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Abstract Employing first-principles methods, the dock-
ing sites for H were determined and H, Al, and vacancy
defects were modeled with an infinite periodic array of
super unit cells each consisting of 27 contiguous sym-
metry nonequivalent unit cells of the crystal structure of
stishovite. A geometry optimization of the super-cell
structure reproduces the observed bulk structure within
the experimental error when P1 translational symmetry
was assumed and an array of infinite extent was gener-
ated. A mapping of the valence electrons for the structure
displays mushroom-shaped isosurfaces on the O atom,
one on each side of the plane of the OSi; triangle in the
nonbonded region. An H atom, placed in a cell near the
center of the super cell, was found to dock upon geo-
metry optimization at a distance of 1.69 A from the O
atom with the OH vector oriented nearly perpendicular
to the plane of the triangle such that the OH vector
makes a angle of 91° with respect to [001]. However, an
optimization of a super cell with an Al atom replacing Si
and an H atom placed nearby in a centrally located cell
resulted in an OH distance of 1.02 A with the OH vector
oriented perpendicular to [001] as observed in infrared
studies. The geometry-optimized position of the H atom
was found to be in close agreement with that (0.44, 0.12,
0.0) determined in an earlier study of the theoretical
electron density distribution. The docking of the H atom
at this site was found to be ~330kJmol~' more stable
than a docking of the atom just off the shared OO edge of
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the octahedra as determined for rutile. A geometry
optimization of a super cell with a missing Si generated a
vacant octahedra that is 20% larger than that of the SiOg
octahedra. The valence electron density distribution
displayed by the two-coordinate O atoms that coordinate
the vacant octahedral site is very similar to those dis-
played by the bent SiOSi angles in coesite. The internal
distortions induced by the defect were found to diminish
rather rapidly with distance, with the structure annealing
to that observed in the bulk crystal to within about three
coordination spheres.
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Introduction: spectral and diffraction studies

In an important infrared spectral study of the hydroxyl
contents of accessory minerals in mantle and related
rocks, Rossman and Smyth (1990) established that rutile,
TiO,, recovered from mantle eclogites not contains only
significant amounts of Al, Fe, Cr and Nb but also com-
parable amounts of structural OH. In a neutron and
X-ray diffraction study of one of the crystals, Swope et al.
(1995) concluded on the basis of features in difference
density maps that H is located at (0.42, 0.5, 0.0), ~0.25 A
from the OO-shared edge of the TiOg octahedra at a
distance of 1.04 A from one of the oxygen atoms such
that OH dipole vector is oriented nearly perpendicular to
[001] (Fig. 1a). As stishovite has the same crystal struc-
ture as rutile, Smyth et al. (1995) concluded that an H
atom in stishovite containing trace amounts of H would
most likely dock just off the shared edge of the SiOq
octahedra such that the OH vector is likewise oriented
perpendicular to [001]. As stishovite is believed to be an
abundant phase in silica-rich regions of the mantle at
depths in the Earth in excess of 300 km, Pawley et al.
(1993) undertook a high-pressure study of the silica
polymorph to see whether OH can be incorporated in
the structure in significant amounts as reported for
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Fig. 1 a A representative moiety of the structure of H-bearing
rutile displaying a central TiOg octahedron with each oxygen atom
coordinated by three Ti atoms. The position of the H atom
displayed in the figure was determined by Swope et al. (1995) to be
nearly in the plane of the shared edge at a distance of 1.04 A from
the oxygen atom and 1.52 A from two Ti atoms. (see below for the
details of this figure and the remaining ones). b A moiety of the
geometry-optimized super cell structure of stishovite (Fig. 2)
displaying a central SiO¢ octahedron with each oxygen atom
coordinated by three Si atoms. ¢ A vacant vOgs moiety of the
geometry optimized super cell of the stishovite with a vacancy, v
located at the center of the cell. d An AlOg moiety of the geometry-
optimized stishovite super cell with the Al atom located at the
center of the super cell. e Geometry-optimized moiety of structure
with an H defect. f Geometry-optimized Al, H moiety of the cell;
the cell was optimized starting with Al at the center of the super cell
and with the H atom placed near by at the position determined by
Swope et al. (1995). The white spheres represent O, the gray spheres
of intermediate size in a represents Ti and Si in b and e, the large
gray spheres represent Al in d, f, the small gray sphere in ¢
represents a vacancy and the small black sphere in a, e and f
represents H. The [001] for each of moiety runs from left to right
with [310] oriented nearly perpendicular to the figure. The bond
lengths listed along the bond paths are given in A. The geometry-
optimized super unit cell structures displayed by ¢, d, e, and f were
completed with their unit-cell dimensions clamped at the geometry-
optimized values (Fig. 2). Even though the point-group symmetry
of the super cell was assumed in the calculations to possess Cj, the
point symmetries of the moieties displayed in b, ¢ and d each exhibit
D»4 point symmetry
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H-bearing rutile. In an examination of this proposal, they
completed a synthesis of stishovite in the system SiO,—
Al,03-H;0 and found that the H content of the resulting
crystals is dependent upon their Al content, attaining a
maximum value of 550 H atoms per 10° Si atoms for an
Al,O; content of 1.5wt%. Using polarized Fourier
transform infrared (FTIR) spectroscopic methods, they
also found that the greatest absorption of the FTIR
spectra occurs when the electric vector E is oriented
perpendicular to [001] with little or no absorption when it
parallels [001]. On the basis of the spectral evidence,
Pawley et al. (1993) concluded that the position of the H
atom in stishovite is the same as it is in rutile (Smyth et al.
1995); but, with a close scrutiny of the spectra, it is not
clear whether or not there is also a small absorption of E
parallel to [001]. However, Chung and Kagi (2002) have
since obtained spectra for a much more water-rich
specimen that indicates that there is absolutely no
absorption with E parallel to [001]. Accordingly, it was
concluded that the corresponding OH dipole vector must
be strongly constrained to be perpendicular to [001] with
little or no scatter in its orientation.

