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Abstract. The capability of quantum mechanical computa- 
tion for the description of the geometric and electronic 
structure of molecules containing S i - F  and S i - O  bonds 
is assessed. For gas phase analogues of silicates, such as 
SiF4, geometric and energetic quantities can be calculated 
very accurately and many spectral properties, e.g. photoem- 
ission, x-ray absorption near edge and NMR spectra, can 
be evaluated with reasonable accuracy. Extension of such 
methods to molecular models for S i - O  bond in solids 
yields accurate average S i - O  bond properties and repro- 
duces experimental trends but detailed values of such prop- 
erties in particular solids are difficult to reproduce. The 
present status of band theoretical and ionic lattice tech- 
niques applied to SiO2 is also briefly discussed. 

Since the most common minerals are silicates the nature 
of the S i -  O bond is of great importance to mineralogists. 
The proper formalism for a fundamental understanding of 
any chemical bond is quantum mechanics and substantial 
advances have recently been made in the application of 
both quantum mechanical computations and qualitative 
concepts within mineralogy. Before discussing recent stu- 
dies of the S i - O  bond (and related bonds such as S i - F  
and P - O )  I will list some properties of the S i - O  bond 
which have been studied and discuss the levels of specificity 
and interpretability of these properties. I will then briefly 
distinguish the various quantum computational methods 
and then consider some applications. Most of my time will 
be spent upon the results of molecular cluster approaches 
but I will also describe some highlights of recent band theo- 
retical and ionic lattice simulation studies. 

Properties studied by quantum mechanics may be use- 
fully divided into those relating to the ground state of the 
unperturbed material, such as the equilibrium bond dis- 
tances and angles, the enthalpies of reactions or the electron 
density distributions and those which involve excited states, 
such as the cations created in photoemission, the bound 
or continuum excited states arising in x-ray absorption or 
the perturbed molecule within a magnetic field created in 
NMR. Much progress has been made in the computation 
of ground state properties for molecules containing 3rd row 
( N a -  C1) and even heavier elements, but excited state prop- 
erties represent a current challenge. 

* Paper from Conference on Quantum Theory and Experiment, 
July 1986 

It is also important to designate the level of specificity 
desired in the description of the property. Are we interested 
in the average absolute value of a property, e.g. the average 
S i - O  bond distance, in trends in a property as a function 
of chemical environment, e.g. S i -  O distance as a function 
of Si or O coordination number, or in particular values 
of S i - O  distance in a specific structure, e.g. the inequiva- 
lent S i - O  distances in quartz or stishovite. Replication 
of particular distances is clearly most difficult and trends 
are often easier to obtain than accurate absolute values. 

There are also a number of levels at which we can inter- 
pret the computational results. We can simply accept the 
computed number as it stands as the result of a computer 
experiment and not attempt further explanation. We can 
relate the calculated value for one quantity to computed 
or experimental values of other quantities using the quan- 
tum mechanical calculation as the framework for develop- 
ing a unified picture of the electronic structure of the mate- 
rial. In some cases we may be able to abstract qualitative 
principles directly from the results of accurate calculations. 
Finally, we can examine the ability of simple, qualitative 
and easily interpretable theories to explain the experimental 
values. For example, in understanding the average value 
and range of values for < S i - O - S i  accurate calculations 
can be of value first because they can accurately reproduce 
experimental values. We can also extract from them effec- 
tive "charges", valence electron density distributions and 
hybridizations which allow us to interpret more qualitative- 
ly the value of the angle. Simple qualitative MO theories 
of angle bending and ionic model theories incorporating 
anion polarization can also be used to interpret this quan- 
tity. 

In categorizing the application of quantum computa- 
tional techniques to solids I find it informative to use a 
flow chart approach (Table 1), in which the first branch 
involves the choice of localized or delocalized approaches, 
both of which are now extensively applied to solids. With- 
out going through the flow chart in detail, I should indicate 
that one branch characteristically leads to more accurate 
approaches and one to less accurate approaches, e.g. corre- 
lated wave functions vs. one electron approximation wave 
functions. Of course, the more accurate calculations are 
characteristically more difficult and time consuming. 

