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Abstract  

The use of 29Si Magic Angle Spinning NMR to provide information about the local structure 
and order about the SiO 4 tetrahedra in framework silicates is reviewed. A number of problems, 
including difficulties of peak assignment and the necessity to measure accurate intensities of the 
weakest peaks in the NMR spectra, are discussed. 29Si MAS-NMR can be used to determine the 
number of AI-O-AI linkages in the structure, but the sensitivity of the final answer to 
experimental errors can lead to absurd results. A new method, involving an inverse Monte Carlo 
algorithm, to analyse 29Si MAS-NMR data for silicates with long-range AI/Si disorder is 
described, and illustrated with examples of Cs-leucite, analcime, and annealing measurements for 
cordierite. © 1997 Elsevier Science B.V. 
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1. Introduction 

298i Magic Angle Spinning (MAS) NMR is a sensitive probe of the local 
atomic configuration about the tetrahedral Si sites in aluminosilicate minerals 
(Kirkpatrick, 1988; Putnis, 1992). An example of the sort of crystal structure we 
are interested in is shown in Fig. 1: the structure of cordierite, MgzA14SisO18 , 
consists of an infinite framework of linked SiO 4 and AIO 4 tetrahedra. There are 
two important correlations of the MAS-NMR frequency with the local structure, 
which are shown in Figs. 2 and 3. The first is the correlation with the relative 
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Fig. 1. The crystal structure of cordierite, Mg2Al~SisOis, showing an infinite framework of 
linked SiO 4 and AIO 4 tetrahedra, together with an octahedral Mg site. The tetrahedra and 
octahedra are shown as shaded units. The view is down the [001] axis of the hexagonal structure. 
The structure is described in detail by Putnis (1992). 

orientations of  two linked tetrahedra, as described by the mean S i - O - S i  (or 
S i - O - A 1 )  bond angle. The second is the correlation with the number  of  A I Q  
tetrahedra linked to a single SiO 4 tetrahedron. These two correlations are 
illustrated in the M A S - N M R  spectra for cordierite. Cordierite has two distinct 
tetrahedral sites, one in the s ix-membered  rings seen in Fig. 1, and the second 
which provides a link between rings and which are located in four -membered  
rings; these are highlighted in Fig. 4. The existence of  two distinct tetrahedral 
sites implies that there should be two groups of  peaks in the M A S - N M R  spectra 
following the correlation with the site topology. When cordierite is first prepared 
f rom a glass of  the same composit ion,  it has a disordered arrangement  of  the AI 
and Si cations within a hexagonal crystal structure, which is not entirely random 
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Fig. 2. Correlation of the 29Si NMR frequency shift with the mean S i -O-S i  bond angle. The 
broad band indicates the spread of experimental data (after Putnis, 1992). 

since there is a preference for the A1 cations to occupy the T1 sites (Putnis et al., 
1985). On annealing, the cations order to produce an orthorhombic crystal 
structure, and the effects on the MAS-NMR spectra is shown in Fig. 5 (Putnis et 
al., 1985; Putnis and Angel, 1985). In the disordered phase the spectra for the 
different tetrahedral sites, T1 and T2, show a number of peaks corresponding to 
the different numbers of linked A I O  4 tetrahedra. On annealing the AI and Si 
cations order, so that in the most ordered state the spectra are dominated by just 
two peaks, the T1 SiO 4 tetrahedra linked to four A104 tetrahedra, and the T2 
SiO 4 tetrahedra linked to three A104 tetrahedra and one SiO 4 tetrahedron. 