Despite the good agreement between the orientation of
the OH vector and the spectral data, a problem exists with
the proposed structure of H-bearing stishovite (Smyth
et al. 1995). The site that Swope et al. (1995) determined
for H-bearing rutile places the H atom equidistant from
two Ti atoms. As the separation between the H and each
of these atoms is substantially smaller (1.52 A) than the
observed TiH bond length (1.76 A), a question arises
about the stability of such a structure given the strong
antibonding interactions that can be expected to obtain
between such closely spaced atoms. The location of the H
atom in H-bearing stishovite (Smyth et al. 1995), based on
the position of H in H-bearing rutile, likewise raises a
question of stability given the unusually short contacts
between Si and H.

In a recent study of the electron localization function,
ELF, and the Laplacian of the theoretical electron den-
sity distribution, —V?p, Gibbs et al. (2003) and Ross
et al. (2003) determined regions in stishovite where the
distribution is localized and locally concentrated as local
maxima. On the basis of these features, they asserted that
H would most likely dock in the vicinity of maxima
located 0.96 A from the O atom. The resulting docking
site was considered a favorable location for H not only
because it results in an OH vector that is perpendicular to
[001], but also because it avoids the short SiH contacts
encountered in the earlier modeling of the structure. The
goal of this study was to complete first-principles calcu-
lations on a super cell (C; point symmetry) of the sti-
shovite structure consisting of 54 Si atoms and 108 O
atoms to verify and establish the docking site of an H
atom in Al-free and Al-bearing stishovite and to compare
the results with those proposed on the basis of features
displayed by the electron density distribution. It was also
of interest to establish the distortions impacted on the
structure by the replacement of Si by Al, by an interstitial
H atom and by a vacant octahedron.
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Localization and local concentration of electron
density studies