A good example of a state-of-the-art ab initio Hartree- 
Fock calculation on a molecule containing an Si--O bond 
is that of Snyder and Raghavachari (1984) on SiO and 
Si202 (Table 2). Using reasonably large polarized basis sets, 
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Table 2. Calculated a and experimental properties of SiO and Si202 

S i - O  

R(Si -- O) (A) v(cm- 1) 

STO-3G 1.475 1349 
6-31G* 1.487 1407 (scaled to 1252) 

Exp. 1.51 1242 

O 
/ \  

Si Si 
\ /  

O 

R(Si--O) R(Si-Si) < O - S i - O  AEaimor(Kcal/mol) 

STO-3G 1.684 2.530 82.6 
6-31G* 1.683 2.469 85.7 
Exp. 
Vib. freq. vR2u vB3, v~u 

Scaled 6-31G* 789 758 247 
Exp. 804 766 252 

- 59.8 (HF), - 38.9 (MP4) 
--44.6_+3.0 

a From Snyder and Raghavachari, 1984 

such as those designed by Francl et al. (1982) they were 
able to definitively determine the geometry of Si202, calcu- 
late accurate geometries for both monomer and dimer and 
assign and accurately match the vibrational energies. Since 
the HF method gives bond distances which are systematical- 
ly too short and vibrational frequencies which are systemat- 
ically too large, standard scale factors were employed to 
obtain the best match with experiment. The calculated di- 
merization energy was also in good agreement with experi- 
ment after correlation corrections were made using many 
body perturbation theory. 

Similar methods have recently been applied to SiF4 and 
Si(OH)4 by Hess et al. (1986) (Tables 3 and 4). For SiF4 
the calculated vibrational frequencies are slightly higher 
than experiment before correction and the bond distance 
slightly smaller. For Si(OH)4 in D2a symmetry the calcu- 
lated bond distance matches well against average values 

in monosilicates and the calculated vibrational energies are 
somewhat larger than those obtained in aqueous silicate 
solutions, presumably for the species SiO2(OH)~ a. Vibra- 
tional frequencies in silicate glasses, e.g. CaMgSiO4 are 
somewhat higher. Of course, Si(OH)4 must be considered 
only a crude first approximation to the silicate species ex- 
isting in condensed phases. Nonetheless, agreement of cal- 
culation and experiment for the condensed phase SiO4 spe- 
cies is only slightly poorer than for gas phase SiF4. 

In general, bond distances in solids can be reproduced 
reasonably well using small basis set ab initio HF techniques 
(and carefuly parameterized approximate MO methods). 
For example, Downs et al. (1982) demonstrated that mini- 
mal basis STO-3G calculations could accurately reproduce 
the change in equilibrium S i - O  distance with Si coordina- 
tion number. Gibbs et al. (1987) have demonstrated excel- 
lent agreement of calculated equilibrium bond distances in 
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Table 3. Calculated" and experimental properties of SiF4 

R (Si - F) (,~) 

STO-3G 1.585 
6-31G 1.625 
6-31G* 1.557 
TZ + TD 1.54 
Exp. 1.552 

Vibrational frequencies (cm 1) 

E T2 A1 T2 

STO-3G 263 370 761 1.099 
6-31G 233 356 757 1,037 
6-31G* 274 406 849 1,108 
Exp. 267 390 807 1,044 

264 388 801 1,031 

a From Hess, McMillan and O'Keeffe, in press, 1986 

Table 4. Calculated a and experimental properties of Si (OH)4 (Dad) 

R (Si- O) (~_) 

STO-3G 1.655 
6-31G •.662 
6-31G* 1.629 
Exp. av. 1.635 Si-O in monosilicates 

Vibrational frequencies (cm- 1) 

A1 E B2 

STO-3G 770 1,271 1,272 
6-31G 604 1,059 985 
6-31G* 816 1,042 1,047 
Exp. 854 850-1.000 CaMgSiO4 

777 935 ? SiO2 (OH)22- 

" From Hess, McMillan and O'Keeffe, 1986 

tetrahedral hydroxyacid molecules with average experimen- 
tal bond distances for tetrahedrally coordinated cations. 
For the third row elements, addition of d polarization func- 
tions is necessary to closely match experiment, a point we 
will return to. The experimental or calculated bond dis- 
tances also scale smoothly with the number of valence elec- 
trons divided by the product of the coordination number 
and the row number, i.e. Pauling bond strength over princi- 
pal quantum number of the valence shell. The origin of 
such a relationship is not obvious and might be a good 
topic for discussion at this meeting. 