Our own interest in the use of 29Si MAS-NMR arises from the possibility to 
use the data to give information about the change in the order, and specifically 
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Fig. 3. Correlation of the 29Si NMR frequency shift with the number of neighbouring AIO 4 
tetrahedra. The broad bands indicate the spread of experimental data (after Putnis, 1992). 
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the change in the number of linked AIO 4 tetrahedra, on annealing through an 
ordering phase transition. A large part of modern mineralogy is concerned with 
understanding the behaviour of phase transitions in minerals, for it is now 
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Fig. 5.29Si MAS-NMR spectra of cordierite during the annealing process, where the spectra (a-f) 
correspond to increasing annealing time, and hence increasing A1/Si order (Pumis et al., 1985; 
after Putnis, 1992). The assignments of the peaks are identified by the different tetrahedra and the 
different numbers of neighbouring AIO 4 tetrahedra. 

recognised that there are important physical, chemical and thermodynamic 
consequences of  the existence of  these phase transitions. This point has been 
discussed in some detail by Putnis (1992). For A1/Si  ordering, the change in 
enthalpy as a result of  ordering can be of  the order of  50 kJ m o l -  t. As part of  a 
larger project to understand these ordering transitions we have been calculating 
these ordering energies for a number of  important examples (Bertram et al., 
1990; Dove et al., 1993; Thayaparam et al., 1994, 1996). It is known that the 
ordering process is driven by the preference for A1 cations to avoid occupying 
neighbouring tetrahedral sites (Loewenstein,  1954), and so we have been 
calculating the energies for the reactions A1-O-A1 + S i - O - S i  --+ 2 ( S i - O - A I ) .  
Our approach, in brief, has been to use large supercells of  a given crystal 
structure, and to generate a large number (of  around 100) of  different configura- 
tions of  the supercell with different distributions of  the A1 and Si cations 

Fig. 4. Two views of the framework of linked tetrahedra in cordierite showing the TI and T2 
tetrahedra: (a) viewed down [001]; (b) viewed from a direction nearly normal to [001]. The 
tetrahedra are shown as shaded units, with T1 and T2 tetrahedra shown with different shadings. 
Note that the T2 tetrahedra lie in six-membered rings, and the T1 tetrahedra provide the bridging 
between neighbouring T2 rings. Each T1 tetrahedron is linked to four T2 neighbours, and each T2 
tetrahedron is linked to two TI and two T2 neighbours. 
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(Bertram et al., 1990: Thayaparam et al., 1994). For each configuration we 
calculate the lattice energy using a tested empirical potential (Winkler et al., 
1991), allowing the atoms to move slightly to find the minimum of the energy. 
With a large number of configurations we can generate a data base of energy as 
a function of the number of A1... A1 neighbours, taking account of second and 
third neighbours as well as nearest neighbours, from which we can extract the 
relevant interaction energies, as discussed by Bertram et al. (1990), Dove et al. 
(1993), and Thayaparam et al. (1994, 1996). A simple example is shown in Fig. 
6, where we plot the energy against the number of nearest-neighbour AI. . .  A1 
linkages for a number of different configurations of the AI and So tetrahedral 
cations in the mineral leucite, KAISi~O 6 (Dove et al., 1993). The best-fit straight 
line provides an estimate of the interaction energy, which in this case was 65 kJ 
tool ~. For a number of examples we have tbund energies for nearest-neighbour 
interactions ranging from 40 to 120 kJ mol-~ (Dove et al., 1996). We have 
calibrated these energies against ab initio electronic structure calculations (Heine 
et al., 1997), and have performed extensive Monte Carlo simulations to study 
the evolution of ordering with temperature and time (Thayaparam et al., 1996; 
Dove et al., 1996). One of the issues that we have been investigating is to 
explain why the ordering temperatures for some silicates can be remarkably 
lower than would be predicted by a simple thermodynamic argument, but that is 
another story (Dove et al., 1996). 

