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Abstract: The behavior of brucite over wide ranges of temperatures and pressures is of great interest
for fundamental geochemistry and geophysics. Brucite layers and their octahedral Mg(OH)6 struc-
tural units constitute an important structural part of layered dense magnesium hydrous silicates
(DMHS), which play a major role in mineral equilibria controlling water balance in the subduction
zones of the upper mantle. The ClayFF force field was originally developed for atomistic computer
simulations of clays and other layered minerals and their hydrated interfaces. The crystallographic
parameters of brucite at 25 ◦C and 1 bar were used, among several others, to develop the original
ClayFF parametrization. Its new recent modification, ClayFF-MOH, can more accurately account for
the bending of Mg–O–H angles in the brucite structure, and it was used here to test the applicability
of this simple classical model over very wide ranges of temperature and pressure well beyond the
range of its original implementation (up to 600 ◦C and 15 GPa). The pressure and temperature
dependencies of brucite crystallographic parameters, the compressibility of the crystal lattice, the
coefficients of thermal expansion, and the vibrational spectra were calculated in a series of classical
molecular dynamics simulations using the ClayFF-MOH model and compared with a diverse set
of available experimental data, including X-ray diffractometry, neutron scattering, IR and Raman
spectroscopy. These new results demonstrated that ClayFF-MOH, as simple and approximate as it is,
can be quite accurate in predicting many mineral properties at subduction zone conditions, which
greatly expands the area of its applicability.

Keywords: brucite; atomistic simulations; high pressures; high temperatures; structural properties;
elastic properties; bulk modulus; vibrational spectra

1. Introduction

Brucite is a typical layered hydroxide mineral, M(OH)2, where M is a divalent metal
(M = Mg, Ca, Fe, Ni, etc.). Most such hydroxides relate to the layered brucite-type struc-
ture [1]. At ambient conditions, brucite crystal structure has a space group P3m1 symmetry
with layers consisting of edge-sharing [MgO6] octahedra. Hydrogen atoms attached to each
oxygen form hydroxyl groups located above and below the octahedral layer and oriented
along the c-axis. Despite the fact that the local environment of the OH groups appears to be
quite unfavorable for hydrogen bonding between the layers, most authors argue that the
nature of the interlayer interactions is due precisely to the hydrogen bonding [2].

The thermodynamic and elastic properties of brucite, Mg(OH)2, especially at high
pressures and temperatures, are of great importance in mineralogy and geophysics because
brucite itself plays a major role in mineral equilibria controlling water balance in the
subduction zones of the Earth’s mantle, but also because the octahedral Mg(OH)6 structural
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units and brucite-type layers constitute an important part of other minerals, such as layered
dense magnesium hydrous silicates (DMHS) important in mantle mineralogy [3–6].

Therefore, the properties of brucite have been extensively studied experimentally by
various techniques over wide ranges of temperature and pressure [2,7–9]. One of the most
interesting crystallographic questions is the behavior of hydrogen (deuterium) atoms and
the nature of hydrogen bonds under these conditions [8,10–13].

The structural and vibrational properties of brucite have been investigated in a number
of experimental studies. In studying the structural parameters of brucite, depending on
pressure and temperature, the positions of atoms and the distances between them are of
interest [11,12,14–16] as well as the unit cell parameters (a, c, c/a, V) [7–9,11,12,14–19]. Such
structural parameters of brucite were obtained using powder X-ray diffraction [7–9,15,16,18],
single-crystal X-ray diffraction [17] and powder neutron diffraction [20,21]. The mechanical
parameters of brucite are also of great interest, such as isothermal compressibility, bulk
modulus, elastic constants, and thermal expansion coefficient [8,9,15–17,19–22]. Vibration
properties of brucite under high pressure and temperature were also investigated in situ
by Raman spectroscopy [2] and infrared spectroscopy [1,9,23–25]. The most attention has
been paid to the study of OH librations, OH stretching, and the lattice vibrations at various
values of pressure and temperature.