In stishovite, each oxygen atom is bonded to three silicon
atoms forming an OSi; triangle about O with all four
atoms lying in a common plane. Observed model multi-
pole deformation electron density Ap maps generated for
the structure (Spackman et al. 1987; Kirfel et al. 2001)
display peaks along each of the SiO bond vectors at a
distance of ~0.45 A from the oxygen atom. These peaks
define where the electron density is localized along the SiO
bond vectors. In addition, a peak occurs on each side of
the oxygen atom on opposite sides of the plane formed by
OSij3 triangle at a distance of ~0.40 A. These peaks have
been ascribed to localized domains of lone-pair electron
density in the nonbonded region of the atom (Spackman
etal. 1987). In addition, a mapping of the valence electron
density distribution calculated for stishovite display
mushroom-shaped isosurfaces likewise displayed on
opposite sides of the triangle next to the O atom (Gibbs
et al 2003). Such features define sites of potential elec-
trophilic attack, sites favorable for the docking an H atom
(cf. Gillespie 1970, Bader et al. 1984; MacDougall 1989).
In addition, a mapping of the ELF displays similar fea-
tures (Gibbset al. 2001, 2002, 2003a). The maps show that
each oxide atom in the silica polymorph is surrounded by
five isosurfaces, one located along each of the SiO bond
vectors and the remaining two centered on opposite sides
of the OSi; triangle next to the atom as displayed by the
Apmaps. Assuming that H prefers to bond to the atom in
the vicinity of its lone-pair electrons, the position of the
hydrogen at 0.44, 0.12, 0.0 was established by walking
along the vector that radiates from the oxygen atom
through the maximum enclosed by the isosurface in the
ELF maps a distance 0f 0.96 A from the atom. This placed
the H atom at a distance of 2.07 A from the two Si atoms
such that the OH vector lies in the 001 plane and makes an
angle of 82.3° to [110]. Rather than residing just off the
shared edge of the SiO¢ octahedra, the predicted position
of the H atom resides in stishovite at a distance of 0.96 A
from the oxygen atom of the OSij triangle such that the
OH vector is perpendicular to [001]. The resulting docking
site for the H atom not only conforms very nicely with the
Pawley et al. (1993) and Chung and Kagi (2002) FTIR
measurements, but it also avoids a short SiH contact
compared with the SiH bond length (1.48 A). Further, on
the basis of a mapping of the (3,—3) critical points of
—V?p for stishovite, Ross et al. (2003) obtained a similar
position for the H atom.

Proposed study

The determination of the position of H in a stishovite
crystal containing trace amounts of H by diffraction
methods can be a difficult and daunting task, particu-
larly when given that experimental difference maps are
not series termination error-free, with maxima and

minima commonly being developed in the regions
between the highly scattering atoms. Indeed, the minima
observed in the neutron difference density maps between
the Ti atoms in rutile and ascribed to H may instead
reflect a feature related to series-termination error.
Further, the determination of the distortions in stisho-
vite about defect H and Al atoms or a vacancy can be a
difficult if not an impossible undertaking in a crystal-
structure analysis. However, since first-principle calcu-
lations completed for quartz (Gibbs et al. 1999) and
coesite (Gibbs et al. 2000) have generated model struc-
tures for these silica polymorphs that rival the accuracies
of the structures observed for a range of pressures, we
have undertaken similar calculations for stishovite; but
rather than completing bulk crystal calculations as done
for quartz and coesite, we have undertaken calculations
for an infinite periodic array of super unit cells of the
structure each consisting of 27 contiguous nonequivalent
unit cells of stishovite. With such a super- cell model, H
and Al defect atoms and a vacancy can be introduced in
a cell at or near the center of the cell and the resulting
structure geometry optimized. This provides a strategy
not for only determining the docking position of an H
defect but also for determining the distortions of the
structure about the defect as well as the distortions of
the structure about an Al defect and a vacancy. The
resulting structure of the super cell will also provide us
with information pertaining to the impact of the defects
on the overall structure of the cell, shedding light on
whether or not the effect of the defect dies rapidly with
distance. Given that neutral H and Al atoms were
introduced as defects and a neutral Si atom was removed
in creating a vacancy, each supercell was necessarily
optimized assuming electrostatic neutrality.

In accomplishing our goal, the structures of five dif-
ferent model super unit cells were geometry optimized in
this study: (1) a defect-free super cell representing the
bulk structure of stishovite, (2) a cell with a missing Si
atom at its center, (3) an cell with an Al atom replacing
the central Si atom, (4) a cell with a defect H atom in the
central cell, and (5) a cell with Al replacing the central Si
atom with an accompanying H atom located at the po-
sition proposed by Smyth et al. (1995). The distribution
of the valence electrons was evaluated for each of the
structures in an exploration of the connection between
potential docking sites of H and domains of lone pair
electron density.