So, more specifically, our interest in the 2~)Si MAS-NMR data arises from our 
need to link our theoretical studies with experiment. In principle the 29Si 
MAS-NMR data contain information about the number of linked A104 tetrahe- 
dra (Putnis and Angel, 1985). Our analysis of the theory makes predictions for 
this quantity (Thayaparam et al., 1996; Dove et al., 1996). In some cases we 
predict that this number is allowed to be very small in the disordered phase, and 
indeed it is this possibility to have complete A1...A1 avoidance within the 
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Fig. 6. Lattice energy plotted against the number of nearest-neighbour A1-O AI linkages 
calculated for a number of different configurations of the AI and Si cations in the mineral leucite. 
KAISi20~, using the method described in the text (Dove et al.. 1993). 
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disordered phase, leading to significant short-range order, that can give rise to 
extremely low ordering temperatures (Dove et al., 1996). In other cases, the 
evolution of the number of nearest-neighbour AI-O-A1 linkages can be corre- 
lated with measurements of the enthalpy, so that it is possible to determine the 
energy required to form an A1-O-A1 linkage experimentally. This has been 
done for cordierite (Carpenter et al., 1983; Putnis and Angel, 1985), and we had 
been hoping to use this work for cordierite to check our theoretical calculations 
(Thayaparam et al., 1996). Unfortunately, this is where we ran into the problems 
that form the central part of this contribution. For cordierite there are two types 
of nearest-neighbour pairs, T1 -T2 and T2-T2, as seen in Fig. 5. The MAS-NMR 
data were initially analysed to sum the number of A1...  A1 neighbours over both 
types of neighbour pairs (Putnis and Angel, 1985). When we unpacked the 
equations to form separately the number of A1...  AI linkages for both T1-T2 
and T2-T2 neighbours, we found that for the more-ordered samples the number 
of AI . . .  AI linkages for the T2-T2 neighbours came out with a negative value 
(Thayaparam et al., 1996). Whilst absurd, this simply reflects the fact that the 
numbers we want to extract involve subtracting two large numbers, so the final 
number is dominated by the errors, even when the data themselves appear to be 
of high quality. The point is that there is nothing in the simple analysis to 
constrain the number of neighbours to be positive. Following this, we developed 
a new method to analyse the 295i MAS-NMR data to incorporate the constraint 
that the number of neighbours must always be positive (Dove and Heine, 1996), 
and this is described in the next section. In the next section I will describe the 
application of the method to the analysis of 29Si MAS-NMR data to the minerals 
leucite and analcime, as well as to cordierite. 

2. Analysis method 

The important experimental quantity in the 29Si MAS-NMR spectra is the 
integrated intensity of each peak, which is proportional to the relative number of 
Si cations on the site of type j that have n AI neighbours, and which we denote 
by g~. These are normalized to Eg~ (summing over both j and n). The 
objective is to determine a distribution of AI and Si cations that best fits the set 
of experimental values of g~. We simulated a sample containing several unit 
cells of tetrahedral sites, set up with periodic boundaries in order to reduce finite 
size and surface effects, and then distribute the AI and Si cations over the 
tetrahedral sites using the experimental values of g~ as a guide. The quantity 

~ =  E Z [  g~ (obs ) -  g~(calc)] z / o  -2 
n j 

defines how closely the distribution of cations in the simulation resembles the 
experimental distribution, where (obs) and (calc) denote the experimental and 
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calculated values respectively, o- is an average error on the experimental values 
of g,a,. The best distribution of the AI and Si cations will be the one that 
minimises the value of e. We allow the initial distribution to evolve towards the 
best distribution using a Monte Carlo approach. This is implemented by taking 
an initial distribution of AI and Si cations, which may be completely random or 
fully ordered. At the start a pair of A1 and Si cations are selected at random. If 
switching their positions lowers the value of E, this is carried out. Otherwise, 
their positions are switched according to a probability exp(- /3e) ,  where /3 is a 
parameter that is selected by the user. In the standard Monte Carlo method, e 
would play the role of an energy, and /3 would play the role of the reciprocal of 
the temperature. The procedure of proposing and testing random switches of the 
positions of the AI and Si cations is repeated again and again, until E oscillates 
in value about a minimum mean value. This method will produce the most 
random distribution of AI and Si cations that is consistent with the experimental 
data, with the constraint that the number of A1-O-AI linkages of all types must 
be positive. From the equilibrated configurations it is then an easy matter to 
calculate the number of AI-O-A1 linkages. More details of the method and its 
implementation are given in Dove and Heine (1996). 