Another structural parameter of great interest in miner- 
alogy is the S i - O - S i  bond angle, which has a typical 
value around 140-150 degrees. STO-3G ab initio SCF calcu- 
lations give a bent minimum energy < S i - O - S i  but only 
at the level of double zeta plus Si and O 3d polarization 
functions are S i - O  distance and < S i - O - S i  adequately 
reproduced in disiloxane, (SiH3)20 (Table 5). Indeed, dis- 
iloxane appears to be a very flexible molecule, with a very 
small barrier to linearity. A molecular species more relevant 
to mineralogy, although more computationally demanding, 
is probably (OH)3SiO-Si(OH)3, which seems to have a 

Table 5. Calculation of < Si - O - Si 

H3SiOSiHa a (OH)3SiOSi (OH)3 u 

S T O - 3 G  128(R(Si--O) = 1.63) 137(R(Si- O) = 1.62) 
DZ 180 
DZ + Sid 180 
DZ+Od 145 
DZ + Si, Od 154(143) 139 
Exp. 144 144 a-quartz 

" From Ernst et al. 1981 and references therein 
b From Gibbs, 1982 

deeper minimum as a function of < S i - O -  Si. The < S i -  
O - Si has been used to define the importance of Si3d partic- 
ipation, the conclusion being that Si3d participation is no 
more important than O3d, i.e. that the Si3d are polarization 
functions (Oberhammer and Boggs 1980). Similar S C F -  
MO methods applied to a number of < T - O - T  contain- 
ing molecules, where T is tetrahedral cation, show minimum 
energy angles and variations of energy with angle which 
are consistent with average values and ranges of bridging 
angles observed in solids (Geisinger et al. 1985). Trends in 
bridging angle may be explained using simple qualitative 
MO approaches (Tossell 1984) which focus upon the differ- 
ence in energy of the pi-nonbonding HOMO and the sigma- 
antibonding LUMO in the linear geometry. The smaller 
this difference the more strongly the angle is bent. However, 
given the strong basis set dependence of some of the calcu- 
lated briding angles, this approach must be considered an 
interpretation rather than a complete and fundamental ex- 
planation of the property. A more fundamental explanation 
may be possible through study of the electron density distri- 
bution. It is now possible to obtain theoretical electron den- 
sity deformation maps which are in good agreement with 
experimental results. Such maps for coesite show bonds 
which are "bent"  in the sense that the deformation density 
maxima do not lie exactly along the bonds for the S i - O -  
Si linkage (Gibbs 1982). 

Further information on electronic structure may be ob- 
tained through studies of the spectral properties of materi- 
als. Within the past decade photoemission spectroscopy has 
been a valuable spectroscopic tool. It is again instructive 
before studying the PES of condensed phase silicates to 
examine the capacity of present day quantum techniques 
to reproduce the PES of molecular analogues, such as SiF4. 
Both local density and Hartree-Fock calculations correctly 
reproduce the order of orbital IP's in SiF4 and give accurate 
separations in the upper valence region (Fp and S i -Fp  
sigma) (Fig. 1). If proper HF calculations are done at a 
A SCF or many body perturbation theory (MBPT) level 
agreement is even better. However, substantial discrepan- 
cies appear for the F2s levels, for which relaxation and 
correlation effects are much larger, so that local density 
approaches underestimate the F2s IP's and Koopmans' 
theory HF results overestimate them. The detailed assign- 
ment of such a spectrum is difficult and it is very useful 
to consult studies of PES intensity as a function of incident 
photon energy (Yates et al. 1985) or electron momentum 
spectra (Fantoni et al. 1986), giving individual orbital mo- 
mentum distributions, to help in assignment. Similar discre- 
pancies appear in modeling the PES of SiO2, using either 
a M S - X e  SiO2 4 cluster model (Tossell 1985) or an ab 
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Fig. 1. SiF4 photoemission spectrum: experimental (Perry and Jolly 
1974), MS-X~ (DeAlti 1978), Hartree-Fock (Tossell and Lazzer- 
etti 1986 and present results), HFMBPT (Fantoni et al., 1986) 