Computational strategy

The calculations were performed with VASP, a periodic plane wave
density functional code (Kresse and Hafner 1993; Kresse and
Furthmuller 1996a, b), utilizing ultrasoft pseudopotentials
(Vanderbilt 1990) and the local density approximations (LDA) to
account for the exchange correlation to the total energy. The ki-
netic energy cutoff and the density of the Monkhorst—Pack k-point
mesh (Monkhorst and Pack 1976) were chosen to be large enough
to ensure convergence of the geometry-optimized structure and
energy. The bulk stishovite structure was modeled with a 162-atom
super unit cell consisting of a 3 x 3x 3 array of primitive (two Si



and four O atoms each) cells. As observed above, the large super
cell was used so that the vacancies and impurities could be isolated
within the extended periodic structure. For the geometry optimi-
zation, the unit-cell dimensions were fixed at the zero pressure
values determined for the bulk structure within the LDA and the
coordinates of the atoms within the cell were varied assuming C,
point symmetry until the component forces on all of the atoms were
small, less than 0.03eV A~!'. For the geometry-optimized struc-
tures, the electron locallzatlon function and the valence electron
density distribution were determined with the VASP software, and
figures of the isosurfaces were generated with a modified version of
the desktop 3 D visualization software of Terriberry et al. (2002).

Optimized super cell structure; A comparison
with the observed structure

The geometry-optimized defect-free super cell represen-
tation of the stishovite structure is displayed in Fig. 2.
The observed SiOg octahedron in stishovite consists of
two equivalent apical bonds of length 1.808 A and four
shorter equivalent equatorial SiO bonds of length
1.757 A (Kirfel et al. 2001), bond lengths that are in close
agreement with those generated for the super cell
structure [1.801 A (2x), 1.761 A (4x) (Fig. 1b].

expected, for the observed bulk structure the edges of the
octahedron that are shared with adjacent octahedra are
significantly shorter (2.29 A) than the remaining ten
unshared edges, eight of which are equivalent with edge
lengths of 2. 52 A and two are equivalent with lengths of
2.67A. The OO separations generated for the structure
agree with those observed within 0.01 A, on average, and
the OSiO angles agree within 0.2°. The average SiO
bond lengths for the observed and the super cell struc-
tures are both 174A while the volume of the SiOg
octahedron (7.360 A3) for the observed structure is
slightly larger than that displayed by the super cell

e

Fig. 2 A drawing of the atoms comprising a super unit cell
consisting of 27 nonequivalent stishovite unit cells, 54 nonequiv-
alent Si atoms (gray spheres), and 108 nonequivalent O atoms
(white spheres). The structure is viewed 10° off [001] and displays
square channels enclosed by OSis triangles. The gray lines that
connect the Si and O atoms represent the bond paths between Si
and O. The geometry-optimized unit-cell dimensions are
a=b=12462A, c =8.00l A, = =7y =290.0°
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structure (7.356 1&3). On the other hand, the values of the
mean octahedral quadratic elongations calculated for
the octahedra of both structures are identical (1.008),
evidence that the distortions in both structures are vir-
tually identical (Robinson et al. 1971). Moreover, the
Dy, point symmetry of the Si and the C,, point symmetry
of the O atoms of the representative unit is preserved
with the bond length and angles on the periphery of the
super unit cell matching those on the interior, despite the
assumption of C; point symmetry in the calculations.
Clearly, the VASP software does an excellent job in
reproducing the observed structure of stishovite.

A calculation of the ELF distribution for the struc-
ture displays isosurfaces localized along each of the SiO
bond vectors and in the lone -pair region of each oxygen
atom as reported (Fig. 3) earlier for stishovite (Gibbs
et al. 2001, 2003). The valence electron density distri-
bution, p, evaluated for the defect super cell of stishovite
is virtually identical with that calculated for the bulk
crystal. As observed earlier by Gibbs et al. (2003), each
O atom is coordinated by two mushroom-shaped iso-
surfaces (Fig. 4a) located on opposite sides of the OSij
triangle. As these features lie in the nonbonded region of
the O atom, they can be ascribed to domains of the lone-
pair electron density. Moreover, they constitute sites
where H can be expected to dock such that the OH
vector is perpendicular to [001].

