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Aluminium-27 n.m.r. isotropic chemical shifts and quadrupole coupling data for AIO, tetrahedra in 
polycrystalline aluminates and aluminate hydrates with various degrees of anion Condensation and 
with different cations have been studied. It is shown that the various types of condensed AIO, 
tetrahedra differ in size and symmetry of the electric field gradient tensor at the Al  site, but not in 
the 27AI chemical shift. A slight variation in the chemical shift values of entirely connected AIO, 
tetrahedra around 80 p.p.m. indicates weak cation effects and other structural influences. A 
markedly increased Al shielding, however, was observed for tetrahedra with lengthened AI-0 
distances which occur in AIO, tetrahedra with neighbouring AIO, octahedra. 

Aluminium-27 n.m.r. can provide structural information about 
the environment of the Al nuclei in polycrystalline and 
amorphous samples using either quadrupole coupling data or 
chemical shifts. In the first case the quadrupole moment of the 
Al nucleus (eQ)  is used as a sensitive probe for the electric field 
gradient (e.f.g.) at the nuclear site. In the second case the 
magnetic shielding of the aluminium by its electronic 
environment is investigated. In a recent study ' we have shown 
that by employing magic-angle spinning (m.a.s.) techniques at 
high magnetic fields the second method proved to be a powerful 
tool for the determination of the co-ordination state of 
aluminium-oxygen polyhedra. Subsequently this new method 
was applied to structural studies of numerous inorganic 
materials including zeolites (see ref. 2 and refs. therein), 
 cement^,^ clay minerals and layer  silicate^,^-^ and 

The striking extent of the range of chemical shifts for AIO, 
tetrahedra suggests, beyond the Al co-ordination with oxygen 
atoms, more subtle structural influences on the Al shielding. 
Corresponding 29Si n.m.r. investigations on silicates and 
aluminosilicates "--I have shown that such possible influences 
are: effects of neighbouring atoms in the second co-ordination 
sphere, cation effects, lattice geometry as bond distances and 
angles. and the degree of condensation of the tetrahedron under 
consideration. 

Some of these structural influences have already been 

chemical shift of tetrahedral Al with neighbouring TO, 
tetrahedra (T= Al, Si, or P) was found to decrease markedly 
with increasing electroiiegativity of T. Chemical shift 
increments of more than - 10 p p m .  are observed between these 
structural units. For one of these groups, AIPO, polymorphs, 
iikewise influences of the lattice geometry were proved in the 
form of an empirical correlation between 27Al chemical shift 
and mean AI-0-P angle.15 In the case of LiAIO, 
polymorphs,'6 however, structural effects were reflected only in 
the e.f.g. tensors and not in the magnetic shielding of Al. In 
contrast to the well known dependence of the 29Si and "P 
chemical shifts on the degree of condensation of the SiO, and 
PO4 tetrahedra in silicates ''-I2 and phosphates,' respectively, 
knowledge about the behaviour of 27AI chemical shifts of 
corresponding condensed aluminate anions is as yet lacking. In 

investigated in the case of 27Al chemical shifts.'*14- l 6  The 2 7 ~ 1  

part this has to be attributed to the fact that, probably due to the 
character of the AI-0 bond, only comparatively few examples of 
aluminates with different anion constitutions are known. In 
aluminosilicates the number of possible AIO, environments is 
reduced by Loewenstein's rule * which excludes AI-0-AI 
bonds. Moreover, a study of such condensation effects in 
aluminates is more complicated since in a three-dimensional 
network of A10,- groups, contrary to SiO, groups, cations are 
necessary for a charge balance. These cations also build up a 
network of polyhedra with the lattice oxygen atoms. Therefore 
it is sometimes difficult to distinguish between aluminates and 
double oxides. 

In addition to these chemical problems, aluminium as a 
quadrupolar nucleus gives rise to experimental difficulties. In 
evaluating m.a.s. n.m.r. spectra of quadrupolar nuclei of non- 
integral spin, quadrupole-induced shift effects have to be 
eliminated." This becomes even more critical for the 
investigation of condensation effects, since, particularly in the 
interesting cases of a partial condensation of the AIO, 
tetrahedra such as double tetrahedra, chains or rings, and 
layers, large e.f.g.s at the Al site are expected which should lead 
to strong line broadenings in the n.m.r. spectra. 