It is worth commenting on the importance of the choice of starting configura- 
tion. In principle the Monte Carlo method will always find the optimum 
configuration consistent with the experimental data, but in practice it may take a 
long time to do so. If the optimum configuration is highly ordered, but the 
starting configuration is completely disordered, the simulation will immediately 
begin to order. However, it may get trapped for a long time in a state that is 
almost sufficiently ordered, but not quite. It is then possible that there are only a 
few permissible changes that can take the configuration towards the optimum 
configuration, and this will lead to the requirement for long simulation runs. In 
this case it is usually better to begin with an ordered configuration deduced from 
diffraction data, then allowing the simulation to disorder the configuration. For 
cases where there is partial order, experience showed that both ordered and 
disordered initial configurations could quickly be changed in the Monte Carlo 
procedure to similar optimum configurations with the correct degree of partial 
order. 

3. Results 

3.1. Cubic Cs-exchanged leucite and analcimes 

The mineral leucite, KA1Si206, has a cubic structure above 960 K, and is 
tetragonal at lower temperatures (Palmer et al., 1997). In the cubic phase there is 
only one distinct tetrahedral site, so this phase must necessarily have a disor- 
dered arrangement of the A1 and Si cations. The phase transition has nothing to 
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do with A1/Si ordering, and has a purely displacive mechanism (Dove et al., 
1993). Our theoretical analysis suggests, though, that there will be significant 
short-range order in the disordered cubic phase, specifically such that neighbour- 
ing tetrahedral sites will not both be occupied by A1 cations (Dove et al., 1993, 
1996). High-temperature 29Si MAS-NMR work has not been carried out on the 
cubic phase. Instead, most of the work has been carried out at room temperature 
(Brown et al., 1987; Murdoch et al., 1988; Phillips et al., 1989). This has proved 
to be extremely problematic. In the tetragonal phase there are three symmetri- 
cally distinct tetrahedral sites, but because they become equivalent in the cubic 
phase they are not very different. Each site will then give up to five peaks in the 
MAS-NMR spectra with weights determined by the proportions of Si sites with 
4 A1 neighbours down to 0 A1 neighbours. Because the three sites are so similar, 

Si(2AI) 

Si(3AI)~si( i AI) 

KAISi206 .... ~6~  
I I I I I -70 80 -90 -100 -110 

Frequency shift (ppm) 
Fig. 7. Z9si MAS-NMR spectra of leucite, KAISi206, and the substituted materials RbA1SieO 6 
and CsAISi206 at room temperature, and CsAISi206 in its cubic phase at 150°C. The spectrum 
for CsAISi206 at 150°C contains five peaks associated with the sites with 0-4 AI neighbours, 
with only one symmetrically distinct tetrahedral site in the crystal structure. The other spectra 
contain up to fifteen overlapping peaks owing to the presence of three distinct, but similar, 
tetrahedral sites, with a disordered arrangement of AI and Si cations (after Phillips and Kirk- 
patrick, 1994). 
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all the NMR peaks overlap, and it has not been possible to interpret the spectra 
consistently. This problem is illustrated in Fig. 7. If the K cations are replaced 
by Cs, the transition temperature is lowered to 100°C (Palmer et al., 1997), and 
29Si MAS-NMR spectra from this phase are easier to obtain (Phillips and 
Kirkpatrick, 1994). Now there are only five peaks associated with a single 
tetrahedral site, as seen in Fig. 7. Moreover, there is a related mineral analcime, 
NaAISi206.H20, where the water molecules replace the site occupied by the K 
cations in leucite, and the Na cations occupy smaller sites with a 2 / 3  probabil- 
ity. This structure is cubic, or close to cubic, at all temperatures (e.g. Line et al., 
1996), and is shown in Fig. 8. Phillips and Kirkpatrick (1994) have measured 
the 29Si MAS-NMR spectra for a suite of samples of analcime with varying 
Si:AI ratios. These are shown in Fig. 9: what is striking is that although the 
peaks are in more-or-less the same positions, the relative heights vary substantial 
between different samples. 

