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The structural and vibrational properties of two uncharged 2:1 phyllosilicates, talc and pyrophyllite, are
investigated via ab initio and classical molecular dynamics simulations. The quantum mechanical simulations
are based on plane-wave pseudopotential density functional theory (DFT), which is shown to be sufficiently
accurate in predicting the clay mineral structural and vibrational properties. The classical molecular dynamics
(MD) simulations, using the CLAYFF force field, faithfully reproduce the crystal structures with relatively
simple analytical functions that include primarily nonbonded interactions. The adsorption properties in these
clay minerals are strongly dependent upon the disposition of the hydroxyl group in the octahedral sheet. With
the assistance of molecular simulation, the relationship between the hydroxyl group vibrational modes and
the molecular-scale structure is explored. The talc hydroxyl groups are oriented perpendicular to the ab plane,
while the presence of the dioctahedral vacancies associated with pyrophyllite significantly alters the hydroxyl
group structural and vibrational character. Overall, a detailed comparison between the ab initio and the
classical MD structural and vibrational properties provides guidance for future refinements to the empirical
force field.

Introduction
Phyllosilicates, including the clay minerals talc and pyrophyllite, are associated with numerous environmental, agricultural, and industrial processes. Because of the lack of wellcrystallized materials and their fine-grained nature, experimental
determinations of crystal structure and mineral behavior for most
clay minerals are difficult to obtain.1,2 Molecular simulations,3
however, provide an opportunity to evaluate the detailed
structure and dynamics for idealized models of these complex
clay phases, usually as a supplement to the limited X-ray
diffraction and vibrational spectroscopy data. Interlayer cations
are absent because of the uncharged nature of the 2:1 layering
for talc and pyrophyllite; the layers are held together by van
der Waals forces. The disposition of hydroxyl groups within
the octahedral sheet, especially in response to the dioctahedral
vacancy associated with pyrophyllite, uniquely contribute to the
adsorption properties of the clay minerals.
A number of theoretical studies have focused on highly
accurate quantum mechanical calculations to simulate uncharged
clay minerals such as pyrophyllite,4-12 talc,5,13 and kaolinite.14-18
Because of their computational expense, these techniques tend
to be limited to static energy calculations to examine the bulk
structure and vibrational normal modes.9,13,14,17 With the continuing increase in computational power, it is now possible to
include thermal effects via ab initio molecular dynamics
simulations. As an example, the vibrational power spectrum of
kaolinite7,12,18 has been previously obtained by Fourier transform
of the velocity autocorrelation function. Although these quantumbased techniques are appealing, they are still restricted to small
system sizes and time scales. Classical simulations are an
attractive alternative but do require the development of accurate
empirical models to describe the interactions.
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Recently, classical simulations of clays have included flexibility within the clay framework.19-21 With these force fields,
the motion of clay atoms is governed primarily by intramolecular
(angle bend, bond stretch) parameters. The associated simulations are therefore costly considering the large number of energy
terms and also suffer from transferability issues. The advantage
of a completely bonded force field is that the intramolecular
parameters can be fine-tuned to the experimental vibrational
frequencies. We employ a simpler nonbonded force field known
as CLAYFF22 that provides for flexibility without bonded terms.
Framework atoms interact with each other through nonbonded
terms (electrostatic, van der Waals), although an O-H bond
stretch term is required to prevent layer H atoms from drifting.
CLAYFF has been used successfully on a variety of layered
minerals to investigate bulk properties (d spacing, etc.)22-24 and
interfacial properties such as ion and water adsorption.25-27
In this paper, both ab initio and classical molecular dynamics
simulations of end-member dioctahedral (pyrophyllite) and
trioctahedral (talc) smectites are performed. By starting with
these neutral clays, the structural and vibrational properties are
investigated without the influence of interlayer water or cations.
The structures for each clay were previously determined from
single-crystal X-ray diffraction studies. Talc is a 2:1 trioctahedral
clay, with a structural composition of Mg3(OH)2(Si4O10) and
space group symmetry C1h.28 The unit cell includes a twodimensional periodic layer consisting of an octahedrally coordinated magnesium oxide sheet sandwiched between two
tetrahedrally coordinated silicate sheets (see Figure 1). Pyrophyllite is also a 2:1 layered clay with a structural composition
of Al(OH)(Si2O5) and space group symmetry C1h.29 In contrast
to talc, each layer contains dioctahedrally coordinated aluminum
oxide sheets. As shown in Figure 1, the aluminum atoms form
an ordered, hexagonal ring structure surrounding each vacancy.
The presence of the vacancy has a significant effect on hydroxyl
group orientation as well as the adsorption properties.
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through short-ranged dispersion forces, it is not surprising that
the c axis dimension is not adequately captured through the DFT
formalism. However, considering the previous studies, the
pseudopotentials do provide an adequate description of the
structural properties.

