other than Na; A1TM 
and Si Iv are tetrahedrally coordinated A1 and Si, respec- 
tively; and n, m, a and s are the mole fractions of  the 
respective oxide components. Note that six-coordinated 
A1 (AlVl), as in jadeite, would be classified as a network- 
modifier. This correlation between chemical shift and 
structure is clear for at least 5, 6, and 8-coordination, 
and we might expect parallel lines for other Na coordina- 
tions as well. The data thus map out iso-coordination 
contours (Fig. 4c). Similarly, for the 23Na Oi vs. Na coor- 
dination plot in Fig. 4 a, by grouping the data according 
to NBO/T,  there is a better trend of decreasing 6~ with 
increasing Na coordination. 

Interestingly, increasing NBO/T roughly correlates 
with increasing number of  first neighbor Na ions around 
a central Na for sodium silicate crystals. With a cutoff  
distance of  3.5-3.6 ~ (that seems in these sodium sili- 
cates to be a natural break point beyond which there 
is a relatively large interval that has no Na neighbors), 
the number of  Na neighbors is 7 for the Na site in Na/-  

SiO3 (NBO/T=2) ,  4 for Na sites in ~- and/?-Na2Si2Os 
( N B O / T =  1), and 0 for Na sites in fully polymerized 
aluminosilicates such as albite and microcline (NBO/T = 
0). Because the shortest N a - N a  distances in alkali sili- 
cates are about 3.1 ~ ,  which are only moderately longer 
than the N a - O  distances, these Na ions may be consid- 
ered to be clustered. The clustering (microsegregation) 
of alkali ions in alkali silicate glasses has also been noted 
recently by Vessal et al. (1992) from molecular dynamics 
simulations. We may expect that the interactions among 
Na within the cluster have a significant effect on 23Na 
o-i and that the correlation between Z3Na 5i and NBO/T 
may actually be related to the number of  first neighbor 
network modifiers. An increase in the number of  first 
neighbor network-modifiers (and accordingly an in- 
crease in NBO/T) may result in a decrease in the positive 
charge on the central Na (higher electron density) and 
thus an increase in its 5i. The effects of  this direct interac- 
tion of Na with its neighboring network-modifiers is in 
contrast to what is observed for 29Si and 27A1 N M R  
spectra. For the smaller, more highly charged Si and 
A1 cations, first neighbor cations are generally consid- 
ered to influence chemical shifts through modification 
of the electron distributions around the intervening oxy- 
gens (c.f. Kirkpatrick 1988). This difference in behavior 
may account for the greater relative effect of  first neigh- 
bor  anion coordination (relative to that of  first neighbor 
cation coordination) for these nuclides when compared 
to 23Na. 

Nevertheless, because the parameter NBO/T can be 
calculated without detailed structural information, it is 
more useful in practice for interpreting the 23Na 6 i for 
unknown structures than the number of  first neighbor 
cations. Fig. 4c can be used to predict the coordination 
of  Na in unknown silicate phases from the 23Na 61. It 
is also worth noting the relatively tight correlations be- 
tween the Z3Na 6i and the mean N a - O  distance 
(Fig. 4b). This may be accounted for by the fact that 
the mean N a - O  distance is correlated with both the 
Na coordination and the NBO/T of  the material. 

The presence of  network modifiers other than Na 
also seems to affect 23Na ~i. The difference in the 5~ 
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(about 5 ppm) between Na(2) in Na2BaSi206 and Na 
in jadeite (both with NBO/T=2,  Na coordination of 
8) may be largely caused by the difference in the type 
of the second network modifier (Ba vs. AlW). This may 
again be the result of first neighbor cation interactions 
(between Na and its neighboring dissimilar network 
modifiers), similar to the effect of the number of neigh- 
boring network modifiers discussed above. The higher 
field strength of A1 vI causes proportionally lower posi- 
tive charge (and accordingly higher electron density) 
around Na and thus larger 6~ and vice versa for Ba. 