In the present systematic investigation at different magnetic 
fields (up to the highest, commercially available magnetic field 
strength of 11.7 T) we tried to overcome these difficulties. 
However, the quadrupole coupling data derived in most cases 
from the static spectra do provide additional structural 
information about the Al sites. 

O u r  investigation of condensation effects of AIO, tetrahedra 
is based upon the measurement of a series of selected aluminates 
and aluminate hydrates of known crystal structure. The 27Al 
n.m.r. results on the system CaO-AI,03 are discussed 
elsewhere2' in detail. A series of alkali and alkaline-earth 
aluminates were reinvestigated with regard to cation effects on 
the Al shielding. 

Experimental 
Aluminium-27 n.m.r. spectra were recorded at 1.4,6.4,8.45, and 
11.7 T. The measurements were carried out on a Bruker-Physik 
CXP-200 spectrometer equipped with a 8.45-T magnet (27Al 
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Table 1. Aluminium-2? chemical shift and quadrupole coupling data of condensed A10, tetrahedra in aluminates 

Degree of e2qQlh 
condensation Com pou nd (MHz) rl Ref. 6"Ip.p.m. 

[AI(OH),] - in solution 
5BaO*AI,O, 2.3 0.8 h 

80 I 
80 & 1 

Q0 

Q' KAIO,*l.SH,O 5.0 0.25 C 81 & 3 

Q2 KAlO,*H,O 6.5 0.6 C 83 & 3 

3.4 5.1 0.9 0.5 C {:;: ; z-Ba0-AI,0,.2H,0d 

3CaO*AI,O, 9.7 0.3 20 85 f 3 

Q3 

Q4 

KAIO2*O.5H,O 5.6 0.0 C 77 f 2 
1 2Ca0.7Al2O, 1 1  0.2 20 85 k 8 

P-Li AIO, 
y-LiAlO, 
0-NaAlO, 
KAIO, 

1.8 0.55 16 82.4 f 0.5 
3.2 0.7 16 81.3 f 0.5 
I .4 0.5 C 80.1 & 0.5 
1 . 1  0.7 c 76.0 k 0.3 

Ca(AIO,), 2.7 0.85 b 

Ba(AIO,), 2.4 0.4 b 
TlAlO, f f 
4Ca0-3AI20, 2.4 0.95 20 

12Ca0-7AI20, 3.7 0.9 20 
CaO.2AI,O3 6.7 0.8 20 

4Ca0~3A1,0,-3H,0d 1.8 0.5 
5.4 0.45 C 

80.5 & 0.3" 
83.3 & 0.5" 
78.0 & 0.5 

69 f 1 
80.3 & 1 {x; 

79 f 1 
78 ? I 

13 0. I 60 I 2 0 '  
" Values for the calcium aluminates are taken from ref. 20. D. Miiller, W. Gessner, and A-R. Grimmer, Z .  Chem., 1977, 17,453. This work. " Values 
obtained from the simulation of the superimposed lines of the m.a.s. n.m.r. spectrum. ' Values estimated from the simulation of the superimposed lines 
of the static spectrum. Not measured. 

frequency 93.8 MHz) and on a Bruker-Physik AM 500 (27Al 
frequency 130.3 MHz) high-resoluti ,n n.m.r. spectrometer 
(Tallinn). The measurements at 6.4 T (27Al frequency 70.4 
MHz) were made on a FKS 176 solid-state high-resolution 
n.m.r. spectrometer (Jena). All high-field 27Al n.m.r. spectra 
were recorded both with static samples and with rapid m.a.s. 
techniques (spinning rates 3-5 kHz). At 11.7 T between 100 
and 1 OOO free induction decays (f.i.d.s) were accumulated at a 
repetition time of 1 s. At 6.4 T usually up to 10 OOO f.i.d.s were 
accumulated with a repetition time of 0.1 s. In addition, in some 
cases, conventional low-field 27Al n.m.r. measurements were 
carried out on a wide-line n.m.r. spectrometer at 16 MHz, 
recording the first derivative of the spectra. 

