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LETTER

Hartree-Fock band structure, equation of state, and pressure-induced
hydrogen bonding in brucite, Mg(OH),

Devro M. SnnnM-lN
U.S. Geological Survey, Denver, Colorado 80225, U.S.A.

Ansrucr

The electronic structure and equation of state of brucite has been investigated using the
recently developed extension of the Hartree-Fock LCAO formalism to periodic systems.
Of primary interest is whether H bonding in brucite can be enhanced at high pressure.
Pressure-induced H bonding could stabilize OH-bearing phases in the Earth's interior. It
is found, however, that H bonding in brucite is very weak at zero pressure and is not
enhanced with high pressure. Pressure-induced H bonding might be more significant in
OH-bearing aluminosilicates. The calculated molar volume and equation of state for bru-
cite agree well with experiment as does the calculated Raman-active A,, OH stretch fre-
quency.

INrnooucrroN

A number of dense hydrous phases in the Mg-Si-O-H
system have been synthesized at high pressures (up to 22
GPa), and it has been suggested that the Earth's mantle
may contain more than five times the HrO content of the
present hydrosphere (Liu, 1987). Knowledge ofthe pres-
sure dependence of chemical bonding in OH-bearing
minerals is needed to understand the stability and crystal
chemistry of HrO in the Earth's mantle. The structures
of hydroxides such as brucite Mg(OHr) involve dipole-
dipole forces between opposing OH ions (Fig. l). In some
hydroxides the forces between opposing OH ions are
strong enough to cause each H atom to be shared by two
O atoms. The usual operational definition of H bonding
requires that H atoms are shared by more than one neigh-
boring atom. It has long been argued that H bonding in
brucite is either absent or very weak and that the Mg(OH),
sheets are held together only by the OH-OH dipole-di-
pole force (e.9., Bragg et al., 1965). On the other hand,
one might expect H bonding in brucite to be induced at
high pressure by bringing next-nearest-neighbor O atoms
in closer proximity. Pressure-induced H bonding could
increase the stability of OH-bearing phases under the
conditions of the Earth's interior: the limit to the stability
of OH-bearing minerals at high temperature is the large
entropy gain associated with their dehydration. Strong H
bonding might increase the internal energy barrier to de-
hydration enough to offset the gain in entropy. Moreover,
enhanced H bonding may increase the density of the hy-
drous phase enough to make the work (PAtrl) of dehydra-
tion greater than the gain in entropy.

Attempts to understand and predict the stability of
minerals using frrst-principles (ab initio) methods are be-
coming increasingly common. The most sophisticated
approaches are based on solving the Schrodinger equa-
tion (approximated using either the Hartree-Fock for-

malism or the local density approximation) for the sys-
tem of interest. Until very recently, the applications of
quantum mechanics to mineralogy have been limited to
molecular orbital calculations on finite clusters. Investi-
gations of bonding and structures of finite clusters have
been done using the linear combination of atomic orbital
(LCAO) approach and the Hartree-Fock formalism, as
coded in the Gaussian series of computer programs (e.g.,
Hehre et al., 1986). During the 1980s Dovesi, Pisani, and
coworkers (Dovesi et al., 1988; Pisani et al., 1988) ex-
tended the LCAO method used for molecules to periodic
systems (e.g., polymers, slabs, and crystalline solids). This
paper presents results on the electronic structure and stat-
ic equation of state for brucite using the periodic exten-
sion of the Hartree-Fock LCAO formalism and the Crys-
tal code.

Arovrrc BAsrs sET AND
COMPUTATIONAL PARAMETERS

For computational convenience, atomic orbitals are
usually expressed in terms of a finite number of Gaussian
functions. The quality of the calculation is dependent upon
the choice ofbasis set (Gaussian expansion). The use of
such Gaussian expansions ofatomic orbitals in solid state
problems is new, so one must reoptimize the basis sets
for the problem at hand. Preliminary calculations on bru-
cite showed that the Mg-OH bond is quite ionic so that
Mg atoms adopt an effective charge near 2.0. For both
Mg and O, the basis set used by Causa et al. (1986) in
MgO was used. For Mg, this is an 8-6lG contraction of
a split-valence basis set (i.e., ls, 2sp, 2sp' shells), whereas
for O an 8-5lG contraction ofa split-valence basis set
(i.e., ls, 2sp, 2sp') was used. The exponent for the outer
Gaussian on O was reoptimized for brucite but was un-
changed from that found in MeO (0.21). For H, a 2lG*
contraction ofa split-valence basis set with polarization
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Fig. l. Structure of brucite, Mg(OH)r. Solid atoms are H,
open atoms are O, shaded atoms are Mg. Within each unit cell
are two OH groups in opposite orientation to give a dipole-
dipole interaction. The dipole-dipole interaction is the only force
holding adjacent MgOH sheets together.