In addition to experimental studies, the structure, and vibrational properties of
brucite were also evaluated by first-principles molecular dynamics simulations based
on the density functional theory (DFT) and by classical molecular dynamic (MD) simula-
tions [2,6,10,12,13,26–34]. Such simulations allow data to be obtained on the crystal lattice
parameters, interatomic distances (O–H, O–Mg), elastic constants and bulk modulus, the
coefficients of compressibility and thermal expansion of the brucite crystals, as well as their
vibrational spectra. In addition, DFT modeling allows for the quantitative probing of the
proton disorder [12,30] and dispersive interactions [13] in layered materials. For classical
MD simulations of brucite, the ClayFF force field is most frequently used [26–28]. ClayFF
is a nonbonded force field for classical atomistic simulations of a wide range of clay-related
and cement-related materials [31–37]. In addition to modeling bulk mineral phases, ClayFF
is also well suited for MD simulations of the interaction of water and aqueous solutions
with mineral surfaces [26,28,31–37]. This force field was recently upgraded by adding sev-
eral new terms that allow for a more accurate description of the M–O–H angular bending
in hydroxide crystals [33,34,38].

In this study, we used this modified version of ClayFF to test its applicability in atom-
istic simulations of layered hydroxide minerals at high temperatures and high pressures
by simulating the structural and vibrational properties of brucite. The atomistic model of
brucite was isothermally compressed to 19.86 GPa at 300 K, to 15.15 GPa at 473 K, and to
14.56 GPa at 673 K. The simulation results were then carefully compared with all available
experimental data and with the simulation results with the original version of ClayFF force
field [31]. These new results clearly demonstrated that the ClayFF-MOH model can quite
accurately predict many mineral properties under conditions well beyond its original range
of parametrization [31]. This conclusion greatly expands the area of the applicability for
this simple model, in particular for atomistic simulations of minerals and mineral-water
interactions at subduction zone conditions.

2. Models and Methods
2.1. Structural Models

A brucite crystal model was constructed based on the structural data from powder
neutron diffraction measurements at room temperature and pressure with the lattice param-
eters corresponding to a trigonal, P3m1, unit cell (a = b = 3.14979 Å; c = 4.7702 Å; α = β = 90◦;
γ = 120◦) [21]. This unit cell was used as the initial building block for a simulation su-
percell containing 968 units (11 × 11 × 8 along the a, b, and c crystallographic directions,
respectively). As a result, the simulation supercell contained 4840 atoms and had total
dimensions of 34.65 × 34.65 × 38.16 Å3 (see Figure S1 in the Supplementary Materials).
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Periodic boundary conditions were then applied in all three dimensions of the supercell to
produce a continuous model of the crystal [39].

2.2. Force Field Parameters

All interatomic interactions were calculated using the ClayFF force field [1,34], which
has already proven to be highly effective in modeling the structures of many oxides,
hydroxides, clays, and other layered materials [33–37]. One of the objectives of the present
work was to compare the results obtained by the original ClayFF version [1], further
referred to as ClayFF-orig, and its recently developed modification, ClayFF-MOH, [31,33],
which more accurately accounts for the bending of M–O–H angles of the hydroxide groups
in the crystal by introducing an additional harmonic term to the force field expression:

EMOH = k(θ − θ0)
2 (1)

where θ0,MgOH = 110◦ and kMgOH = 6 kcal·mol−1·rad−2 were used for brucite [33]. For a
more accurate modeling of the vibrational properties of brucite, the Morse potential was
used to describe the hydroxide O–H stretching vibrations instead the original harmonic
potential [28,40]:

EOH = D0

[
1 − e−α( r − r0)

]2
(2)

where D0 = 132.2491 kcal·mol−1, α = 2.1350 Å−1, r0 = 0.9572 Å.
However, the primary objective of the present work was to test the temperature

and pressure limits of the ClayFF applicability for the modeling of mineral properties by
classical atomistic simulations at thermodynamic conditions beyond the range of original
ClayFF parametrization [31].

2.3. Simulation Details

LAMMPS simulation package [41,42] was used to perform the MD simulations. As
the first step, the potential energy of the brucite model supercell was minimized. Then
an MD simulation run in NPT-ensemble was used to bring the supercell to equilibrium at
the desired temperature and pressure. The Nosé–Hoover algorithm [39] was employed
to control the temperature and pressure in the NPT-simulations. The NPT-simulation
run lasted for 0.5 ns using the velocity Verlet’s algorithm [39], which then followed by
the NVT-simulation run for another 0.5 ns. The NVT-simulation was used to collect the
equilibrium dynamic trajectories of all atoms for further statistical analyses. The coordinates
and velocities of all atoms were recorded every 100 fs, which is enough to guarantee the
statistical stability of data analysis. A timestep of 1.0 fs was always used for numerical
integration of the equations of atomic motions.

