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Symmetry-constrained lattice energy minimizations have been performed on a series of 
pure silica polymorphs using the shell model for silicates. Quantitative agreement is found 
between the experimental and calculated structures with particularly good agreement being 
obtained for the fractional coordinates of the atoms in the asymmetric unit. The computed 
lattice energies of the silicas are found to be between 8 and 20 kJ mol-' less than that of 
quartz. The energies are found to be directly dependent on the densities of the structures 
and show good agreement with a recent calorimetric study. 

Introduction 

The recent calorimetric measurements of Petrovic and 
co-workers1 have provided intriguing insights into the 
relationship between the crystal structure of open 
silicate frameworks and their stability. In particular, 
they reported that the open-framework silica structures 
are between 7 and 14 kJ mol-l less stable than quartz. 
The observed trends in the data were ascribed to  
differences in the distributions of Si-0-Si bond angles 
rather than, for instance, any direct dependence on the 
density. These results provide an interesting challenge 
in the computational area, since it is now possible to 
treat silica frameworks routinely by using the tech- 
niques of lattice energy minimization using interatomic 
potentiah2 Several empirical force fields have been 
d e ~ e l o p e d ~ - ~  which can accurately reproduce relative 
energies and structural properties such as cell param- 
eters, bond lengths, and bond angles. These are based 
on electrostatic two-body terms, summed either with an 
Ewald summation or the use of a tapering function, 
combined with Buckingham-type nonbonded two-body 
terms or explicit Morse functions. In addition, a three- 
body term is often included to correctly represent the 
0-T-0 bond angle, and a well-established shell model 
potential has been derived in an attempt to represent 
the polarizability of the 0 atom in the l a t t i ~ e . ~  

In this work we describe constant pressure lattice 
energy minimizations using the shell model for silicates 
developed by Sanders5 and imposing the full crystal- 
lographic symmetry of the experimental structures as 
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an additional constraint. The theoretical results are 
compared directly with the thermochemical measure- 
ments of Petrovic et al. and with fractional atomic 
coordinates obtained in recent crystallographic studies 
of siliceous zeolites. 

Methods and Models 
Details of Force Field. The force field for silicates derived 

by Sanders5 is based on a formal charge model and fitted to 
the crystal structure and elastic and dielectric constants of 
a-quartz. The formal charge model has  the advantage tha t  i t  
is compatible with a wide variety of potentials derived for other 
ionic solids and allows defects to  be easily included in the 
system with no uncertainties in the charge state. 

The interaction between ions i and j is represented by a 
Buckingham potential plus a Coulombic term to describe the 
electrostatics: 

The electrostatic energy is calculated by an  Ewald summation6 
with the relevant cutoffs for the individual summations in real 
and reciprocal space chosen to minimize the total number of 
terms.7 This is weighted by a factor which relates the relative 
computational expense of the real and reciprocal terms. The 
cutoff is chosen to give accuracy to eight significant figures in 
the lattice energy. The short-range Buckingham potential is 
evaluated to  a cutoff of 12 A. The residual dispersion energy 
due to  atoms lying beyond this distance is corrected by the 
continuum approximation. 

The oxygen ions are  modeled using the shell model of Dick 
and Overhauser.8 All short-range forces act on a massless 
oxygen shell which is coupled to the oxygen core, from which 
it is coulombically screened, through a harmonic function: 

This allows the effective polarizability of each oxygen ion to  
vary as  a function of its environment in the system. Three- 
body forces are  also included in the force field for the 0-Si -0  
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Table 1. Comparison of Calculated and Experimental Cell Parameters for Silicas 

Henson et al. 

a-quartz (experiment) 
a-quartz (calculation) 
a-cristobalite (expt) 
a-cristobalite (calc) 
P-cristobalite (expt) 
P-cristobalite (calc) 
low-T tridymite (expt) 
low-T tridymite (calc) 
high-T tridymite (expt) 
high-T tridymite (calc) 
ZSM-12 (exp) 
ZSM-12 (calc) 
silicalite (expt) 
silicalite (calc) 
monoclinic silicalite (expt) 
monoclinic silicalite (calc) 
ZSM-11 (expt) 
ZSM-11 (calc) 
SSZ-24 (expt) 
SSZ-24 (calc) 
FAU (expt) 
FAU (calc) 