initio self-consistent pseudopotential model (Chelikowsky 
and Schluter 1977). This suggests that relaxation and corre- 
lation may cause significant discrepancies in this inner va- 
lence region, as has been observed for numerous gas phase 
molecules, e.g. CO2, as shown by Nakatsuji (1983). 

X-ray emission spectra have also been extensively stud- 
ied for SiO2. Although several band theoretic calculations 
have given a good overall description of these spectra, one 
substantial discrepancy has been in the intensity of the high 
energy feature of the SiL2,3 spectra, corresponding within 
the SiO4 4 model to Si2p to le,5t2 MO transitions. The 
high intensity of  this transition was early attributed to Si3d 
participation. It is now apparent that to correctly describe 
the energy and intensity of this spectral feature one must 
include d functions which have great radial flexibility. Al- 
though the d functions may not make a large overall contri- 
bution to the wavefunction, their contracted components 
can strongly contribute to the spectral intensity. I showed 
this for the PO~ 3 and 0 0 4  anions (Tossell 1980 a) isoelec- 
tronic to SiO4 4, and it has been confirmed by Dietz (1983). 
Such contracted components of the 3d functions can also 
strongly influence the optimum geometry, as shown by 
Stromberg et al. (1984) among others for S - O  bonds. It 
is worth noting that the same group (Stromberg et al. 1982) 
found that modeling S -  O distances in solids, even presum- 
ably ionic ones such as Na2SO3, was not an easy task. 
Inclusion of the counterions of the SO 32anion gave a S -  O 
bond distance apparently in worse agreement with experi- 
ment than for free SO~ 2. This indicates that careful consid- 
eration of correlation effects and vibrational effects, in addi- 
tion to counterion inclusion, will be necessary for accurate 
reproduction of particular bond distances in solids. By con- 
trast, O'Keeffe and McMillan (1986) were able, using the 
H6SizO 7 model, to reproduce the inequivalence of S i - O  
bond distances in a-quartz (1.615 and 1.623~ calculated 
vs. 1.605 and 1.614~ observed). 

In the past five years two new and important spectrosco- 
pies have emerged in solid state science and specifically 

r t I L i I ~ l ic l  I ] 

1.54~ SiF 4 Si2p'~kt 2 
20 - - -1 .59~ ,  e 40 

io zo 

5 ~ ~ - ~  tO 
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E(R) 
Fig. 2. Calculated Si2p~continuum x-ray absorption cross sections 
for Si--F distances of •.54 and t.59~, in SiF4 (cross sections in 
megabarns, electron energy in Rydbergs, 1-R = 13.6 eV) 

in mineralogy. One is x-ray absorption near-edge spectros- 
copy (XANES), in which a core election is excited to a 
bound or continuum level, and the other, is NMR, in which 
the response of the system to an applied magnetic field 
is probed. Both spectroscopies are difficult to describe theo- 
retically, XANES because it generally involves both bound 
and continuum or "resonant"  states and demands calcu- 
lated intensities as well as energies for proper understanding 
and N M R  because quantum mechanical perturbation 
theory utilizing large expansion basis sets is necessary for 
an accurate theoretical description. Even for small mole- 
cules like N2 such calculations are by no means routine. 
Nonetheless, useful results may be obtained for mineralogi- 
cally interesting molecules. 