2.4. Simulation Analysis

Structural and vibrational properties were evaluated in this study by time averaging
over the entire simulated equilibrium MD trajectories. In particular, the lattice parameters
of the bricute unit cell (a, c, c/a, V) and volume compression of brucite, isothermal bulk
moduli, power spectra of vibrational density of states were calculated, as well as maps of
atomic density and angular distributions for hydroxyls in the octahedral sheets of brucite.

The unit cell parameters of brucite were directly calculated as averages from the
equilibrium NPT-simulations. The isothermal volume compression of the unit cell, V/V0,
was also calculated for the corresponding pressures from the equilibrium NPT-simulations.

The isothermal bulk modulus and its pressure derivative were calculated by least
squares fitting the third-order Birch–Murnaghan equation of state in the Eulerian finite
strain parameter [43,44] to the simulated pressure–volume data:

P =
3
2

KT0

[(
V0

V

) 7
3
−
(

V0

V

) 5
3
]
·
{

1 +
3
4
(
K′T0 − 4

)
·
[(

V0

V

) 2
3
− 1

]}
(3)
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where KT0 and K′T0 are the isothermal bulk elastic modulus and its pressure derivative,
respectively.

The volumetric thermal expansion coefficient of brucite was obtained by fitting the P-
V-T simulation data via constraints on the thermoelastic properties at high-pressure [15,45].
The third-order Birch–Murnaghan equation of state was used to calculate the thermal
expansion coefficient through the fitting to a liner relationship [15]:

α(T) = α0 + α1T (4)

The amplitudes of atomic vibrations in the brucite crystal were visualized by calculat-
ing the time-averaged contour maps of atomic densities for a slice of the crystal starting
from the positions of Mg atoms to the positions of H atoms of the corresponding hydroxyl
groups. The thickness of this slice was ~3.0 Å. The atomic density of an atom α, ρα(x,y),
was evaluated on the square grid and the time-averaged number of atoms 〈Nα(∆x∆y)〉 in
each grid cell normalized by the surface area of the cell:

ρα(x, y) =
〈Nα(∆x∆y)〉

∆x∆y
(5)

For geometrical analyses of the hydroxyl (O–H bond) angular distributions the angles
θ and ϕ were calculated for both versions of the ClayFF force field, as defined in Figure 1.

Minerals 2023, 13, x FOR PEER REVIEW 4 of 13 
 

 

The unit cell parameters of brucite were directly calculated as averages from the equi-
librium NPT-simulations. The isothermal volume compression of the unit cell, V/V0, was 
also calculated for the corresponding pressures from the equilibrium NPT-simulations. 

The isothermal bulk modulus and its pressure derivative were calculated by least 
squares fitting the third-order Birch–Murnaghan equation of state in the Eulerian finite 
strain parameter [43,44] to the simulated pressure–volume data: 

𝑃 = 32 𝐾்଴ ቎൬𝑉଴𝑉 ൰଻ଷ − ൬𝑉଴𝑉 ൰ହଷ቏ · ቐ1 + 34 (𝐾்଴′ − 4) · ቎൬𝑉଴𝑉 ൰ଶଷ − 1቏ቑ (3)

where 𝐾்଴ and 𝐾்଴ᇱ  are the isothermal bulk elastic modulus and its pressure derivative, 
respectively. 

The volumetric thermal expansion coefficient of brucite was obtained by fitting the 
P-V-T simulation data via constraints on the thermoelastic properties at high-pressure 
[15,45]. The third-order Birch–Murnaghan equation of state was used to calculate the ther-
mal expansion coefficient through the fitting to a liner relationship [15]: 𝛼(𝑇) = 𝛼଴ + 𝛼ଵ𝑇 (4)

The amplitudes of atomic vibrations in the brucite crystal were visualized by calcu-
lating the time-averaged contour maps of atomic densities for a slice of the crystal starting 
from the positions of Mg atoms to the positions of H atoms of the corresponding hydroxyl 
groups. The thickness of this slice was ~3.0 Å. The atomic density of an atom α, ρα(x,y), 
was evaluated on the square grid and the time-averaged number of atoms Nα(ΔxΔy) in 
each grid cell normalized by the surface area of the cell: 𝜌ఈ(𝑥, 𝑦) = 〈𝑁ఈ(Δ𝑥Δ𝑦)〉Δ𝑥Δ𝑦  (5)

For geometrical analyses of the hydroxyl (O–H bond) angular distributions the an-
gles θ and φ were calculated for both versions of the ClayFF force field, as defined in 
Figure 1. 