4.913 
4.835 
4.978 
4.970 
5.063 
4.995 

18.494 
18.540 
18.494 
18.533 
24.863 
24.954 
20.060 
20.073 
19.879 
19.740 
20.067 
19.995 
13.603 
13.679 
24.258 
24.226 

4.913 
4.835 
4.978 
4.970 
5.063 
4.995 
4.991 
4.983 
4.991 
4.981 
5.012 
4.998 

13.360 
13.335 
20.107 
19.979 
20.067 
19.995 
13.603 
13.679 
24.258 
24.226 

bond angle in the form of a harmonic angle bending potential: 

where 190 is the equilibrium tetrahedral bond angle. 
The program GULP (general utility lattice program) devel- 

oped by Galeg was used for all the calculations. 
Models for Silicates. We considered a series of silica 

polymorphs for which thermochemical measurements have 
previously been made, and also a wide range of other zeolite 
structures and “dense” silica polymorphs. Also we examined 
a number of hypothetical siliceous structures which are 
analogues to well-characterized aluminophosphates, AlPO4- 
n. 

We have used the following structural data  for the silicas 
in question. For silicalite, we have considered both the 
orthorhombic structure of Flanigen et al.IO and the low- 
temperature monoclinic phase1’ (since our calculations a re  
correspond to 0 K). For ZSM-11 and ZSM-12, we used the 
structural determinations of Fyfe and c o - ~ o r k e r s . ~ ~ J ~  In the 
case of tridymite, we took both the low- and high-temperature 
forms for the minimizations.14J5 For cristobalite, we again 
considered the low-temperature tetragonalI6 and high-tcm- 
perature cubic structures17 and in addition the tetragonal I42d 
structure proposed by Wright and Leadbetter for p-cristo- 
balite.18 For the faujasite structures, we examined the cubic 
siliceous structure recently reported by Hriljac e t  al.19 and also 
the hexagonal EMT structure of Newsam e t  aL20 The SSZ-24 
structure was that of Bialek and co-workers.21 The structures 
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1965. 

5.406 
5.346 
6.948 
7.000 
7.160 
7.177 

23.758 
23.824 
25.832 
25.901 
24.328 
24.151 
19.800 
19.693 
23.826 
23.656 
13.411 
13.452 
8.277 
8.466 

24.258 
24.226 

90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 

90.0 
90.0 
90.0 
90.0 
90.0 
90.0 

105.8 
105.8 
117.8 
117.8 
107.7 
107.4 
90.0 
90.0 

145.9 
145.7 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 

120.0 
120.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 
90.0 

120.0 
120.0 
90.0 
90.0 

of ferrierite and dodecasil were taken from recent powder and 
single-crystal studies of those  material^.^^,^^ All the structures 
were treated as purely siliceous. We also considered the 
recently characterized structure of moganiteZ4 and the struc- 
ture  of ~ t i s h o v i t e ? ~  a high-density silica polymorph containing 
octahedral silicon. The structural references for the other 
silicates considered in  this study are  given in  refs 26-37. 

Results 

There are a number of questions to be considered 
when comparing computational results to those of 
experiments in this area. For example, since our work 
represents energies calculated at 0 K, it would be useful 
to perform free energy minimizations to assess the effect 
if any of thermal expansion on the relative energies of 
the structures. Nevertheless, the comparisons reveal 
some interesting features. 

Structure and Properties. In all cases the lattice 
parameters are reproduced to  within 2% of the experi- 
mental values. Table 1 shows the comparison for 
several structures. In relation to the fractional coordi- 
nates of the individual atoms, we wish to  stress that 
the agreement with experiment is particularly good for 
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Figure 1. Variation of calculated lattice energy with density 
for silica structures. 