Chemical shifts (6/p.p.m.) measured relative to an external 
standard of aqueous AlCI, solution are denoted by positive sign 
for low-field shifts. Quadrupole coupling constants e2qQ/h and 
asymmetry parameters q of the e.f.g. at the Al sites were 
determined from computer simulation of the static spectra 
and/or the m.a.s. n.m.r. spectra using least-squares fitting 
procedures. 

Special care was taken with regard to the precise 
determination of the 27AI chemical shifts. The actual chemical 
shift values (considering quadrupole-induced shift effects 9, 
were obtained by different methods: (i) directly from the fitted 
m.a.s. spectra; (ii) from the spinning sidebands of the satellite 
transitionq2 ' (iii) by adding a correction term which considers 
quadrupole-induced shifts to the experimental, field-dependent, 
apparent chemical shift value of the m.a.s. s p e c t r ~ m ; ' ~ . ' ~  (iu) 
from the fitted static spectrum; and ( u )  from the extrapolation of 
the field-dependent apparent chemical shift. 

In most cases satisfactory agreement was achieved with the 
different methods. It is clear that for a determination of e2qQ/h 
and q static low-field spectra are preferred, whereas most 

accurate chemical shifts are obtained from the m.a.s. n.m.r. 
spectra at highest fields. The errors of the estimated quadrupole 
coupling constants are less than 10%; the asymmetry 
parameters were derived with an accuracy of kO.1. The 
resulting errors of the derived chemical shift values are included 
in Tables 1 and 2. 

The samples under investigation were prepared by standard 
procedures and checked by X-ray powder diffraction. 

Results and Discussion 
The actual isotropic 27A1 chemical shift values (considering 
quadrupole-induced shift effects) and quadrupole coupling data 
of tetrahedral Al are presented in Table 1 for the compounds 
investigated. The compounds in Table 1 are arranged in order of 
degree of condensation of their AIO, tetrahedra. For brevity the 
symbol Q" is used for the AIO, tetrahedra, where the index n 
denotes the number of neighbouring AIO, tetrahedra sharing 
corner(s) with the tetrahedron under consideration. 

In some cases the data for different tetrahedral Al sites are 
listed in Table 1. In the structure of 4Ca0~3A1203~3H,0,22 for 
example, there are two types of differently distorted AlO, 
tetrahedra. The two sets of e2qQ/h, q, and 6 values for this 
compound were obtained from the computer simulation of the 
superimposed lines of the m.a.s. n.m.r. spectrum at 11.7 T (see 
Figure 1). In the same manner two data sets are obtained for 31- 
BaO~AI,03~2H,0. The results are in agreement with the 
structure of this compound 2 3  which also contains two types of 
differently distorted AIO, tetrahedra (both Q2 groups). In other 
cases, eg., for Ba(AIO,), and 3CaO~Al,03 the different A1 sites 
could not be resolved in the n.m.r. spectra. The compound 
12Ca0=7A1,03 contains both Q3 and Q4 units; the signals were 
assigned according to their e2qQ/h and asymmetry parameter 
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Table 2. Aluminium-27 chemical shifts of A104 tetrahedra with neighbouring AIO, octahedra 

Compound Al-O"/A Ref. 6 b/p.p.m. Ref. 
Basic aluminium sulphate, 

Basic aluminium selenate, 

Basic aluminium chloride, 

Zunyite, [AI04AI ,(OH,F), ,F,]Si,O,,CI 
p-alumina 
y-alumina 
q-alumina 
X-alumina 
Synthetic spinel sample! Mg(AI02), 
CaO4AI 203 
BaO-6AI 2O 