The XANES for the Si2p shell of SiF4 shows four fea- 
tures, two lying below the Si2p and two above. Bond state 
MS-X~ calculations assign the bound state features to al 
and t2 S i - F  ~r* orbitals and suggest that the first contin- 
uum feature arises from an e orbital. More formally correct 
scattering calculations within the M S - X ~  model identify 
the continuum peaks with e and t2 continuum "reso- 
nances" (Tossell, Brown and Waychunas 1985), although 
these results appear to change somewhat depending upon 
the details of the calculations. An important feature of the 
XANES is its dependence upon geometric parameters. Plot- 
ting MS--X~ calculated absorption cross section vs. emerg- 
ing electron energy for two different S i - F  distances shows 
that the t2 peak is dramatically lowered as R ( S i - F )  is 
increased (Fig. 2). Such a dependence of peak energy upon 
distance has been observed for many other gas phase and 
chemisorbed molecules (Sette et al. 1984) and may be value 
in determining structural parameters in solids. The same 
features appear in the XANES of compounds with S i - O  
bonds, e.g. quartz and albite, and analogous features may 
be observed in the K XANES of other materials containing 
tetrahedral oxyanions, e.g. the 0 0  4 - A 1 0  5- series. Cau- 
tion must be exercised in applying selection rules since some 
states occur even when apparently forbidden, due to config- 
uration interaction. 

For calculation of N M R  chemical shielding we can now 
employ coupled Hartree-Fock perturbation theory in its 
ab initio form (Tossell and Lazzeretti 1986) yielding good 
agreement between calculated chemical shieldings, or, and 
experimental chemical shifts, 5, as shown in Figure 3. Note 
that this figure does not show a correlation of some simple 
quantity like gross charge or orbital population imbalance 
with 5 - it represents direct ab initio calculations. We can 
reproduce trends as a function of identity and number of 
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and experimental 29Si chemical shifts (Marsmann 1981) 

nearest neighbors and can readily predict cr values for exotic 
species like Si202. Calculations of (SiH3)20 as a function 
of < S i -  O -  Si (R(S i -  O) held constant) give small varia- 
tions of cr si and G °, in the direction consistent with experi- 
ment for Si (Fig. 4). For the case of 270 another quantity 
of interest in the NMR experiment is the electric field gra- 
dient tensor. We have calculated this tensor as a function 
of < S i -  O - Si and show its anisotropy and its largest prin- 
cipal value (expressed as the nuclear quadrupole coupling 
constant e2qQ/h) as a function of angle in Figure 4. The 
values of eZqQ/h for < S i - O - S i = 1 4 0 - 1 5 0  ° are in the 
range observed for silica glass (Geissberger and Bray 1983) 
and the magnitude of the dependence suggests that such 
NMR studies may be able to accurately define < S i -  O - Si. 
Finally, 170 NMR parameters may also be calculated for 
distorted S i t2  4 groups. For example, in an idealized C3v 
symmetry S i t4  4 anion with one short and three long 
R ( S i - O )  we obtain eZqQ/h and a,v values qualitatively 
consistent with values observed in forsterite (Schramm and 
Oldfield 1984). Note, however, the large anisotropy of 
NMR shielding, At-, which complicates the analysis of the 
NMR data. 

Finally, it is interesting to consider recent progress in 
describing the electronic and structural properties of the 
SiOz polymorphs. Non-selfconsistent LCAO bond calcula- 
tions on a range of SiO2 polymorphs yield densities of states 
which are observably different. For example, from c~-quartz 
to fl-tridymite the intensity of the Si - Orc bonding vs. S i -  
Oprc bonding feature increases (Li and Ching 1985). This 
is consistent with the increased intensity of the high energy 
SiK XES shoulder in fl-tridymite observed by Wiech and 
Kurmaev (1985). Extended Huckel bond theory has been 
used to interpret the structure of t-quartz by Burdett and 
Caneva (1985), who found that O - O  interactions are the 
primary structure determinant. Bond theoretical studies and 
MS-Xc~ cluster calculations have both been done on stisho- 
vite, containing octahedrally coordinated Si. The cluster 
calculations (Tossell 1975), even after consideration of the 
difference of cluster and bond approaches, seem to give 
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Fig. 4. (a) Z9si and 170 NMR chemical shieldings as a function 
of < Si -  O -  Si in (H3Si)zO, (b) anisotropy in electric field gradient 
at O as function of < Si-  O - Si, (e) quadrupole coupling constant 
at O as function of < Si-  O -  Si 