The results of our inverse Monte Carlo simulations of the AI/Si  distributions 
in the Cs-exchanged leucite and the different analcime samples are given in 
Table 1. The simulations had a cubic supercell of 2 × 2 × 2 unit cells, contain- 
ing 384 tetrahedral sites, The simulation of Cs-exchanged leucite shows that 
there is short-range order leading to a complete absence of A1-O-A1 linkages, 
as we had predicted. On the other hand, the simulations of the different analcime 
samples showed the existence of some A1-O-A1 linkages, but the number is 

Fig. 8. Crystal structure of analcime, NaAISi206.H20, viewed down [ILL], showing the frame- 
work of linked tetrahedra, the central positions occupied by the water molecules, and the sites 
occupied by the Na cations. The positions of the hydrogen atoms are disordered and no attempt 
has been made to indicate their distribution in this figure. 
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Fig. 9. 2°Si MAS-NMR spectra of different samples of the mineral analcime, NaAISi206,H20. 
The samples have slightly different Si:AI ratios (given to the right of each spectrum), and different 
thermal histories (after Phillips and Kirkpatrick, 1994). 

small compared to the number there would be if there was a completely random 
distribution of the A1 and Si cations, ~ 2 / 3  per formula unit, implying that 
there is still a considerable degree of short-range order. The NMR spectra of the 
different analcime samples have significant differences, which are accounted for 
fully in the simulations. 

3.2. Cordierite 

The 29Si MAS-NMR for cordierite are shown for different annealing times 
(Putnis, 1992) in Fig. 5. The integrated signals from the two sets of peaks 
indicated that the six T1 sites contain more A1 than Si and that the twelve T2 
sites contain less AI than Si at each stage in the annealing process. The 29Si 
MAS-NMR data show that the sample progressively orders on annealing. The 
structure transforms from the initial hexagonal phase to a state with a character- 
istic tweed microstructure, and eventually an orthorhombic structure is formed 
with long-range A1/Si order (Putnis, 1992). The 29Si MAS-NMR data change 
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Table l 
Experimental and calculated 29Si MAS-NMR spectra (given as the relative integrated intensities of 
the peaks in the NMR spectra) for cubic Cs-exchanged leucite and various analcime samples (the 
last column gives the number of AI-O-AI linkages per formula unit) 

Nsi go ~l g2 g3 g4 NAh-o AI 
Cs-leucite ~ 
Experimental 2.0 0.038 0.221 0.427 0.277 0.037 
Calculated 0.047 0.227 0.430 0.273 0.023 

Analc ime (Mont  Saint  Hilaire) '~ 
Experimental 1.95 0.010 0.122 0.695 0.157 0.016 
Calculated 0.024 0.122 0.693 0.154 0.008 

Analc ime ( U l U C  1904) ~' 
Experimental 2.18 0.023 0.239 0.619 0.119 0.0 
Calculated 0.027 0.243 0.616 0. I 14 0.0 

Analc ime ( Bars tow ) ~ 
Experimental 2.53 0.077 0.365 0.463 0.090 0.005 
Calculated 0.076 0.367 0.462 0.091 0.004 

Analc ime ( M(~jaL,e ) ~L 
Experimental 2.52 0.058 0.402 0.446 0.087 0,008 
Calculated 0.062 0.404 0.447 0.084 0,004 

Analc ime (Murdoch)  b 
Experimental 2.13 0.020 0.234 0.597 0.148 0.0 
Calculated 0.023 0.234 0.594 0.149 0.0 

0.09 

0.05 

0.02 

0.05 

0.03 

Experimental data are from Phillips and Kirkpatrick (1994). Average errors are _+ 0.005. 
b Experimental data are from Murdoch et al. (1988). Average errors are + 0.003. 

continuously through these transformation processes (Putnis et al., 1987), show- 
ing no signs of  the formation of the tweed microstructure that is seen in the 
electron microscope as an intermediate stage in the ordering process, or the 
eventual transition to the or thorhombic phase. 