Na[A104'A112(0H)24(H20)1 21~So414.13H20 

Na[A104*A11 2(0H)24(H20)1 21[Seo414.1 3HZ0 

[ A ~ O ~ * A I ~ ~ ( O H ) ~ S ( H Z ~ ) ~  iICL*l ~ H z O  

1.838 32 62.8 k 0.3 

62.9 f 0.3 

62 & 1 
1.798 31 72 & 1 
1.805 30 6 4 f 1  

66 k 1 
62 & 2 
6 4 2 2  
70 f 1 

1.815 29 6 4 + 1  
70 k 1 

C 

C 

34 

1, d 
e 
f 
f 

C 

e 
20 
e 

' Mean AI-0 distance in the A10, tetrahedron. Chemical shift of tetrahedral Al. Chemical shift values of octahedral A1 are not included. A. C. 
Kunwar, A. R. Thompson, H. S. Gutowsky, and E. Oldfield, J. Mugn. Reson., 1984,60,467. W .  S .  De Jong, C. M. Schramm, and V. E. Parziale, 
Geochim. Cosmochim. Actu, 1983,47, 1223. ' This work. f V. M. Mastikhin, 0. P. Krivoruchko, B. P. Zolotovskii, and R. A. Buyanov, React. Kinet. 
Cutal. Lett . ,  1981, 18, 117. Usually the Al occurs at the octahedral sites of Mg(AIO,), only. 

I1  
I I I I 

80 70 60 50 
6/p.pm. 

Figure 1. Aluminium-27 m.a.s. n.m.r. spectrum (-) at 11.7 T of 
4Ca0~3A1,0,-3H20, ( -  - -) computed lineshape, values are given in 
Table 1. Resulting locations of ai, of the two superimposed signals are 
marked 

values. A detailed structural discussion of the n.m.r. results on 
the aluminates in the CaO-AI,O, system is given elsewhere.20 It 
should only be noted here that the strikingly large values of 
e2qQ/h for Q" units in CaO.2AI2O, are due to the fact that the 
two types of AlO, tetrahedra in the structure share one or, 
respectively, two of the bridging oxygen atoms with two other 
tetrahedra forming so-called ' t r ic lu~ters ' .~~  

In the K,O-AI,O,-H,O system only the crystal structure of 
KAIO,~l.SH,O, consisting of pairs of Q' groups, is known.25 
From 'H and "A1 n.1n.r. studies Q2 groups for KAIO,-H,O and 
Q3 groups for KAI02=0.5H,0, respectively, were proposed.26 
In the present m.a.s. n.m.r. measurements of the potassium 
aluminate hydrates at 11.7 T the accuracy of the derived 
chemical shift values could be improved considerably. Figure 2 

I 

100 50 0 
6 /p.p.m. 

100 50 0 
6 /p. p. m . 

Figure 2. Aluminium-27 n.m.r. spectra at 11.7 T of KAI0,-H,O. (a) 
Experimental (-) and fitted (- - -) spectrum of the static sample. The 
shaded part of the signal at 80 p.p.m. indicates weak hydrolysis of the 
sample in air. (6) Experimental m.a.s. n.m.r. spectrum (left) and 
expanded spectrum (right) showing both experimental (-) and fitted 
(- - -) curves 

shows, for example, the static and m.a.s. n.m.r. spectra of 
KAIO,*H,O recorded at 1 1.7 T. Proton decoupling experiments 
were not performed. Therefore the static spectra of the 
aluminate hydrates at this high magnetic field are rather 
smeared by the increased contribution of the field-independent 
dipolar H-27Al interaction. 

For all investigated compounds the static 27Al n.m.r. spectra 
showed the theoretical behaviour for powder patterns of the 
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central transition in the case of second-order quadrupolar 
interaction as a dependence o n  the magnetic field strength 
(considering the field-independent dipolar broadening by a 
convolution with a Gaussian curve). This means that within the 
measuring accuracy, even at the highest field of 1 1.7 T, no effects 
of chemical shift anisotropy (c.s.a.) appear in the 27.41 n.m.r. 
spectra. This is, especially for the spectra of Q',  QZ, and Q3 
groups, a surprising result since such groups in corresponding 
silicates 1 2 . 2 7  and phosphates 17.28  give rise to considerable 29Si 
and P c.s.a. effects. 