Table 2. Comparison of Calculated and Experimental 
Structural Parameters for Siliceous Fayjasite 

cell parameter (A) 
expt 24.2576(3) 
calc 24.226 

fractional coordinates (esd's in parentheses) 
X Y 2 

Si(1) 
exP 0.94608(8) 0.12530(8) 0.03589(9) 
calc 0.94597 0.12571 0.03590 

exP 0.0000 0.89377(6) 0.10623(6) 
calc 0.0000 0.89309 0.10691 

expt 0.99677(6) 0.99677(6) 0.14066(9) 
calc 0.99773 0.99773 0.14057 

exP 0.07570(6) 0.07570(6) 0.96423(9) 
calc 0.07604 0.07604 0.96423 

expt 0.07063(7) 0.07063(7) 0.32115(10) 
calc 0.07027 0.07027 0.32146 

O(1) 

O(2) 

O(3) 

O(4) 

those siliceous structures that have been well-deter- 
mined by diffraction measurements, for example, the 
cubic faujasite structure (see Table 2). This finding 
suggests that some of our computed structures may be 
more accurate than the corresponding experimental 
ones, especially those based upon poor-quality X-ray 
powder data. 

As has been shown previ~usly,~,~ the calculated lattice 
energies of the structures show a direct correlation with 
the density (Figure 1). Kramer and co-workers4 em- 
ployed an unphysically large dispersion term which 
gives an anomalously large range in energy for the 
silicas considered; this required an additional correction 
term to be added to give the correct experimental range. 
The dispersive term in the Sanders potential is more 
consistent with theoretical estimations of the 0-0 
i n t e r a ~ t i o n . ~ ~  We have also used a larger short-range 
cutoff (12 A) than Kramer et al. and estimated the 
contribution of interactions beyond this distance with 
the continuum approximation. 

In the case of the tridymite, both low- and high- 
temperature structures essentially give the same mini- 
mized lattice energy. This may stem from the combi- 
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density for silica structures (experimental data as  in Figure 
2). 

gies do indeed correlate well with density (Figure 3). 
In particular, for those structures having densities lower 
than that of quartz, there is a direct dependence of 
lattice energy on density. However, moganite, coesite, 
and stishovite, all of which are denser than a-quartz, 
are predicted to  be of higher energy. This result 
correlates with experiment' showing quartz to be the 
energy minimum in the series but suggests that the 
dependence of lattice energy on density does not hold 
for all silica structures. In the case of stishovite, we 
predict a lattice energy that is about 100 kJ mol-l 
greater than for quartz, which is a large overestimate 
of the experimental value. The deficiencies in the 
prediction of the lattice energy and structure of stisho- 
vite are probably due to  an inability of the force field to  
correctly represent six-coordinated silicon. It would be 
useful to include structures beyond the lower end of the 

density range of those presented here, the recently 
synthesised mesoporous silica in the MCM-41 family 
being good candidates. However it must be stressed 
that these structures are not pure silica materials and 
currently available thermochemical data for these sys- 
tem cannot be considered in the present context. 

Phonon Spectra. The calculated phonon modes for 
several of the silica structures at the r point show 
imaginary frequencies suggesting that the experimental 
space group used in the minimizations is incorrect. In 
an attempt to elucidate how the structures are inclined 
to break their assumed symmetry, we performed ad- 
ditional calculations relaxing the symmetry of the 
structures to the space group P1 and allowing the 
imaginary phonon modes to further optimize the struc- 
tures. For example, the orthorhombic phase of silicalite 
minimizes to  a final structure with a large number of 
negative phonon frequencies. This structure is found 
to relax to the monoclinic phase with space group P21Ic 
if the symmetry constraints are removed, which is the 
correct low-temperature structure. In addition, we also 
find that the structure of ferrierite has a tendency to 
reduce its symmetry from primitive orthorhombic to 
C-centered monoclinic (from Pmnn to  C2lm). 

We conclude that the computational treatments of 
these silica systems are now sufficiently robust that they 
bear quantitative comparison with both structural and 
thermochemical properties and can be used explore the 
relative stabilities and structures of framework silicas 
for which there is no reliable experimental data. 
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