 
Figure 1. Angle of slope, φ, of the structural hydroxyls to the (001) plane of the brucite crystal and 
the Mg–O–H angle, θ. Green atoms—Mg, red atoms—O, white atoms—H. 

The power spectra (PS), providing the quantitative information about the frequencies 
of atomic vibrations in the system, were obtained as Fourier transformations of the veloc-
ity autocorrelation function (VACF) of the corresponding atoms (e.g., [27,37,46,47]): 

𝑃𝑆(𝜔) = ෍ VACF(𝑡) · cos ൬ 𝜋𝑛୚୅େ୊ · 𝑡 · 𝜔൰௡ೇಲ಴ಷ
௧ୀଵ    (6)

where nVACF is the number of trajectory ‘windows’ used in a particular VACF calculation. 
The normalized VACFs were calculated from the MD-simulated equilibrium NVT trajec-
tories of the atoms in the modeled system [47]: 

Figure 1. Angle of slope, ϕ, of the structural hydroxyls to the (001) plane of the brucite crystal and
the Mg–O–H angle, θ. Green atoms—Mg, red atoms—O, white atoms—H.

The power spectra (PS), providing the quantitative information about the frequencies
of atomic vibrations in the system, were obtained as Fourier transformations of the velocity
autocorrelation function (VACF) of the corresponding atoms (e.g., [27,37,46,47]):

PS(ω) =
nVACF

∑
t=1

VACF(t)· cos
(

π

nVACF
·t·ω

)
(6)

where nVACF is the number of trajectory ‘windows’ used in a particular VACF calcula-
tion. The normalized VACFs were calculated from the MD-simulated equilibrium NVT
trajectories of the atoms in the modeled system [47]:

VACF(t) =
∑n−nVACF

f=1 ∑sel.atoms
→
υ f ·
→
υ f+t

∑n−nVACF
f=1 ∑sel.atoms

→
υ f ·
→
υ f

(7)

where n is the total number of the trajectory ‘windows’; υf and υf+t are velocities at times f
and f + t, respectively. They were smoothed by applying a filtering function [47]:

VACF(t) = VACF(t)·exp
(
− t

τ

)
(8)
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The VACF and PS were calculated for all atoms of the crystal and separately for
each atom type (magnesium, oxygen, and hydrogen). We also analyzed the xy and zz
components of the VACF tensor to obtain PS in the xy direction (parallel to the plane of
brucite layers) and zz direction (perpendicular to the layering).

3. Results and Discussion
3.1. Compressibility and Lattice Parameters

First, we checked how the original and modified versions of the ClayFF force field
reproduce the elastic properties of brucite. The compressibility of brucite was studied
at temperatures 300, 473, and 673 K and compared with the experimental data [8,9]. For
the ClayFF-orig model, the calculations were carried out only up to T = 473 K, because at
T = 673 K, the brucite supercell became already unstable. For the ClayFF-MOH model, the
supercell remains stable up to T = 673 K, but even with that modification the supercell loses
stability at T = 873 K.

The compressibility was calculated at pressures up to 20 GPa at T = 300 K and up to
15 GPa at 473 K and 673 K. The experimental data and the calculated values of compress-
ibility at T = 300 K shown in Figure 2. In this case, good agreement with experimental data
is observed in the entire pressure range. A slightly larger deviation is observed for the
ClayFF-MOH force field for higher pressures of ~20 GPa. The compressibility of brucite at
temperatures of 473 K and 673 K is shown in Figure 2. At 473 K, a good agreement with the
experimental data is found again, and the ClayFF-MOH force field results in slightly larger
deviations from the experiment. However, only the ClayFF-MOH results are available for
T = 673 K, as the brucite supercell decomposes with the ClayFF-orig simulations at that
temperature even at normal pressure.
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Figure 2. Compressibility of brucite: (a) T = 300 K; (b) T = 473 K and T = 673 K. Open circles and
rhombs belong to calculated values. Experimental data are from Fei and Mao [7], Fukui et al. [8],
Ma et al. [9], and Nagai et al. [16].