If there are c.s.a. effects in the case of aluminates, these effects 
must be small (less than 20 p.p.m.) and would be masked by 
huge e.f.g.s due to the anisotropic electric surroundings at the Al 
nucleus of such structural groups which broaden the static 
spectra. As yet no other evidence for 27Al c.s.a. effects has been 
published. 

As a possible reason for the small, negligible c.s.a. effects in 
aluminates the strong ionic character of the AI-0 bond has to 
be considered. This is reflected in, among other things, smaller 
differences between the T-0, (b = bridging) and T-On, (nb = 
noti bridging) bond distances in aluminates compared with 
silicates and phosphates, and in smaller T-0,-T angles. In the 
same way the more ionic AI-0 bond has to be held responsible 
for the fact that, as can be seen from Table 1, in aluminates no 
distinct dependence of the isotropic 27AI chemical shifts of the 
AIO, tetrahedra on the degree of condensation is observed. As 
seen from Table 1, the types of condensed AIO, tetrahedra differ 
in size and symmetry of the e.f.g. at the Al site but not in the 
isotropic 27Al chemical shift. The actual chemical shift values of 
tetrahedral Al are close to 80 p.p.m. which is the value of 
isolated AlO, tetrahedra represented by [AI(OH),] - anions in 
aqueous solutions. 

As expected, for Q'  and Q3 structural groups asymmetry 
parameters near zero were found, reflecting axial symmetry of 
the e.f.g. Also as expected, compared to Qo and Q4 units, 
relatively large quadrupole coupling constants are obtained for 
Q ' ,  Q2, and Q3 groups. The isotropic 27AI chemical shifts of 
entirely connected AIO, tetrahedra (Q4) show only slight 
variations with the type of structure and cation. Compared with 
previous results at 6.4 T the chemical shift differences between 
alkali and alkaline-earth aluminates are now considerably 
reduced by considering the quadrupole-induced shifts. The 
influence of quadrupole-induced shifts is more pronounced in 
the alkaline-earth aluminates, which have more distorted AIO, 
tetrahedra, than in most of the alkali aluminates. The slight 
variation in the chemical shift values of Q4 units in the two 
LiAIO, phases and within the series of calcium aluminates," 
however, indicates additional structural influence. 

If only alkali cations are considered, with decreasing Pauling 
electrostatic bond strength s (s = :/v, where : is the cation 
charge and v the co-ordination number) 29 and decreasing 
electronegativity of the cation, increased shielding of the A1 
nucleus is apparent from the values listed in Table 1. For 
example, for K + ,  with a low electronegativity and a low 
electrostatic cation bond strength, .a 27Al chemical shift value of 
76 p.p.m. was found in KAIOz which is significantly lower than 
the values in the sodium and lithium aluminate phases. 

I n  silicates the contrary and more reasonable behaviour of 
the 29Si chemical shifts has been reported,' which was 
discussed in terms of covalency of the M - 0  bonds. With the 
cations having low values of s (Li', Na', K', Ca", BaZ+), 
however, in silicates also only slight variations of the 29Si 
chemical shifts result. In addition, the cation effects are more 
pronounced in the less condensed SiO, tetrahedra (Q", Q', Q2). 
Possibly in the series of aluminates studied here, structural 
effects predominate which may produce the reverse behaviour 
of 27Al chemical shifts. Unfortunately, some of the structures are 
not known precisely enough for a systematic study of such effects. 

Q "( n Al It' ) - 
Qo(AI"') 
M 

Q4(4P) - 
MI (OH 14 1- [A1 (HzO) 61 

80 60 40 20 0 

Figure 3. Schematic representation of isotropic 27Al chemical shifts of 
AIO, tetrahedra. The number and the type of neighbouring TO, 
tetrahedra (T = Al, Si, or P) and A10, octahedra, respectively, are 
denoted, in parentheses 