The inverse Monte Carlo simulations were per formed using a supercell made 
f rom a block of 2 × 2 × 2 or thorhombic unit cells containing 288 tetrahedra. We 
also used both ordered and disordered starting points. For the most ordered 
samples the use of  a disordered starting point led to the need for extremely long 
simulation runs, but the simulations with less order led to similar results for both 
types of  starting configuration. The results of  our simulations for different 
annealing times are given in Table 2, and the results of  the analysis of  the 
simulation configurations are given in Table 3. The changes in the ordering on 
annealing are very clear. One important point f rom the results is that there are 
virtually no A 1 - O - A I  linkages of  the form T 2 - T 2 .  This result had been 
anticipated f rom our previous analysis of  the 298i M A S - N M R  data, where in 
each case we obtained a negative number  for this quantity (Thayaparam et al., 
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Table 2 
Experimental and calculated 298i MAS-NMR spectra (given as the relative integrated intensities of 
the peaks in the NMR spectra) for cordierite with different annealing times; experimental data are 
from Putnis et al. (1985) 

g~ gl g~ g~ g4 g~ g~ g~ g~ g~ 
2 min 
exp 0.0 0.006 0.042 0.053 0.020 0.0 0.049 0.347 0.408 0.075 
calc 0.0 0.006 0.044 0.050 0.025 0.0 0.050 0.350 0.406 0.069 

6.5 min 
exp 0.0 0.0 0.032 0.053 0.033 0.0 0.065 0.343 0.397 0.077 
calc 0.0 0.0 0.031 0.056 0.031 0.0 0.063 0.344 0.394 0.081 

23 min 
exp 0.0 0.0 0.038 0.058 0.037 0.0 0.052 0.308 0.428 0.079 
calc 0.0 0.0 0.038 0.056 0.038 0.0 0.056 0.306 0.4250 0.081 

6 tl 
exp 0.0 0 .011  0.022 0.043 0.080 0.0 0.020 0.203 0.513 0.108 
calc 0.0 0.006 0.019 0.050 0.094 0.013 0.025 0.200 0.506 0.088 

23.5 h 
exp 0.0 0.013 0.012 0.039 0.098 0.0 0.022 0.177 0.568 0.069 
calc 0.0 0.006 0.013 0.044 0.100 0.013 0.025 0.175 0.563 0.063 

48.5 h 
exp 0.0 0.003 0.010 0.023 0.114 0.0 0.020 0.143 0.625 0.061 
calc 0.0 0.0 0.013 0.025 0.125 0.006 0.025 0.144 0.613 0.050 

96 h 
exp 0.0 0.008 0.015 0.029 0.117 0.0 0.013 0 .111  0.645 0.062 
calc 0.0 0.006 0.013 0.038 0.125 0.013 0.019 0.106 0.638 0.044 

408 h 
exp 0.0 0.008 0.016 0.018 0.131 0.0 0.014 0.056 0.672 (I.084 
calc 0.0 0.0 0.019 0.025 0.150 0.013 0.025 0.050 0.663 0.056 

20O0 h 
exp 0.0 0.0 0.014 0.027 0.144 0.0 0.0 0.059 0.698 0.058 
calc 0.0 0.006 0.013 0 .031  0.150 0.013 0.006 0.056 0.694 0.031 

1996). In Table 3 we compare the calculated number of A1-O-A1 linkages with 
the number computed directly from the experimental data by Putnis and Angel 
(1985). The agreement is reasonably good for short annealing times, but for 
longer annealing times the number given by Putnis and Angel (1985) is 
consistently lower than the value obtained in our simulations. This is because 
the numbers of AI-O-A1 linkages obtained directly from the experimental data 
contain a significant negative number of T2-T2 linkages, which is larger for the 
longer annealing times. The simulations are constrained to avoid this negative 
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Table 3 
Analysis of the simulated ensembles of cordierite 