Figure 1. Two-layer polyhedral representation of talc (top, left) and
pyrophyllite (top, right), where the metal oxide octahedral sheets (gray
) Mg, blue ) Al, yellow ) Si, red ) O, and white ) H) are
sandwiched between the silicate tetrahedral sheets. A top view
comparison of the trioctahedral (bottom, left) and dioctahedral sheets
(bottom, right) shows the vacancies present in pyrophyllite. The
hydroxyl orientations have not been characterized experimentally and
are not shown. See Figure 3 for hydroxyl group orientations.

TABLE 1: DFT Calculated Cell Lengths (Å), Cell Angles
(degree), and Basal d Spacings for Talc and Pyrophyllite as
Compared with Experiment28,29
talc
a
b
c
R
β
γ
basal d spacing

pyrophyllite

DFT

expt

DFT

expt

5.259
9.129
9.250
90.12
99.32
90.15
9.128

5.290
9.173
9.460
90.46
98.68
90.09
9.351

5.119
8.911
9.065
90.77
100.96
89.91
8.90

5.160
8.966
9.347
91.18
100.46
89.64
9.190

Methods
DFT Optimizations. Periodic plane-wave DFT calculations
were performed using the Vienna ab initio simulaton package
(VASP).30,31 The standard VASP suite of pseudopotentials was
applied. Core electronic states were described using the accurate
projector-augmented wave (PAW) approach32,33 and the exchangecorrelation functional was treated within the generalized gradient
approximation (GGA) according to Perdew-Wang.34 All DFT
calculations were conducted with a 400 eV plane-wave cutoff
energy. The clay unit cells were expanded into 2 × 1 × 2
supercells, providing two layers per supercell. Because of the
sufficiently large simulation cells, the Brillouin-zone sampling
was restricted to the Γ point.
To test the pseudopotentials, conjugate-gradient geometry
optimizations were conducted on each clay supercell. The
hydroxyl groups were initially oriented normal to the ab plane
for both clays, since the locations have not been characterized
through crystallographic studies. The optimizations were performed at constant pressure, where all lattice constants, cell
angles, and atomic positions were free to relax without symmetry
constraints. The optimized structure is compared with experiment in Table 1. Satisfactory agreement with the experimental
lattice constants was observed. The lattice constants deviated
from experiment by less than 1%, with exception to the c axis
lengths. Underprediction of the c axis lengths caused the d
spacings to be consistently 0.2-0.3 Å less than experiment.
Previous DFT methods have overpredicted4,8,12 and underpredicted9,10 the d spacings of pyrophyllite by as much as 0.6 Å.
Given that the pyrophyllite and talc layers interact predominantly