6 / P  P m 

Tetrahedral Al with neighbouring A10, octahedra shows 
strikingly low chemical shift values (6 62-72 p.p.m.) as 
presented in Table 2. According to the given definition for Q", 
such AIO, tetrahedra have to be denoted as Q" groups formally. 
O n  the other hand the oxygen atoms commonly shared by AIO, 
and AIO, groups can just as well be considered as bridging 
oxygens to some extent. This is reflected in the markedly 
increased A1-0 distances of the AlO, tetrahedra which 
approach the values of A1-0 distances in AlO, octahedra. For 
some AIO, tetrahedra, eg . ,  occurring in the spinel blocks of 
Ca0-6A1,03,30 Q-al~rnina,~' and other related compounds, or 
in the y-alumina-like Al,30,0 clusters of zunyite 3 2  or the basic 
A1 ~ u l p h a t e , ~ ~  such increased A1-0 distances of 1 .8k1 .84  8, 
are found (see Table 2). These values lie between those usually 
found in AIO, tetrahedra (1.76 A)  and in AIO, octahedra (1.85 
A). It must be noted that in all these cases the oxygen atoms at 
the corners of the AIO, tetrahedron are shared with three AIO, 
octahedra. The unusual, lengthened AI-0 distances indicate a 
more ionic character of the AI-0 bond and have already been 
discussed by Lampe er ale3,  as a possible reason for the 
increased Al shielding in zunyite and basic aluminium salts. 

All the measured 27Al chemical shifts of AIO, tetrahedra are 
summarized schematically in Figure 3. Distinct ranges of 27Al 
chemical shifts are seen for AIO, groups dependent on the type 
of neighbouring TO, tetrahedra (T = Al, Si, or P) and AIO, 
octahedra, respectively. As shown the chemical shifts do not 
differ significantly for the various Q" types of AIO, tetrahedra. 
Therefore no subdivision of the chemical shift range Q"(nA1) 
results for different n. I n  aluminosilicate solutions l 4  and some 
ill-crystallized alumino~ilicates,~~ however, individual 27Al 
chemical shifts were found for different Q"(nSi) groups in the 
range 64-74 p.p.m. ( n  = 1, 2, or 3, where n also denotes the 
number of neighbouring SiO, tetrahedra). 

Considering the results on aluminates, the variation of the 
27Al chemical shift for these groups seems mainly to be due to 
the varying number of neighbouring SiO, groups and less to the 
effect of condensation itself. For clarity, only the chemical shifts 
for Q4(4Si) groups are included in Figure 3. The range of 
chemical shifts found for tetrahedra! A1 with neighbouring AlO, 
octahedra contrasts so clearly with the usual values of c'a. 80 
p.p.m. that i t  can be used in unknown structures empirically for 
the assignment to such structural units (provided that there are 
no neighbouring SiO, groups in the structure). 

References 
1 D. Muller, W. Gessner, H-J. Behrens, and G. Scheler, Chum. P h j x  

2 J. Klinowski, Prog. Nucl .  Mugn. Reson. Spectrosc., 1984, 16, 237. 
Lett., 1981, 79, 59. 

http://dx.doi.org/10.1039/DT9860001277


J .  C H E M .  soc DALTON TRANS. 1986 1281 

3 D. Muller. A. Rettel, W. Gessner, and G. Scheler, J. Magn. Reson., 
1984, 57, 152. 

4 N. C. M. Alma. G.  R. Hays, A. Samoson, and E. Lippmaa, Anal. 
Chcwi., 1984, 56, 729; J. G. Thompson, Clay Miner., 1984, 19, 229. 

5 J. Sanz and J. M. Serratosa, J.  Am. Chem. Soc., 1984, 106, 4790. 
6 R.  A. Kinsey, R. J. Kirkpatrick, J. Hower, K. A. Smith, and E. 

7 E. Hallas. U. Haubenreisser, M. HChnert, and D. Muller, Glastech. 

8 D. Muller. G. Berger, I. Grunze, G. Ladwig, E. Hallas, and U. 

9 G .  Engelhardt, M. Nofz, K. Forkel, F-G. Wihsmann, M. Magi, and 

10 E. Lippmaa, M. Magi, A. Samoson, G.  Engelhardt and A-R. 

1 1  M. Magi, E. Lippmaa. A. Samoson, G. Engelhardt, and A-R. 