A parameter that is a useful measure of the electron 
density around Na is the bond valence sum for the N a -  
O bonds (~vNa-o), which is a function of both the N a -  
O bond lengths and the Na coordination number. The 
bond valence sum for a give ion in solids is expected 
to be close to its formal charge, although in reality, there 
are some deviations, especially for alkalis (c.f. Brown 
and Altermatt 1985; Brese and O'Keeffe 1991). A com- 
mon definition of the bond valence is 

vii = exp [Rij - diJb] 

where b is a universal constant, d~j is the bond distance 
between ion pair i and j, and R~j is a constant for the 
ion pair that has been compiled from crystal structure 
information (see Brown and Altermatt 1985; Brese and 
O'Keeffe 1991 and references therein). Using R~a-O of 
1.80 and b of 0.37 A following Brese and O'Keeffe 
(1991), we have calculated ~VNa-O for the phases exam- 
ined in this study (Table 3). The results indeed suggest 
that in jadeite Na is significantly overbonded (with a 
~2vNa_o of 1.42), whereas in the Na(2) site of Na2Ba- 
Si/O6, Na is underbonded (with a ~vN,-o  of 0.84). The 
6i of the Na(l) site in N a z B a S i 2 0 6  and the Na site in 
Na2SiO3 (both 5-coordinated with a NBO/T of 2) are 
similar, suggesting that this effect is only dramatic when 
the dissimilar network-modifiers have very different field 
strengths. We may postulate in general that in silicates 
with mixed network modifiers, one of  which has a much 
higher field strength than Na (such as A1, Zr, Ti), the 
/3Na 6~ would be higher than the trends defined by pure 
sodium silicates and aluminosilicates in the 23Na 6i vs. 
Na coordination plot. Following the same reasoning, 
we may predict that in silicates with mixed four- and 
six-coordinate Si, the 23Na 6i would be even higher than 
such trends. 

In summary, a major influence on the 23Na 6i of 
anhydrous silicates and aluminosilicates is the first 
neighbor anion effect, i.e. the Na coordination number 
and the N a - O  bond distance. There is a general trend 
of decreasing /3Na 6~ with increasing Na coordination 
and increasing mean N a - O  bond length. With a con- 
stant NBO/T and in the absence of other types of net- 
work-modifiers, the difference seems to be on the order 
of 30 ppm from 5- to 10-coordination. However, other 
factors cause overlap of the Z3Na 6~ for different NA 
coordinations, in contrast to 29Si NMR. Another pa- 
rameter that has a large effect on the 23Na 61 is the 
bulk NBO/T. The 23Na 6~ decreases by about 15 ppm 
from NBO/T of 2 to 0 at a constant Na coordination. 
This effect may also be related to the number of net- 

work-modifiers around the central Na and thus may 
be considered as a first neighbor cation effect. In addi- 
tion, the presence of dissimilar network modifiers also 
affects the Z3Na 6i. A sodium silicate containing Ba as 
the second network modifier has a smaller/3Na 6i than 
that containing a higher field strength cation A1 v~ (by 
about 5 ppm). This effect may be related to the type 
of the first neighbor network modifiers. 

Silicate and Aluminosilicate Melts and Glasses 

In Table 3, we have also compiled 23Na NMR data 
for sodium silicate and aluminosilicate liquids at 1050- 
1350~ obtained by Stebbins et al. (1985; 1992). All 
these systems contain only Na as the network-modifier. 
At the experimental temperatures, the rapid motions of 
atoms cause narrowing and coalescence of the N MR 
lines and the center of the line can be considered as 
the mean 6~. All except the NaA1Si206 melt indeed have 
very narrow 23Na N M R  lines (<  6 ppm) (Table 3). The 
NaAISi206 melt has a larger width of about 12 ppm 
(Table 3), which may be caused by rapid quadrupolar 
relaxation. 

Plotted i.n Fig. 5 is the 23Na 6i vs. NBO/T for these 
melts as well as for the crystals, as in Fig. 4c. Because 
it has been well documented that A1 in these melts is 
essentially tetrahedrally coordinated, we have included 
all the A1 in the T term of NBO/T. The data for all 
these melts fall more or less on a line parallel to the 
iso-coordination lines (Fig. 5), suggesting that they have 
similar average local Na environments. The average Na 
coordination can be estimated to be about 6-7 from 
the plot. The relatively small variations in the average 
Na environments in melts of diverse compositions, as 
opposed to the large variations in crystals, may be relat- 
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Fig. 5. 23Na 6i versus NBO/T for sodium silicate and aluminosili- 
care crystals and melts. The data and symbols for the crystals 
(squares) and the iso-coordination lines are the same as in Fig. 4(c). 
Data for the melts (filled circles) are tabulated in Table 3. Arrows 
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The dashed line is a guide for the data points of the melts 
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ed to the flexible structure of disordered liquids. In a 
crystalline phase, the geometry of the Na sites is to a 
large extent controlled by the SiO~ (and AlOe) network. 
In contrast, we may expect more freedom in the liquid 
structure and thus Na may be in a more ideal and con- 
stant geometry. The lack of large changes in the average 
local environments of Na (and possibly some other alka- 
lis as well) in silicate melts with composition may be 
responsible for the relatively insignificant role of melt 
composition in the partitioning of some alkali and alka- 
line earth elements between minerals (e.g. feldspar) and 
melts (see Blundy and Wood 1991; 1992 and references 
therein). 