ab Initio Molecular Dynamics. Microcanonical ensemble
(constant NVE) ab initio molecular dynamics (AIMD) simulations were conducted with full translational symmetry (P1
symmetry). To simplify postprocessing, the 2 × 1 × 2 triclinic
supercells were converted into orthorhombic supercells. The
orthorhombic supercell dimensions for pyrophyllite (160 atoms)
were a ) 10.36 Å, b ) 8.99 Å, c ) 18.49 Å and a ) 10.58 Å,
b ) 9.07 Å, c ) 18.38 Å for talc (168 atoms). The systems
were equilibrated at 300 K for at least 20 ps and statistics were
collected every 2 fs over 25 ps production runs. The velocity
Verlet algorithm was used to update positions every time step,
∆t ) 0.50 fs. To reduce the energy drift to ∼1 K‚ps-1, the
energy convergence tolerance for the electronic self-consistency
loop at each Born Oppenheimer step was set to 10-7 eV.35
Classical Molecular Dynamics. For all classical simulations,
orthorhombic unit cells were created from triclinic cells22 and
then expanded into an 8 × 4 × 3 supercell. Supercell dimensions
for pyrophyllite (3840 atoms) were a ) 41.74 Å, b ) 35.88 Å,
c ) 28.00 Å, while for talc (4032 atoms) they were a ) 42.32 Å,
b ) 36.69 Å, c ) 28.00 Å.
Simulations were performed with the LAMMPS software as
described previously.25 Potential parameters (Table 2) were
taken from the CLAYFF forcefield, which consists of nonbonded (electrostatic and van der Waals) terms for use with
layered minerals.22 For atoms i and j separated by a distance
rij, the pairwise energy is given by the equation

Eij )

[( ) ( ) ]

qiqje2
R0
+ D0
4π0rij
rij

12

-2

R0
rij

6

(1)

where qi is the charge on atom i, e is the elementary charge on
an electron, 0 is the permittivity of a vacuum, D0 and R0 are
the 12-6 Lennard-Jones well depth and collision parameters,
respectively. The only bonded parameter used was a harmonic
bond stretching term for layer hydroxyl atoms (spring constant
) 554.1349 kcal mol-1, equilibrium bond length ) 1.0 Å).
Short-range interactions were evaluated every 0.5 fs with a
cutoff of 10.0 Å. Arithmetic combining rules were used for offdiagonal van der Waals energy terms.36 Long-range electrostatic
interactions were evaluated every 1.0 fs using an efficient
particle-particle particle-mesh Ewald summation algorithm.37
Following pre-equilibration runs of 0.05 and 0.1 ns in the
NVE and NVT ensembles (N ) number of atoms, V ) volume,
E ) total potential energy, T ) temperature), constant pressure
(NPT) simulations of 1.25 ns in length were performed. The
supercell was only allowed to expand or contract along the c
axis, while the a and b axes (and cell angles) were fixed.
Fluctuations of the a and b axes are expected to be small since
a single clay layer is parallel to the ab plane. Thus, the a and
b lengths are essentially controlled by intralayer (bonded)
interactions. Indeed, fluctuations of the a and b axes lengths
were quite small (≈ 0.05 Å) in previous MD simulations of
pyrophyllite.22 However, the c axis (and d spacing) length is
dependent on layer-layer (nonbonded) interactions and is a
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Figure 2. O-M-O [M ) Al, Mg] angle distributions in talc (left) and pyrophyllite (right). The AIMD results are offset above the CLAYFF
results. The oba atom label refers to the apical tetrahedral oxygen position but has the equivalent force field parameters as the ob CLAYFF atom
type.