12 K. A. Smith. R. J. Kirkpatrick, E. Oldfield, and D. M. Henderson, 

13 N. Janes and E. Oldfield, J. Pitj-s. Chem., in the press. 
14 D. Muller. D. Hoebbe1,and W.Gessner, Chem. Ph1.s. Lett.. 198 1,84,25. 
15 D. Muller, E. Jahn, G. Ladwig, and U. Haubenreisser, Chem. Phj,s. 

I6 D. Muller, W. Gessner, and G. Scheler, Polyhedron, 1983, 2, 1195. 
I7 A-R. Grimmer and U. Haubenreisser, Chem. Ph1.s. Lett., 1984,99,487. 
18 W. Loewenstein, Am. Mineral., 1954, 39, 92. 
19 E. Kundla, A. Samoson,and E. Lippmaa, Chrm. fhys. Lett.. 1981,83, 

229; S. Ganapathy, S. Schramm, and E. Oldfield, J. Chem. Phys., 
1982,77,4360; H-J. Ekhrens and B. Schnabel, Physica Sect. B. 1982, 
114, 185; D. Muller, Ann. Phys. (Lripzig), 1983, 39, 451. 

20 D. Muller, W. Gessner, A. Samoson, E. Lippmaa, and G. Scheler, 
Pol)*hedron. in the press. 

Oldfield, Am. Mineral., in the press. 

Brr., 1983, 56, 63. 

Haubenreisser, Phj3.s. Chem. Gla.sses, 1983, 24, 37. 

E. Lipprnaa, Phrs. Chem. Glasses, 1985, 26, 157. 

Grimmer, J. ,4m. Chem. Soc., 1980, 102, 4889. 

Grimmer. J .  fhj,.s. Chem., 1984, 88, 1518. 

Am. Minr~rul. ,  1983, 68, 1206. 

L ~ t t . ,  1984, 109, 332. 

21 A. Samoson, Chem. Phys. Lett., 1985, 119, 29. 
22 V. I .  Ponomarev, D. M. Kheiker, and N. V. Belov, DokI. Akud. Nauk 

23 A. H. M. Ahmed and L. S. Glasser, Acta Crystallogr., Sect. B, 1970, 

24 V. I.  Ponomarev, D. M. Kheiker, and N. V. Belov, Kri.stallograjiya, 

25 G. Johansson, Actu Chem. Scand., 1966, 20, 505. 
26 W. Gessner, M. Weinberger, and D. Miiller, Kompleksn. Ispolz. Min.  

Syrja (Alma Afa),  1982, 12, 20. 
27 A-R. Grimmer, R. Peter, E. Fechner, and G .  Molgedey, Chem. Phj.s. 

Lett., 198 1 ,  77, 33 1 ,  
28 A-R. Grimmer, in 'Proceedings of the 20th Congr. Ampere,' Tallinn. 

eds. E. Kundla, E. Lippmaa, and T. Saluvere, Springer-Verlag, 
Berlin, Heidelberg and New York, 1979, p. 483. 

29 L. Pauling, 'The Nature of the Chemical Bond,' Cornell University 
Press, Ithaca, 1960. 

30 K. Kato and H. Saalfeld, N. Jhh. Min.  Abh., 1968, 109, 192. 
31 C. R. Peters. M. Bettman, J. W. Moore, and M. D. Click, Acru 

Cryslallogr., Sect. B, 1971, 27, 1826. 
32 S. J. Louisnathan and G. V. Gibbs, Am. Mineral., 1972. 57. 1089. 
33 G. Johansson, Ark. Kemi, 1962, 20, 321. 
34 F. v. Lampe, D. Muller, W. Gessner, A-R. Grimmer, and G .  Scheler, 

2. Anorg. Allg. Chem., 1982, 489, 16. 
35 H. Stade, D. Muller, and G. Scheler, Z. Anorg. AIIg. C'hcm., 1984,510, 

16. 

SSSR, 1970, 194, 1072. 

26, 1686. 

1970, 15, I 140. 

Received 28th June 1985; Paper 5i1090 

http://dx.doi.org/10.1039/DT9860001277