These NMR data also suggest that the average Na 
coordination environments in melts are also relatively 
insensitive to temperature. The average 23Na 5i of the 
melt with a composition of 31 Na20" 6A1203" 63 SiO2 is 
about 3 ppm at 1350 ~ C, and increases by only about 
1 ppm with a temperature drop of 300 ~ C (Stebbins and 
Farnan 1992); also see Table 3). If roughly extrapolated 
to near its glass transition temperature (about 400- 
500 ~ C) assuming a linear change with temperature, the 
mean 5i would further increase by <2 ppm. Thus we 
might expect similar average Na coordination environ- 
ments in the glass and in the liquid. 

We have reported 23Na MAS NMR spectra for 
glasses of Na~Si20~ and Na2Si~O9 compositions 
quenched from liquids at pressures up to 8 GPa (at a 
Larmor frequency of 105.8 MHz as in this study) in Xue 
et al. (1991). As discussed previously, the lack of charac- 
teristic quadrupolar line shapes and the large widths of 

the spectra suggest the presence of a range of 5i and/or 
quadropolar coupling parameters, as expected from a 
disordered phase. A conspicuous feature of these spectra 
is the relaively small change with either composition or 
pressure. There is a slight shift (~3  ppm) of the peak 
maximum to higher frequency from the Na2SiOs to the 
Na2Si~O9 glass. A similar trend was also observed pre- 
viously for glasses of a broader range of compositions 
in the Na20-SiO2 binary (Dupree et al. 1984). The ex- 
tent of change in the peak maximum with composition 
is similar to that observed in the liquids of comparable 
compositions and may thus be a simple result of increas- 
ing mean 6i due to increased polymerization of the mate- 
rial. Thus as in the liquid, the average Na environments 
in these glasses appears to vary little with composition. 
For both compositions, the main spectral change with 
pressure from 1 bar to 8 GPa is a slight decrease in 
the line width. Interpretation of these spectra are more 
complicated. The presence of Si w in the glasses quenched 
from 8 GPa may cause the 23Na 5i to shift toward higher 
frequency even at a constant Na coordination, as dis- 
cussed above. On the other hand, it has been predicted 
from molecular dynamics simulations that the average 
Na coordination number in Na2Si205 liquid increases 
with pressure within a similar pressure range (M. Kan- 
zaki, personal, communication.), which would corre- 
spond to a shift of the NMR peak to the opposite direc- 
tion. It is also conceivable that because of the broadness 
of these spectra, 23Na NMR of glasses are less sensitive 
to small changes in the Na environments than are those 
of crystals or liquids. 

100 80 60 40 20 0 - 2 0  - 4 0  - 6 0  - 8 0  -: tO0 pprn 

Fig. 6. Comparison of 23Na MAS NMR spectra of a 
Na2SizO5 glass quenched from liquid at 1 bar (upper) 
and that of e-Na2Si205 (lower). The spectrum for the 
glass has been described in Xue et al. (1991) and that 
of the e phase is identical to Fig. i a. Spinning side- 
bands are marked by dots 
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In Fig. 6 we compare the 23Na MAS NMR spectra 
of the Na2SizOs glass quenched from liquid at 1 bar 
with that of e-Na2Si2Os. The peak maximum of the 
glass is significantly displaced to lower frequency relative 
to that of the e phase (in which Na is five-coordinated), 
which may be caused by an increase in the mean hi and/ 
or an increase in the mean quadrupolar coupling con- 
stant. The former is consistent with the conclusion de- 
rived from the NMR data of NazSi205 melt. 

McKeown et al. (1985) have conducted EXAFS stu- 
dies for sodium silicate and aluminosilicate glasses of 
several compositions and found that the Na coordina- 
tions are relatively constant, consistent with the NMR 
results. The coordination numbers they obtained (5.1- 
7.6) are also close to our results for melts of similar 
compositions, although in a similar EXAFS study, 
Greaves et al. (1981) obtained a lower Na coordination 
number (5) for a Na2Si205 glass. In a recent infra-red 
study of sodium silicate and aluminosilicate glasses, 
Merzbacher and White (1988) found that the vibrational 
energy of Na motions changes systematically with the 
degree of polymerization of the system. They attributed 
this change in vibrational energy to a change in the Na 
site structure, which is apparently inconsistent with the 
EXAFS results of McKeown et al. (1985) or the NMR 
results. A possible explanation for such an apparent dis- 
crepancy could be that the change in the vibrational 
energy with polymerization of the system may actually 
reflect changes in the interactions among network-modi- 
fiers, because such interactions change systematically 
with polymerization as discussed earlier in connection 
with 23Na 61. It is not necessarily an indication of the 
Na coordination change. EXAFS, on the other hand, 
is more sensitive to the local geometry of the Na environ- 
ments (Na coordinations). 23Na NMR is sensitive to 
both effects. 