TABLE 2: Nonbonded Force Field Parameters for Pairwise Energy Terms between Atoms i and j Separated by a Distance r
mineral
pyrophyllite
talc
both

species

q, e

D0, kcal mol-1

R0, Å

1.5750
-0.9500
1.3600
-1.2996
-1.0808
2.1000
-1.0500
0.4250

1.3298 ×
0.1554
9.0298 × 10-7
0.1554
0.1554
1.8405 × 10-6
0.1554

4.7943
3.5532
5.9090
3.5532
3.5532
3.7064
3.5532

atom type

octahedral aluminum
hydroxyl oxygen
octahedral magnesium
apical oxygen
hydroxyl oxygen
Tetrahedral silicon
bridging oxygen
hydroxyl hydrogen

ao
oh
mgo
obss
ohs
st
ob
ho

10-6

TABLE 3: CLAYFF and AIMD Bond Lengths (Å) Compared with Experiment28,29
talc bond lengths
CLAYFF
AIMD
expt

mgo-obss

mgo-oh

ob-st

obss-st

oh-ho

2.09 ( 0.05
2.07 ( 0.07
2.06

2.12 ( 0.06
2.04 ( 0.06
2.03

1.59 ( 0.03
1.62 ( 0.03
1.62

1.55 ( 0.03
1.62 ( 0.03
1.62

1.03 ( 0.02
0.96 ( 0.01

ao-oba

ao-oh

ob-st

oba-st

oh-ho

1.98 ( 0.08
1.92 ( 0.06
1.90

1.98 ( 0.08
1.89 ( 0.05
1.92

1.56 ( 0.03
1.62 ( 0.03
1.61

1.63 ( 0.04
1.63 ( 0.03
1.63

1.03 ( 0.03
0.97 ( 0.01

pyrophyllite bond lengths
CLAYFF
AIMD
expt

more critical validation of the force field parameters. The
average lattice parameter (c) was calculated over the final 1.0
ns of simulation time. Although the calculated basal d spacings
of 9.13 ( 0.01 Å (talc) and 9.31 Å ( 0.01 Å (pyrophyllite) are
within 0.2 Å of experiment (Table 1), the experimental trend
of dtalc > dpyrophyllite was not observed in the simulations.
Equilibrium snapshots with the same c axis value were used
for final NVE production runs. For structural information, the
production run was 1.0 ns long with atomic positions stored
every 1.0 ps.
Vibrational Analysis. Atomic velocity autocorrelation functions and their Fourier transformed power spectra were calculated using the TINKER software38 with small modifications.
For power spectra calculations, the atomic velocities were
collected every 2 fs over a simulation time of 25 ps for the ab
initio molecular dynamics simulations and 40 ps for the classical
simulations. Sampling every 2 fs ensured that the vibrational
modes up to 8000 cm-1 were captured. A windowing gap of
3000 frames (6.0 ps) was used to give a resolution of
approximately 2.8 cm-1. In some cases, the Fourier transform
resulted in lobes around the peaks, which interfere with peak
assignments. In these situations, the Welch and Parzen filtering
methods were applied to resolve the vibrational peaks.39 As an

additional tool to assist with peak assignments, normal-mode
analysis was conducted with the DMOL3 and Discover software
within Materials Studio 4.1.40
Results
To assess the ability of the CLAYFF forcefield and the VASP
pseudopotentials to predict the clay structural properties, the
bond and angle lengths are compared with experiment in Tables
3 and 4. Each atom is classified by the atom type definitions
reported in Table 2, giving a total of 5 bond types and 10 angle
types for each clay. Note that within the CLAYFF description
of pyrophyllite, there is no distinction between apical (oba) and
bridging (ob) siloxane oxygen parameters. However, for the
bond and angle analysis, this distinction is made. All experimental bond and angle lengths were determined from the
crystallographic structures.28,29 The hydroxyl orientations have
not been determined from diffraction experiments. Thus the
bond lengths and angles involving the hydroxyl groups are not
reported in the tables.
The average computed bond lengths for talc and pyrophyllite
are all within 5% of experiment, as shown in Table 3. Even
more encouraging, the CLAYFF forcefield and VASP pseudo-
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TABLE 4: CLAYFF and AIMD Angles (degree) Compared with Experiment28,29
talc angles
O-M-O