A comparison of the crystallographic parameters of brucite at high temperatures and
high pressures with experimental data [8] show quite a good agreement (see Figure S2
in the Supplementary Materials). The lattice parameters of the unit cell for ambient con-
ditions calculated in this work virtually coincide with the lattice parameters reported by
Pouvreau et al. [33] for the ClayFF-orig version, while for the ClayFF-MOH version of the
force field our simulations results (a = 3.29 Å, c = 4.77 Å, V = 44.12 Å3) are slightly higher.



Minerals 2023, 13, 408 6 of 13

The maximum deviation of the unit cell volume from experimental values is 9% at the
highest pressures for both versions of the ClayFF force field at temperatures 300 and 473 K.
At T = 673 K, the maximum deviation of the unit cell volume for the ClayFF-MOH model
is 11%.

The agreement of the parameter a of the unit cell with experiment [8] is fairly good,
with the discrepancy from the experimental value no more than 5%. There is also a
good agreement in the uniaxial compression curve along the a axis, including the high-
temperature calculations.

For ambient conditions, the deviations from the experimental data [8] for the c axis
are −1% and −2% for the ClayFF-orig and ClayFF-MOH versions, respectively. However,
both versions of the force field do not reproduce the c axis temperature dependence. At
high pressures, the discrepancy reaches up to 5%. This leads to an incorrect trend of the c/a
ratio dependence on pressure (Figure S2 in the Supplementary Materials).

3.2. Bulk Modulus

The values of bulk modulus KT0 and its pressure derivative K′T0 computed from
Equation (3) are shown in Figure 3 in comparison with the experimental data of Fukui et al. [8].
Other experimental data at room temperature, e.g., [15,17,18,21] and the data of DFT(GGA)
calculations, e.g., [10,12], are not shown in Figure 3, as they are very close to the data of
Fukui et al. [8]. The calculated bulk elastic modulus at temperatures of 300 K and 473 K
for both versions of the ClayFF force field shows a good agreement with the experimental
data [8], and the maximum discrepancy is only ~3% for the ClayFF-MOH model. For a
higher temperature of 673 K, the deviation of the bulk modulus from the experiment for
the ClayFF-MOH force field is ~11%, which is also not bad.
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Figure 3. (a) Bulk elastic modulus of brucite; and (b) pressure derivative of the bulk modulus.
Experimental data of Fukui et al. [8] are shown for comparison.

The pressure derivatives of the bulk modulus at T = 300 K gave the largest deviation
from the experimental data, with the maximum difference of ~21% for the ClayFF-orig
model. In fact, the calculated pressure derivatives at room temperature closely agree
with the pressure derivatives measured by Catty et al. [21], the largest difference being
~6% for the ClayFF-orig model. With increasing temperature, the first derivative gives a
better agreement with experiment [8], and for a T = 673 K the difference is ~2% for the
ClayFF-MOH model.
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3.3. Thermal Expansion Coefficient

The values of the two coefficients of thermal expansion (α0 and α1 in Equation (4)) were
only calculated from the MD results obtained for the ClayFF-MOH model due to the insta-
bility of the brucite supercell at T = 673 K for the ClayFF-orig model. The values of the coeffi-
cients for the ClayFF-MOH model are α0 = 9.04× 10−5 K−1 and α1 = 13.00× 10−8 K−2. The
value of α0 is close to the experimentally determined value of α0 = 7.3(3) × 10−5 K−1 [15],
while the value of α1 differs more from the experiment (α1 = 3.6(13) × 10−8 K−2 [15]).

3.4. Structural Parameters

Nearest-neighbor Mg–O distances were calculated for both ClayFF versions (Figure S3a).
At ambient conditions, both versions of the force field give slightly larger Mg–O distances
(2.2–2.3 Å) compared to the experimental [21] and DFT [28] results (2.12–2.13 Å). With
increasing pressure, at T = 300 K, the Mg–O distance reduces, as well as its mean-squared
deviation. Overall, the agreement in the Mg–O distances between the ClayFF models
and experimental data [16,21] even improves at higher pressures. The same trends of
decreasing Mg–O distance and its fluctuations with increasing pressure are maintained
at higher temperatures (473 and 673 K). The distances obtained by both ClayFF models
virtually coincide, the difference is only in a larger fluctuation for the ClayFF-orig version,
which indicates a more stable brucite structure when the M–O–H angles in the ClayFF-MOH
model are more accurately constrained.