Hater et al. (1989) also reported 23Na MAS NMR 
results on mixed alkali (Na and Cs) silicate glasses (at 
a resonance frequency of 79.3 MHz) and Oestrike et al. 
(1987) did a systematic 23Na MAS NMR study of 
framework aluminosilicate glasses with varying Si/A1 
and K/Na ratios (at a higher resonance frequency of 
132.2 MHz). Both studies have shown a systematic shift 
of the peak maximum to higher frequency with increas- 
ing K/Na (or Cs/Na) ratio (by about 8-10 ppm) at a 
given NBO/T and a constant A1/Si ratio. Even at the 
magnetic field used by Oestrike et al. (1987), there may 
still be significant quadrupolar broadening, and thus the 
peak maxima may not correspond to the average 6i. 
But as a crude assumption, we may suppose that the 
peak shifts are mainly caused by changes in the average 
61, which seems to be the case for sodium silicate glasses 
discussed bove. Hater et al. (1989) pointed out that the 
shift of the peak maximum with Rb/Na ratio mirrors 
the change in the electron distribution at the Na site 
when Na20 is partially replaced by Rb20. However, 
such an effect is probably too small to cause the observed 
changes considering the similarity of the alkalis, because 
(as shown above for the crystals) the shift caused by 
two more dislike cations (A1 w vs. Ba) is only about 
5 ppm. It is likely that the shifts may have an additional 

contribution from the first neighbor Na coordination 
effect. There may also be a slight decrease in the mean 
Na coordination as a larger network-modifier (K or Rb) 
is introduced. The introduction of other network modi- 
fiers thus seems to have a greater effect on the local 
coordination environments of Na than does the topolo- 
gy of the tetrahedral network structure. A simple physi- 
cal scenario of such an interpretation would be that the 
cation sites have a range of sizes and on average Na 
occupies the relatively smaller ones, while the larger ca- 
tion (Rb or K) occupies the larger ones. As the Rb/Na 
and K/Na ratio increases, Na would on average occupy 
even smaller sites. An EXAFS study of Na2Si205 and 
Na2CaSisO12 glasses (Greaves et al. 1981) also suggests 
that Na in the latter has a higher average coordination, 
consistent with our interpretation of the NMR results. 
Our model implies that the network-modifiers are not 
completely disordered in these glasses. We might expect 
that as the contrast of the two cations become even 
larger, greater ordering between the two cations would 
occur. A recent 170 NMR study of mixed K - M g  sili- 
cate glasses have suggested that there is a considerable 
degree of ordering between K and Mg (Farnan et al. 
1992). It is likely that such an ordering would decrease 
with increasing temperature. It would be interesting to 
conduct 23Na NMR studies on silicate liquids with 
mixed network-modifying cations to test this hypothesis. 

Conclusions 

We have shown that the Z3Na chemical shift in anhy- 
drous alkali silicates and aluminosilicates is influenced 
by several factors including those of the first neighbor 
anions (Na coordination and mean N a - O  bond dis- 
tance), the bulk polymerization (NBO/T) of the system 
(which may in essence be an effect of the number of 
first neighbor network modifiers), and the presence of 
dissimilar network modifiers (which may also be consid- 
ered as a first neighbor cation effect). The Z3Na 6i is 
therefore a useful parameter for studying the local Na 
coordination environments. Using these relations, we 
have found that the average Na coordination numbers 
in anhydrous sodium silicate and aluminosilicate melts 
of a range of compositions with a single type of network 
modifier (Na) are 6-7 and vary little with composition. 
The data also suggest that the average Na coordinations 
in the melts are insensitive to temperature and thus re- 
semble those of the glasses. Z3Na MAS NMR data of 
glasses of similar compositions provide further evidence 
that the average Na coordination environments vary lit- 
tle with composition. Z3Na MAS NMR data for two 
series of mixed alkali silicate and aluminosilicate glasses 
with varying K/Na and Rb/Na ratios show larger 
changes which may be attributed to changes in the aver- 
age Na coordination. These limited data may suggest 
that the local Na coordination environments in silicate 
glasses are more sensitive to the introduction of other 
network modifiers than to the topology of the tetrahed- 
ral network and warrant further studies on silicate 
glasses containing mixed cations. 
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