M-O-H

M-O-M

Si-O-M

O-Si-O

obss-mgo-obss oh-mgo-obss ohs-mgo-ohs mgo-oh-ho mgo-obss-mgo mgo-oh-mgo st-ob-st st-obss-mgo obss-st-ob ob-st-ob
CLAYFF
AIMD
expt

87 ( 2
93 ( 3
175 ( 2
85 ( 3
94 ( 3
176 ( 2
83.5
96.4
178.2

86 ( 2
92 ( 3
176 ( 2
85 ( 3
95 ( 3
176 ( 2
83.3
95.4
178.3

86 ( 3
176 ( 2

123 ( 9

93 ( 3

93 ( 3 147 ( 3

123 ( 3

106 ( 2 112 ( 3

84 ( 3
176 ( 3

121 ( 8

94 ( 3

95 ( 3 137 ( 4

122 ( 3

109 ( 3 109 ( 4

82.9
180.0

96.3

97.5

141.3

120.7

108.9

110.0

pyrophyllite angles
O-M-O
CLAYFF

AIMD

expt

M-O-H

M-O-M

Si-O-M

O-Si-O

oba-ao-oba

oh-ao-oba

oh-ao-oh

ao-oh-ho

ao-oba-ao

ao-oh-ao

st-ob-st

st-oba-ao

oba-st-ob

ob-st-ob

82 ( 3
90 ( 3
100 ( 4
169 ( 4
77 ( 2
92 ( 3
99 ( 4
164 ( 8
77.9
92.5
99.3
165.2

92 ( 5
169 ( 4

81 ( 3

119 ( 12

97 ( 3

98 ( 3

144 ( 4
157 ( 4

127 ( 4

105 ( 3

113 ( 3

94 ( 4
165 ( 4

77 ( 2

122 ( 7

102 ( 3

103 ( 3

130 ( 4
144 ( 5

126 ( 4

109 ( 3

109 ( 4

95.4
166.1

76.5

102.2

103.5

131.6
144.7

125.7

109.3

109.9

potentials accurately predict the angle distributions of the clay
structures. In Table 4, the angles are classified into five general
groups, which are O-M-O, M-O-M, Si-O-M, Si-O-Si,
and O-Si-O, where M ) Al, Mg. Each of these groups is
further subdivided on the basis of atom types in the triad. For
some angle types (e.g., obss-mgo-obss), several peaks were seen
in the distributions. The standard deviation is reported in Table
4 to give an indication of the distribution broadness for each
peak.
The talc and pyrophyllite O-M-O angle distributions are
shown in Figure 2. Examination of the calculated talc obssmgo-obss and pyrophyllite oba-ao-oba distributions show
remarkable agreement with experiment, where the O-M-O
angles near 90° are split into two or three components. Further
inspection of the pyrophyllite angle distribution shows a shoulder
located near 100°, which is not present in talc. Deconvolution
of the shoulder with the PeakFit software41 gives an additional
Gaussian-shaped peak near 100°, in excellent agreement with
the experimentally observed angle at 99°. This peak broadening
and splitting is due to the dioctahedral sheet stretching normal
to the ab plane. Furthermore, the pyrophyllite oh-ao-oba angle
distribution exhibits a peak near 94° but is split between 85°
and 94° in the talc oh-mgo-obss angle distribution. This behavior
is indicative of the constrained nature of the trioctahedral system,
where no vacancy is present to allow for additional flexibility.
For the O-Si-O, M-O-M, and Si-O-M angles, each of
these distributions exhibits a Gaussian-shaped curve centered
around the mean (Supporting Information). The major source
of discrepancy between the classical CLAYFF model and
experiment is noted with the Si-O-Si angles. CLAYFF
consistently overpredicts the Si-O-Si angle in both clay
materials. The AIMD results are in excellent agreement due to
dynamic relaxation of the electronic structure. Given the
covalent nature of the Si-O bonds, it is not surprising that a
rigid ion model does not capture the observed behavior. Previous
classical simulation studies have included 3-body terms for the
Si-O-Si angles to capture the SiO4 tetrahedron structure.12,19-21