A super cell with an octahedral vacancy, v

A representative moiety of the structure about the
missing central Si atom in the geometry-optimized super
cell is displayed in Fig. 1c. As expected, with the missing
Si atom, the structure about the vacancy, v, is dilated

Fig. 3 A map of an electron localization function envelope for the
moiety displayed in Fig. 1b calculated at an ELF value of 0.832.
The light gray spheres represent O and the black ones represent Si.
Each O atom is coordinated by three Si atoms forming a triangular
OSi; with all four atoms lying in a common plane. The ELF
envelopes extend along each of the SiO bonds of the triangle and
into the lone-pair region of the O atom on opposite sides of the
triangle. By extending a vector from the O atom through the
maximum of the ELF in the lone-pair region a distance of 0.96 A,
Gibbs et al. (2003) located a favorable docking site for the H atom
at (0.44, 0.12, 0.0)
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Fig. 4a—e Moieties of the structure of stishovite displaying the
valence electron density isosurfaces calculated at the 6.82 A=3 level.
Isosurfaces displayed a for the SiO4 octahedron depicted in Fig. 1b;
b for the vacancy depicted in Fig. 1c; ¢ for the AlOg octahedron
depicted in Fig. 1d; d for SiO¢ octahedron and H depicted in
Fig. 1 e for the AlOg octahedron and H depicted in Fig. 1f. The
light gray spheres represent O

such that the volume (8.936A3) of the resulting vOyq
octahedron is ~20% larger than that for the SiOg
octahedra in stishovite. The distances between the
nearest-neighbor oxygen atoms and the vacancy range
between two at 1.88 A and four at 1.90 A, where the
smaller distances involve the apical atoms and the longer
ones the equatorial atoms of the octahedron. This is
unlike the SiO¢ octahedra in both the super cell and
observed stishovite structures where the longer SiO
bonds (1.80 A) involve the apical oxygen atoms and the
shorter ones (1.76 A) involved the equatorial atoms. In
other words, the situation is reversed for the vacant
octahedron, where the distances between the vacancy
and the apical atoms are smaller than those between
with vacancy and the equatorial atoms. The edges
shared between the vacant octahedra and the Si-con-
taining one are shorter (2.45 A) than the unshared ones
of the vacancy [2.67 A (8x), 2.91 A (2x)]. It is noteworthy
that the local point symmetry of the vacant octahedron
is Dy, as observed for the SiOg coordination polyhedron
in stishovite. The bond lengths of the SiO¢ octahedra in

the second coordination sphere from the vacancy are
distorted by 0.01 A, on average, from those generated
for the representative unit displayed in Fig. 1b while
those of the third coordination sphere are distorted only
by 0. 005 A, on average. The angles in the coordination
sphere likewise show little distortion. Hence, the pres-
ence of a vacancy distorts the local environment by
introducing relatively large distortions in the structure
within the radius of the second coordination sphere
(~5 A) Accordingly, the effect of the vacancy is rela-
tively short- ranged with little or no distortions imposed
on the structure in the third coordination sphere which is
at a radius of ~10A from the vacancy. However,
the bond lengths about the first coordination sphere of
the vO¢ polyhedron are more highly distorted than the
remaining bonds of the structure. These bonds involve
the O atoms that coordinate the vacant site. Because of
the vacancy, these atoms are bonded to only two Si
atoms and as such the SiO bonds involving these atoms
are significantly shorter (1.68 A) than those involving the
atoms bonded to three Si atoms (1.79 A)