The distributions and averages of the hydroxyl O–H distances in brucite for both
versions of the ClayFF force field were also calculated. At ambient pressure, the O–H
distance is close to the O–H bond length corrected for thermal motion [21] and the bond
lengths calculated by DFT [10]. The average O–H distance slightly increases with increasing
pressure, which does not agree with experimental data [21] but agrees well with the DFT
results at high pressures [10]. The tendency to increase the O–H distance with increasing
pressure persists at elevated temperatures. Similar to the Mg–O distance, increasing
temperature leads to a slight increase of the average O–H bond length and its dispersion.
The lack of good agreement with these experimental data at elevated pressures can be
explained by the behavior of the Morse potential used here for modeling the O–H bond of
hydroxyls, which has a fairly strong repulsive branch of the potential when hydrogen atom
approaches the oxygen. On the other hand, an increase in O–D distance with increasing
pressures is indeed experimentally observed for deuterated brucite [20]. So, a better
judgement about the quality of the description of this parameter with the ClayFF model
could probably be made when more experimental data are available. All the comparisons
are shown in Figure S3b in the Supplementary Materials.

The angular distribution of the hydroxyl orientations relative to the brucite (001)
plane of layering at T = 300 K and high pressures for both versions of the ClayFF model
are shown in Figure 4. These distributions are qualitatively different between the two
ClayFF versions. At ambient pressure, the direction normal to the brucite layers is the
most probable hydroxyl orientation. However, the distribution is significantly broader
for the ClayFF-orig model where hydroxyl orientations are not constrained and have the
ability to lean toward the brucite layer. With increasing pressure, the orientation normal
to the layering remains the most probable for the ClayFF-MOH model, but the earlier
ClayFF-orig model demonstrates the appearance of another probability maximum. For
example, the most probable orientation is ~63◦ at P = 10.35 GPa. Small deviations of
hydroxyl orientations from the normal to the brucite surfaces at ambient pressure is
in good agreement with the angles calculated from experimental data [48]. According
to experimental data [21], angle ϕ (see Figure 1) deviates from the normal by only
6.8◦ at P = 10.9 GPa, compared to the same angle under ambient conditions, which, in
turn, indicates that hydroxyls remain nearly normal to the layering even at very high
pressures, so that the angular distributions for the ClayFF-orig model exhibit unphysical
behavior under these conditions. At higher temperatures, in all cases, the overall shape
of the hydroxyl orientational distribution remains the same (Figure 4b), but a broadening
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is observed, consistent with higher thermal energies of angular vibrations at higher
temperatures.

Minerals 2023, 13, x FOR PEER REVIEW 8 of 13 
 

 

angular distributions for the ClayFF-orig model exhibit unphysical behavior under these 
conditions. At higher temperatures, in all cases, the overall shape of the hydroxyl orienta-
tional distribution remains the same (Figure 4b), but a broadening is observed, consistent 
with higher thermal energies of angular vibrations at higher temperatures. 

  
(a) (b) 

Figure 4. (a) Angular distributions of hydroxyl orientations at T = 300 K and high pressures; and (b) 
angular distributions of hydroxyl orientations at T = 473 K and T = 673 K at P = 1 bar. 

The nature of the second maximum at ~60° for the ClayFF-orig model can be under-
stood by considering the distribution of atomic densities projected onto the brucite ab 
crystallographic plane. Atomic density maps for brucite layer at T = 473 K and P = 15.15 
GPa for both ClayFF versions are shown in Figure 5. 

  
(a) (b) 

Figure 5. Contour maps of atomic densities at T = 473 K and P = 15.15 GPa for 3 × 3 unit cell. (a) 
ClayFF-orig; and (b) ClayFF-MOH. Green contours—Mg, red contours—O, black contours—H. 