Annealing time Fractional occupancy by A1 Number of AI-O-A1 linkages 

T1 T2 TI - T 2  T 2 - T 2  Putnis 

2 min 0.79 0.27 1.53 0 1.51 
6.5 min 0.80 0.27 1.41 0.13 1.49 
20 rain 0.78 0.28 1.34 0 1.33 
6 h 0.72 (1.31 0.84 0 0.74 
23.5 h 0.73 0.30 11.8 [ 0 /).74 
48.5 h 0.73 0.30 0.63 0 0.56 
96 h 0.70 0.32 (/.59 0 (/.47 
408 h 0.68 I).33 0.38 0 0.26 
2000 h 0.67 0.33 0.38 0 0.18 

The data in the last column are from Putnis and Angel (1985), and include both the T I - T 2  and 
T 2 - T 2  linkages. The number of A1-O-AI linkages are given per tetrahedron. 

contribution to the number of A l - O - A l  linkages. Fig. l0 gives the number of 
A1-O-A1 linkages calculated in our simulations as a function of the logarithm 
of the annealing time. The plot is linear within the experimental errors, with a 
gradient of ON/OlOglo(t)-~ - 0 . 2 5 .  Comparing these results with the calori- 
metric data of Carpenter et al. (1983) leads to a value for the energy of the 
reaction (AI-O-A1)  + ( S i - O - S i )  ~ 2 (AI -O-S i )  of ~ 40 kJ/mol.  This value 
is lower than the value we obtained from our theoretical calculations 
(Thayaparam et al., 1996). One problem is that we have not taken account of the 
preference of the A1 for the T1 sites at short annealing times, with an excess of 
AI in T1 over the expected occupancy of 2 / 3 .  Since the partitioning of the A1 
cations over the TI and T2 sites changes with annealing time, the changes in 
enthalpy will include this contribution, but it is not likely that this accounts for 
all of the discrepancy. Alternatively, there is a clue from Table 2. The 
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Fig, 10. Plot of number of A1-O-AI linkages in cordierite as a function of the logarithm of 
annealing time, as obtained from our inverse Monte Carlo simulations. The straight line is fitted to 
the data. 
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experimental data give go 2 = 0 for all spectra (this is the T2 peak for the Si 
cation having no AI neighbours), whereas the simulations suggest that go 4: 0. 
We have explored the effects of including a non-zero value for both go 2 and go ~, 
and we have found that the final number of A1-O-A1 linkages is very sensitive 
to the existence of non-zero values of these quantities (Dove and Heine, 1996). 
Indeed, with only a very small intensity for these peaks the change in slope of 
the plot in Fig. 10 can lead to a new value for the ordering energy that is in good 
agreement with our theoretical calculations. More recent data (A. Putnis, pers. 
commun.) have shown the existence of a small Si(0A1) T2 peak as our inverse 
Monte Carlo simulations have predicted. 

4. Discussion 

The examples discussed in this paper show the power and sensitivity of the 
29Si MAS-NMR method to provide detailed information about short-range 
structural order in silicates with long-range A1/Si disorder. The peak frequen- 
cies are correlated both to the structural topology and the number of neighbour- 
ing A10 4 tetrahedra. In cases such as the tetragonal phase of leucite, where as a 
result of the displacive phase transition the different tetrahedral sites are similar, 
it may not be possible to accurately assign all the overlapping peaks. On the 
other hand, even with a spectrum containing peaks that are properly resolved, 
there may be other problems. For example, in the determination of the number 
of AI-O-A1 linkages, the result by simply applying equations may be domi- 
nated by the errors on the data, even for high-quality data. The equations do not 
constrain these numbers to be positive, even though the possibility of negative 
numbers is physically absurd. As a result we developed the inverse Monte Carlo 
method described in this article. Our analysis highlighted another problem, 
namely that it is essential that all peaks are identified, even if their intensities are 
very low. Small errors associated with missing peaks can skew the final analysis 
to an unacceptable degree. 
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