The O atoms that coordinate the octahedral vacancy
are each two-coordinated like those in coesite. A map-
ping of the valency electron density distribution for the
bent SiOSi angles in coesite shows that a crescent-shaped
isosurface caps the O atom at the apex of the angle and
wraps about halfway around the atom. The distribution
of valence electrons for the two coordinate O atoms of
the vacancy is also crescent shaped (Fig. 4b). With this
configuration of lone-pair domains, a docking of an H
atom in the vicinity of a vacancy in shishovite may result
in OH vectors directed either along [110] or [225] or
both. To our knowledge, the FTIR studies that have
been completed only find evidence for an OH vector
oriented perpendicular to [001]. In the case of coesite,
the height of the peak in the valence electron density
distribution associated with an O atom was found to
depend on the size of the SiOSi angle; the wider the
angle, the smaller the peak and the longer the bonded
interaction. A similar relationship exists for the SiOSi
angles that surround the vacancy. A maximum valence
den51ty of 7.44eA=3 is displayed for the O atom involved
in an_ angle of 102.7° while maximum dens1ty of
7.13eA73 is displayed for the O atom involved in an
angle of 141.0°. This result conforms with the general
rule that the narrower the SiOSi angle, the greater the
local concentration of the electron density in the lone-
pair region, the more nucleophilic the O atom and the
more susceptible the atom to electrophilic attack (Gibbs
et al. 2001, 2002, 2003a, b; also, see a related argument
proposed by Revesz et al. 2000).

A super cell with an Al defect replacing Si

The local structure about the Al atom defect replacing a
Si atom in the central cell in the geometry optimized
super cell is displayed in Figure 1d. As in the case of the
SiOg and the vOg4 octahedra, the local point symmetry of



the AlO¢ octahedron is likewise D,,. The bond-length
distortions imposed on the structure by the Al atom
defect is less than that imposed by the vacancy inasmuch
as the volume of the AlO¢ octahedron is only ~10%
larger than that for the SiO¢ octahedra. The lengths of
the AlO bonds involving the apical oxygen atoms are
both longer (1. 86A) than those involving the equatorial
atoms (1. 84A) in conformity with the SiO¢ octahedra in
stishovite. As the sum of the bond strengths reaching the
atoms of the AlOg octahedron is less than 2.0, the SiO
bonds involving these atoms are shorter (1. 73A) on
average, than those bonded to three Si atoms (1. 788A).
The bond lengths length are distorted 0. 005A, on aver-
age, in the second coordination sphere of octahedra
about the AlOg¢ with the distortions in the third coor-
dination sphere decreasing to 0.001A, on average.

The valence electron density map evaluated for the
super cell with the Al defect is displayed in Fig. 4c. The p
isosurfaces displayed about the O atom bonded to two
Si and one Al atom wraps about the AIO bond and is
localized in the lone-pair region on both sides of the
AlSi;O triangle (Fig. 4c). As the magnitude of the
maxima in the lone-pair region is larger than it is for O
atoms coordinated by three Si atoms, H can be expected
to dock on the O atoms bonded to Al in preference to O
bonded to three Si atoms.

A super cell with an interstitial H defect

Running parallel to [001], there exits in the stishovite
structure square channels (Fig. 2) bounded on four sides
by OSij triangles. Evidence provided by valence, defor-
mation, ELF, and —V?p maps discussed above indicates
that domains ascribed to nonbonded electron pairs
project into the channels from each oxygen atom. As
each triangle comprising the channels is P4,/mnm—
equivalent, each oxygen atom is equivalent and an
equally favorable site for docking hydrogen. With the H
placed at the site proposed by Smyth et al. (1995), it
moved upon geometry optimization toward the center of
the tube such that it ended up tetrahedrally coordinated
with one OH bond at 1. 68 A, one at 1. 69A and two
longer ones at 1. 87A. The one 1.68 A in length is dis-
played in Fig. le, where the OH vector makes an angle
of ~91° with [001]. The vector is also nearly perpen-
dicular to the OSij triangle; the three SiOH angles are
88.6°, 88.7°, and 90.4°. The oxygen atom in this case lies
nearly in the plane of the three coordinating Si atoms in
the central cell. The reduction in energy associated with
the movement of the H atom from where it was located
by Smyth et al. (1995) to its position in Fig. le is
~—585kJmol~!. In other words, the placement of the H
just off the shared OO edge is clearly a destablizing
feature of the structure. The SiO bond lengths involving
the oxygen atoms bonded to the H are as much as 0.15 A
longer than those in the defect-free bulk structure.
However, the effect of the H defect is short-ranged and
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has little effect on the atoms in the second sphere of
nearest neighbors.