The ClayFF-orig model shows three predominant orientations of the O–H groups 
forming an equilateral triangle of probability distributions. These orientations are not ac-
cidental, they emerge because the H atoms of the unconstrained O–H groups can easily 
form hydrogen bonds with one of the three O atoms of the opposite brucite layer. For the 
ClayFF-MOH model, the atomic density maps look quite different, the O–H groups are 
now constrained in their orientations and their H atoms are located more or less above 
the respective O atoms. In this case, hydrogen bonds with the opposite layer are also 
formed, but instead of one strong bond towards one of the opposing O atoms, three 
weaker bonds with three nearest O atoms exist simultaneously. In other words, due to the 
energy penalty from the new M–O–H angle bending terms of the force field, this interac-
tion is not chaotic and H atom stays near the center of a triangle formed by the closest 
opposite-layer O atoms. 

Figure 4. (a) Angular distributions of hydroxyl orientations at T = 300 K and high pressures; and
(b) angular distributions of hydroxyl orientations at T = 473 K and T = 673 K at P = 1 bar.

The nature of the second maximum at ~60◦ for the ClayFF-orig model can be un-
derstood by considering the distribution of atomic densities projected onto the brucite ab
crystallographic plane. Atomic density maps for brucite layer at T = 473 K and P = 15.15 GPa
for both ClayFF versions are shown in Figure 5.
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Figure 5. Contour maps of atomic densities at T = 473 K and P = 15.15 GPa for 3 × 3 unit cell.
(a) ClayFF-orig; and (b) ClayFF-MOH. Green contours—Mg, red contours—O, black contours—H.

The ClayFF-orig model shows three predominant orientations of the O–H groups
forming an equilateral triangle of probability distributions. These orientations are not
accidental, they emerge because the H atoms of the unconstrained O–H groups can easily
form hydrogen bonds with one of the three O atoms of the opposite brucite layer. For the
ClayFF-MOH model, the atomic density maps look quite different, the O–H groups are
now constrained in their orientations and their H atoms are located more or less above the
respective O atoms. In this case, hydrogen bonds with the opposite layer are also formed,
but instead of one strong bond towards one of the opposing O atoms, three weaker bonds
with three nearest O atoms exist simultaneously. In other words, due to the energy penalty
from the new M–O–H angle bending terms of the force field, this interaction is not chaotic
and H atom stays near the center of a triangle formed by the closest opposite-layer O
atoms.
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3.5. Power Spectra

The spectra of vibrational density of states, or so-called power spectra (Equations (6)–(8))
were calculated for both ClayFF versions and shown in Figure 6. Experimental stud-
ies [1,2,9,14,23–25] and atomistic simulations [6,10,13,27,28] indicate that the most intense
vibrational bands of brucite under ambient conditions are in the frequency ranges of
270–900 cm−1 and 3550–3890 cm−1. The lower frequency bands correspond to the O–H
librational modes (Eg and Eu) and to the lattice vibrations (A1g, A2u, Eg and Eu). The higher
frequency bands correspond to the O–H stretching modes (A1g and A2u) [1,2,9,10,13,14,25,27].
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frequency modes.

The calculated power spectra of brucite under ambient conditions are in good agree-
ment with the previous results [28] for the ClayFF force field with the constrained Mg–O–H
angles. Zeitler et al. [28] have already conducted a detailed analysis of the peak positions
in the low-frequency range of the spectrum. In particular, they have shown that taking
into account the Mg–O–H angle allows for a slightly better agreement between the cal-
culated classical MD and DFT results for the O–H librational modes, as it was also later
confirmed by Pouvreau et al. [33]. Our decomposition of the total vibrational spectra of
brucite into the contributions due to O and H atomic motions in the xy plane also shows
the difference in the O–H librational modes between the two ClayFF versions (Figure S4 in
the Supplementary Materials).

Our calculations show the following features of the spectral peaks in the lower fre-
quency range at high pressures and temperatures:

• most peaks exhibit a red shift, and their intensity decreases with increasing tempera-
ture (Figure S5 in the Supplementary Materials);

• the peaks exhibit blue shift, and their intensity decreases with increasing pressure
(Figure S6 in the Supplementary Materials).

Such tendencies at high pressures agree with the experimental data [2]. Also, at high pres-
sures there is a merging and splitting of some peaks (Figure S6 in the Supplementary Materials).

The higher frequency range of the spectra describes the O–H bond-stretching modes,
which correspond to the modes A1g (Raman) and A2u (infrared) in experiments. For these
modes, the peaks are located at 3573 cm−1 and 3612 cm−1 for the ClayFF-orig and ClayFF-
MOH models, respectively (Figure 6). As the frequency is mainly determined by the O–H
bond parameters, the peak positions are in good agreement with experimental studies and
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DFT calculations [1,2,6,9,10,13–15,24,27] for both ClayFF versions. However, the ClayFF
versions differ in the width and intensity of the peaks: the O–H stretching peak is narrower
and more intense for the ClayFF-MOH, compared to ClayFF-orig model.