functions (i.e., ls, ls', 2p), and the standard polarization
function exponent was used (Hehre et al., 1986). Includ-
ing such polarization functions (2p orbitats) in the atomic
basis set for H may be important for an adequate descrip-
tion of H bonding.

Rnsur-rs AND DrscussroN

Chemical bonding in Mg(OH),

The electron density contours for brucite (Fig. 2) show
that the Mg-O bond is almost entirely ionic, whereas the
O-H bond is very covalent. The OH-OH interaction in-
volves no covalent bonding between the H and next-
nearest-neighbor O atom, however. That is, the OH-OH
bond in brucite is only a weak dipole-dipole interaction
with no delocalization of the H wavefunction onto the
next-nearest-neighbor O atoms. Upon compression to Z/
Vo : 0.73, the bonding remains the same. (As shown
below, this compression corresponds to a pressure near
45 GPa.) Hence, in terms of the electron density distri-
bution, there is no pressure-induced H bonding in bru-
cite.

We would expect pressure-induced H bonding to affect
the H site potential. The calculated ArB O-H stretch po-
tential (Fig. 3) in brucite, however, does not undergo any
significant change upon compression to V/Vo : 9.73.
Physically, this means that the next-nearest-neighbor O
atoms do not greatly contribute to the H atom site po-
tentials over the volume range explored. The Ars O-H
stretch potential was fitted to a Morse function to deter-
mine the force constant, vibration frequency (z), and an-
harmonicity constant (:r") in the first-order perturbation
expression for the anharmonic energy levels:
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Fig. 2. Electron density contours (at 2.43,0.81, 0.27, 0.09,
and 0.03 au) along the (1 l0) plane. There is no bonding between
the H atom and the next-nearest-neighbor O atom. Note that
the bonding does not change upon compression, although the
Mg-O bond becomes slightly covalent.

where h is Planck's constant and n is the vibrational
quantum number (n : 0, l, 2, 3 . . .). The calculated
fundamental frequency (E, - E) is 3897 cm-t at zero
pressure, and the mode Gruneisen parameter is -3.03.

The experimental Ars stretch fundamental is 3653 cm-'
(Mitra, 1962). There is a slight increase in the anhar-
monicity of the Ars mode as the brucite structure is uni-
formly compressed. This increase in anharmonicity is
consistent with the pressure-induced energy decrease of
the infrared active Ar" hot band observed by Kruger et
al. (1989). In contrast to the A,n stretch mode, the A2,
stretch mode energy decreases with pressure (Kruger et
al., 1989). That the splitting between the Raman-active
A,, and the IR-active Ar, stretch modes increases with
pressure results from the increased coupling (through the
dipole-dipole interaction) between the two OH groups in
the unit cell. Note that the calculated zero-pressure O-H
bond length in brucite (95 pm) is in reasonable agreement

v : zz.+ xs
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Fig. 3. Total energy vs. O-H bond length at several different
volumes (obtained by homogeneous compression and fitted to a
Morse potential curve). Note that the lowest energy O-H bond
length is fairly insensitive to the bulk volume. The anharmon-
icity of the O-H bond increases somewhat with homogeneous
compression of the brucite structure.

with the experimental value of 98 ! 2 pm obtained by
Elleman and Williams (1956). Errors on the order of 3olo
for bond lengths are expected at the Hartree-Fock level
of approximation (i.e., without including electron corre-
lation) (Hehre et al., 1986).