The valence electron density isosurface map for the H
defect shows that the H docks directly above the lone-
pair domain on the O atom of the Si;O triangle as
expected (Fig. 4d). The domain between the O atom and
the H is shghtly smaller in magnitude (7.22 eA %) than
the remaining domains in structure (7.35eA~%). As
shown below, with the replacement of the SiO4 octahe-
dron in the structure by an AlOg octahedron, the H
atom docks 1.02 A from the O atom and the lone-pair
domain between the H and the O atom is missing
(Fig. 4e).

A super cell with Al atom replacing Si
and an interstitial H atom

The super cell with an Si atom replaced by Al with an
interstitial H atom in the central cell was constructed by
replacing the central Si atom by Al and placing the H
atom at the position proposed by Swope et al. (1995) for
the H atom in H-bearing rutile (Fig. 1a). Upon geome-
try optimization, the H atom migrated to a position
directly above the O atom of the SizO triangle at a dis-
tance of 1.02 A, as displayed in Fig. 1f. The decrease in
energy accompanying the geometry optimization of the
structure was ~330 kJ mol~!. Thus, the location of the H
in close contact with Si and Al is a destablizing feature
and an unfavorable position for H. The OH vector
makes an angle of 93° with respect to [001] in the
geometry-optimized structure, close to that predicted on
the basis of the position of the lone-pair features (Gibbs
et al. 2003; Ross et al. 2003). An examination of the
geometry of the moiety displayed in Fig. 1f shows, as
expected, that the AIOH and SiOH bond lengths are
substantially longer (1.93, 1.87 A, respectively), than the
AlO and SiO bond lengths (1.83, 1. T3A, respectwely)
Unlike the O atom in stishovite, which lies in the tri-
angular plane formed by the three coordinating Si
atoms, it is displaced off the plane ~0. 15A such that
< AIOH = 98.2°, < SiOH = 101.1°, and < SiOH = 89.9°
rather than 90.0° as observed for stishovite (Fig. 1f). The
lengths of the SiO bonds involving the oxygen atoms of the
AlQg octahedron are ~0. 05 A shorter than those observed
for stishovite. These distortions about the defect diminished
rapidly from the AlO¢ octahedron, with the bond lengths in
the third coordination sphere matching those observed for
stishovite. .

As observed above, the docking of a H at 1.02 A from
the oxide anion is accompanied by a redistribution of the
valence electron density distribution ascribed to the
lone-pair domain into both the binding region along the
AlO bond and the antibonding region at the backside of
the Al (Fig. 4e). The redistribution of p into the anti-
bonding region may account for why the length (1.93 A)
of the AlO bond involving the O atom is the longest
bond in the AlOg octahedron.
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Summary

The spatial distribution of the lone-pair electron density
distribution provides a basis for understanding where the
H atom favorably docks in the silica polymorphs. In the
case of H-bearing coesite, the lone-pair features corre-
spond with the docking positions determined in a careful
FTIR study (Koch—Muler et al. 2002) with the protons
preferring the oxygen atoms involved in bent angles and
avoiding those involved in wide angles. In the case of H—
bearing stishovite, the proton also docks in the vicinity of
lone-pair electrons such that the OH vector is nearly
perpendicular to [001] as found in FTIR studies (Pawley et
al. 1993; Chung and Vagi 2002). It is noteworthy that the
OH vector is established to be nearly perpendicular to
[001] with or without the presence of an Al atom, but
clearly an OH vector of magnitude 1.69 A cannot explain
the spectra. Clearly, the presence of Al together with the H
with an OH vector with a magnitude of 1.01 A can explain
the spectra as concluded in the spectral studies. Finally,
when used in conjunction with spectral methods, a
knowledge of the spatial distribution of the domains of
lone-pair electrons as generated by theoretical strategies
can be expected to be an important auxiliary tool for
establishing the docking sites of H and other defect atoms
in a material.
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