At ambient pressure, the O–H stretching peak does not change its position with tem-
perature in the ClayFF-MOH model. The increasing temperature broadens the peak and
reduces its intensity due to the thermal motion (Figure S5 in the Supplementary Materials).
However, the peaks shift with the increasing pressure indicating a change in the effective
bond stiffness due to the interaction with the neighboring atoms. The computed O–H
stretching peak positions for both versions of the ClayFF force field are shown in Figure 7
together with Raman experimental data and DFT results. One can observe that the change
of the peak position is smaller for ClayFF-MOH than for ClayFF-orig. Such a difference is
likely caused by the difference in the orientational dynamics of the O–H bonds between
the two force field versions: as discussed in Section 3.4, the O–H bonds in ClayFF-orig
are inclined towards a specific oxygen atom, while in ClayFF-MOH they stay more or
less normal to the surface. That difference in the local atomic environments produces the
difference in the stiffness of the O–H groups, in addition to the bond potential. Overall,
ClayFF-MOH shows a better agreement with the experimental data [2] and DFT calcula-
tions [10], especially at the highest pressures (~15 GPa and ~20 GPa), showing that the
constrained O–H orientation leads to a better description of the vibrational dynamics. The
above-described behavior of the peaks at high pressures persists at elevated temperatures
as well (Figure S7 in the Supplementary Materials).
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4. Conclusions

The properties of brucite under ambient conditions and up to high temperature and
high-pressure conditions were investigated by classical MD simulations using the original
ClayFF force field [31] and its more recent modification ClayFF-MOH [34], where the
bending motions of the Mg–O–H angles are more accurately constrained by additional
terms based on the DFT calculations [33]. For both models, the crystallographic, elastic,
and vibrational properties acceptably agreed with available experimental data and the
results of more rigorous DFT calculations. However, the introduction of the Mg–O–H angle
bending term made it possible to simulate brucite at higher temperatures and pressures
(T = 673 K and P = 15 GPa) than with the original ClayFF parameterization. The isothermal
compressibility of brucite was also reproduced well by both versions of the force field,
including at high temperatures. The bulk modulus was also well reproduced, while at
higher temperatures the agreement with the experimental data worsened. The crystal
lattice unit cell parameters (a, c, V and c/a) were reproduced with acceptable accuracy. In
most cases (a, c and V), the trends of the lattice parameters’ dependence on pressure and
temperature for the ClayFF model agreed well with the experimental data and DFT results.
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The application of the new more accurate ClayFF-MOH force field results in the formation
of a more realistic hydrogen bonding structure between brucite layers, which leads to a
more stable brucite structure at higher temperatures and pressures, and a more realistic
description of its vibrational spectrum.

It is important to emphasize that both versions of the ClayFF model were intentionally
used here well beyond the range of temperatures and pressures for which this model was
initially parameterized [31,33,34]. Therefore, the results of this work are quite encouraging
in view of the applicability of these simple models to the classical atomistic simulations of
more complex hydrous minerals under the subduction zone conditions (e.g., [49,50]). This
will be the focus of our further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13030408/s1. Figure S1: Two projections of the brucite
simulation supercell; Figure S2: (a) Volume of the unit cell for brucite as function of pressure;
(b) pressure dependence of the parameter a of brucite; (c) pressure dependence of the parameter c for
brucite; (d) ratio of unit cell parameters c/a for brucite as a function of pressure; Figure S3: (a) Pressure
dependence of the simulated Mg–O distances in [MgO6] octahedra; (b) pressure dependence of the
simulated O–H distances in structural hydroxyls; Figure S4: Power spectra for Hxy (a) and Oxy (b)
for both versions of the ClayFF force field; Figure S5: Power spectra of brucite at P = 1 bar and high
temperatures for the ClayFF-MOH model; Figure S6: Power spectra of brucite at T = 300 K and high
pressures for the ClayFF-MOH model; Figure S7: Power spectra of brucite at T = 673 K and high
pressures for the ClayFF-MOH model.
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