Future modifications to CLAYFF may include 3-body interactions or polarizable models to account for these covalency
effects.
The orientation of the hydroxyl group relative to the ab plane
is compared in Figure 3. The computed hydroxyl orientation
angle of talc is centered around 80°, exhibiting a rather narrow
distribution. Equivalent results are obtained through AIMD and
CLAYFF, where the distribution ranges from 60° to 90°. Given
that no vacancies are present in the trioctahedral sheet, the
hydroxyl group is forced to point nearly parallel to the c axis
to minimize the electrostatic repulsion between H and Mg atoms.
The pyrophyllite hydroxyl group behavior is significantly
different than talc. The pyrophyllite vacancies have a large
influence on hydroxyl orientation, where the distributions are
broader and the mean orientation angles are considerably lower.
In addition to the structural distinctions between talc and
pyrophyllite, there are subtle differences between the ab initio
and classical MD simulation results. The average orientation
angle relative to the ab plane predicted from AIMD simulations
is 28 ( 16°, while the mean CLAYFF angle is shifted downward
to 15 ( 21°. Furthermore, the CLAYFF distribution exhibits a
Gaussian-shaped profile at lower angles but deviates from this
behavior with a long tail extending from 30° to 80°. This
indicates that there are essentially two prominent hydroxyl
orientations, separated by an energetic barrier. The peaks were
deconvoluted and shown in Figure 3, giving averages of 5 (
11° and 32 ( 21°, respectively.
Unfortunately, a direct comparison with experiment cannot
be made since the pyrophyllite hydroxyl orientation angles have
not been measured. However, there have been hydroxyl orientation angle measurements for the dioctahedral mica, muscovite.
Muscovite is a derivative of pyrophyllite, where interlayer
cations are present to neutralize the charged layers. Given the
structural similarities, the experimentally measured muscovite
orientation angle of 16° supports the CLAYFF results for
pyrophyllite.42 In contrast to these results, the AIMD orientation
angle results for pyrophyllite are consistent with previous DFT
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Figure 3. O-H orientation angles relative to the ab plane derived
from AIMD and CLAYFF are slightly different. The molecular model
(inset) illustrates this angle. The solid blue and red are the raw data of
talc and pyrophyllite, respectively, while the dotted green lines are the
deconvoluted peaks for CLAYFF pyrophyllite.

Figure 4. Hydrogen atomic density profiles for pyrophyllite and talc.
The ao and mgo atom types are shown for reference. The AIMD results
are offset above the CLAYFF results. Note that 1.0 fractional unit ≈
18 Å.