Strong H bonding, which may delocalize the H atom
over two or more centers, is associated with phases in
which the metal-O bond is more covalent. This lowers
the effective charge on the O atom and weakens th€ O-H
bond, which in turn strengthens the O-H"'O bond (Fig.
4). It seems unlikely that pressure-induced H bonding can
be a significant mechanism for stabilizing OH in the Mg-
O-H system. This is because pressure fails to change the
nature of the Mg-O bond and, hence, the Bronsted basic-
ity of the OH O atom. A more likely system in which
pressure-stabilized H bonding may be important is Al-
O-H or Si-O-H since the metal-O bond is more covalent
that the Mg-O bond. It may be worthwhile to investigate
the existence ofpossible high-pressure hydrous phases in
the Al-Si-O-H system.

Cornpression mechanism and equation of
state for Mg(OH),

We may calculate the total energy as a function of vol-
ume for brucite and fit the results to the integrated third-
order Birch-Murnaghan equation of state to get the zero-
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Fig. 4. H bond length in metal hydroxides as a function of

cation charge (4 divided by Shannon and Prewitt (1969) ionic
radius (R). Highly polarizing cations (high Z/R) are strong Lewis

acids and decrease the Bronsted base character of the O atom.
The weaker the Bronsted base character of the O atom, the more

readily the H* can be shared with its next-nearest-neighbor O

atom. Data from Bragg et al. (1965) and Ryskin (1974).

-350 .60

-350.63

-350.66

-350.69

-350.72

-350.75

f

o)
oc
ul
E
o
F

26  32  38  44  50

Unit Cell  Votume (43)

Fig. 5. Total energy vs. volume for brucite along several

compressional coordinates fitted to the integrated Birch-Mur-

naghan equation of state. Curve A is compression along the c
axis. Curve B is homogeneous compression but with constant
O-H bond length. Curve C is constant c/a ratio and O-H bond
length but allowing the O positional parameter to relax. The
resulting elastic constants arc Vo: 40.86, /q : 68.3 GPa, and
K  : 4 . 0 .
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Fig. 6. Calculated Birch-Murnaghan equation of state for

brucite (derived from curve C of Fig. 5) compared with the Hu-
goniot measurements of Simakov et al. (1914). A more precise
comparison could be obtained by reducing the Hugoniot data to
the isentropic pressure-density curve and correcting for the ther-
mal pressure (thermal expansion). However the Gruneisen pa-
rameter and thermal expansivity of brucite are not known.

pressure molar volume (Zo), the zero-pressure bulk mod-
ulus ffi), and the pressure derivative ofthe bulk modulus
lK'o: @K/dP),:ol at 0 K. For simple oxides such as MgO,
this is very simple since there is only one crystallographic
parameter. For brucite, there are four crystallographic pa-
rameters (a, c, zo, zr), and we must search for the config-
urational coordinate along which the energy is a mini-
mum. This will also be the configurational coordinate
with the greatest compressibility. The total energy of bru-
cite as a function of volume along several configurational
coordinates is shown in Figure 5. Simple compression
along the c axis (curve A) gives Ko: ll5 Gpa. Homo-
geneous compression with constant O-H bond length of
95 pm (curve B) is much softer and implies that the c/a
ratio does not decrease upon compression. This, in turn,
implies a significant repulsive force between the sheets in
the brucite structure upon compression. The lowest en-
ergy compression curve (curve C) was found by indepen-
dently optimizing c/ a, zo, and zH as a function of volume.
It was found that the OH-bond length and c/a rutio re-
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main nearly constant but that the O positional parameter
increases with decreasing volume. The resulting elastic
constants Ko and K' are 68.3 GPa and 4.0. The zero-
pressure volume is estimated to be 40.86 A:/unit cell
(without correcting for anharmonicity or thermal pres-
sure at 298 K), which is in very good agreement with the
experimental value of 40.89 Ar. Comparing the theoret-
ical Birch-Murnaghan equation of state with the Hugo-
niot data of Simakov et al. (1974) shows reasonable
agreement with experiment (Fig. 6). The Hugoniot data,
however, have not been reduced to the isentrope nor cor-
rected for the thermal pressure. Recent measurements on
brucite by Duffy et al. (1991) give elastic constants Ko
and K' of 5l GPa and 5.0, which are quite consistent
with the results obtained here. The agreement between
theory and experiment suggests that there is no phase
transition in brucite in the shock-wave experiment up to
80 GPa.
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