Table 6. Electric field gradients, nuclear quadrupole 
coupling constants, isotropic NMR shieldings and 
shielding anisotropies (in ppm) at 17o in apical and 
equatorial sites of C3v symmetry SiO2 4, R(Si-- 
O)ap= 1.56,~, R(Si--  O)eq = 1.631 A 

[ql(au) 0.3983 0.3606 
e/qQ/h (MHz) a 2.08 1.89 
cr,d v 458.3 457.1 
a~v -174.3 -180.0 
cr,v 284.0 277.1 
Aa 225 266 

a Using eQ =2.233 x 10 -z barns 

a considerably narrow upper valence bond than do the band 
calculations (Li and Ching 1985; Rudra and Fowler 1983). 
Experimental XES show SiL and OK spectra much like 
those in s-quartz but a SiK spectrum more like the A1K 
of A1203 (Brytov et al. 1977). Further consideration of 
those valence band features awaits calculation of the spec- 
tral intensities. 

The structural features of stishovite have also proven 
difficult to reproduce. Earlier Modified Electron Gas (Kim 
and Gordon 1974) calculations gave an atmospheric pres- 
sure volume which was considerably too large and the 
wrong sense of distortion within the S i t  6 polyhedron (Tos- 
sell 1980b). Extended Huckel calculations (Burdett 1985) 
and empirical ionic model calculations give the same results. 
Much more accurate MEG calculations have recently been 
performed but the difficulty in describing the anisotropy 
of the S i t  6 polyhedron remains. There has been speculation 
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that  incorpora t ion  of  O anion polar izat ion may be neces- 
sary to overcome this problem.  

F o r  the fluorite phase o f  SiO2 the si tuation is more 
clear cut. I t  is clear from band theoretical  and M E G  studies 
(Carlsson et al. 1984; Bukowinski  and Wol f  1986) that  the 
t ransformat ion pressure of  SiO2 s t i shovi te~f luor i te  will be 
far outside the range of  mantle  pressures and that  even 
after t ransformat ion  the fluorite and stishovite densities will 
be very similar. Also the SiO2 fluorite band gap initially 
increases with applied pressure and metal l izat ion occurs 
only at very high P. 

Finally,  let me briefly ment ion some recent simulations 
of  SiO2 systems. Woodcock  et al. (1975) obtained quite 
good agreement with radial  density dis tr ibut ion functions 
of  SiO2 glass using a simple SiO2 pair  potent ial  employing 
formal  charges on all the a toms using molecular  dynamics 
simulation. Later  studies by Mi t ra  et al. (1981) obtained 
similarly good results. Static lattice studies using M E G  
methods (Tossell 1980) or empirical  potentials,  however, 
yielded < S i - O - S i  which were too large. This problem 
has recently been overcome by the inclusion of  three-body 
anglebonding forces either empirically (Catlow et al. 1985) 
or from quan tum mechanical  calculation (Lasaga and 
Gibbs  1987). The empirical  simulations reproduce a number  
of  propert ies  of  SiO2, including the dependence of  < S i -  
O - S i  upon pressure. A central topic of  this conference 
will be the assessment of  the strengths and weakness of  
the different computer  s imulat ion approaches.  

The SiO2 fluorite, Si202 and SiF4 results indicate that  
we are close to reaching " th i rd  age of  quantum mineralo-  
gy"  - the poin t  at  which calculated values become more 
accurate than experiment for certain simple materials  which 
are hard  to study due to the extreme condit ions needed 
for their stability, whether inert  gas matrices or high pres- 
sure (cf. the third age o f  quantum chemistry as described 
by Richards  (1979)). 

However,  a l though we possess the abil i ty to accurately 
calculate propert ies  for some medium size molecules there 
are many  systems which are still very difficult to treat, both  
perfect crystals and defect structures whether local or infi- 
nite, e.g. surfaces. Only by proper  use of  quali tat ive theory 
and simulat ion and by careful experimental  design will we 
be able to unders tand the principles that  govern the average 
and par t icular  propert ies  of  silicon oxides and other solids. 
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