studies (Bridgeman et al.5 ) 22.2°; Refson et al.8 ) 24.726.3°; Sainz-Diaz et al.9 ) 33°; Stackhouse et al.11 ) 26 ( 3°)
and electrostatic energy calculations (Giese43 ) 26-31.5°). To
resolve these issues, additional simulations of muscovite were
conducted. The AIMD orientation angle of 15 ( 17° is in
excellent agreement with previous experiments, while CLAYFF
predicted a slightly negative orientation angle of -3 ( 14°.
However, as noted above, deconvolution of the angle
distribution for the CLAYFF simulation suggests two local
orientations for the hydroxyl in pyrophyllite. The broad smaller
peak at 32° most likely is an artifact associated with the atomcentered nature of CLAYFF, whereas the DFT model utilizes
the distribution of electrons (and electrostatic potential) about
the siloxane cavity and affects the hydroxyl position.
Figure 4 shows the hydrogen atomic density profiles along
the z axis for two layers of talc and pyrophyllite, respectively.
The octahedral metals are also shown for reference. The
agreement between AIMD and CLAYFF for the talc atomic
density is outstanding, where the hydrogen is located nearly
0.1 fractional unit (1.8 Å) away from the octahedral sheet center.
Examination of the hydrogen locations in pyrophyllite shows a
distinctive shift toward the octahedral sheet, indicative of smaller
orientation angles. Furthermore, the shift is much broader and
more pronounced for CLAYFF than AIMD. The CLAYFF
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results also have a significant tail extending away from the
octahedral sheet, consistent with the orientation angle distribution results in Figure 3.
Power Spectra. For vibrational frequencies, we chose to use
power spectra analysis, which includes thermal effects at the
simulated temperature. An additional advantage of power spectra
is that contributions from individual atom types can be probed.
However, spectral peaks cannot be assigned to normal modes
and must be inferred by examining the atom types involved.
Power spectra of individual atom types are shown in Figure 5.
In addition to the issues related to the assignment of peaks, large
system sizes and long simulation time scales are required for
smooth power spectra.44 For the AIMD results, there is a
significant amount of noise in the power spectra, making peak
assignments especially difficult. In these cases, we have applied
the Savitzky-Golay smoothing techniques available within the
PeakFit software.41 As a result, the AIMD peak assignments
are conservative at best, where only the prominent peaks are
included in the analysis. This clearly illustrates the need to
develop better force fields for classical simulations in order to
obtain reliable statistics.
To further assist in peak assignments, normal-mode analysis
calculations were conducted using DFT and CLAYFF (Materials
Studio Discover and DMOL3 modules40). In a normal-mode
analysis, the symmetry and atomic contribution to each mode
can be obtained, but the calculation is based on a geometry
optimized structure corresponding to a temperature of 0 K.
Animations of selected normal modes are given as Supporting
Information. It is important to note that animations of the normal
modes indicate that most of the vibrational modes are actually
a combination of bond stretches with lattice vibrations (bends,
twists, etc.).
Vibrational frequencies as calculated from the Fouriertransformed VACF are given in Table 5. We focus our analysis
on two regions of importance to experimental spectra: the O-H
stretching mode (3650-3750 cm-1) and the Si-O stretching
modes (900-1200 cm-1). Vibrational frequencies of pyrophyllite and talc are reviewed by Farmer.45 The frequencies are also
compared with recent FT Raman spectra of montmorillonite,
particularly for the SiO4 tetrahedral modes around 700 cm-1.
Previous computational frequencies listed in Table 5 come from
a DFT normal-mode analysis of pyrophyllite9 and an MD
simulation of talc using a completely bonded force field.46
For both clays, the O-H bond stretch frequencies obtained
from the AIMD power spectra are within 20 cm-1 of the
experimental values. For CLAYFF, the O-H frequencies are
approximately 75 cm-1 higher than experiment. The CLAYFF
O-H stretch frequency depends primarily on the O-H bond
stretch term in the force field.22 Adjustments to the harmonic
spring constant and equilibrium bond length may be necessary
to match the vibrational spectra. The other prominent modes
featured in spectroscopic studies of clays are three Si-O
stretching modes, which typically occur between 900 and 1200
cm-1 and are shown in Figure 6. These modes occur at higher
frequencies in pyrophyllite than in talc, in agreement with
experiment through AIMD and CLAYFF.45
For pyrophyllite, we used the atomic power spectra and
normal-mode analyses to identify Si-O stretch modes, O-H
librational modes, and tetrahedral SiO4 bend modes seen in
Raman spectra. In general, the simulated Si-O stretching
frequencies between 1000 cm-1 and 1210 cm-1 agree with
experiment. Recent polarized attenuated total reflectance FTIR
spectra of two charged smectites indicate four Si-O frequencies
in this region, but the peak at 1086 cm-1 is influenced by the
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Figure 5. AIMD and CLAYFF power spectra of pyrophyllite and talc. The individual atomic contributions are offset from one another.

TABLE 5: Vibrational Frequencies (cm-1) from Power Spectra Calculations
clay

mode

pyrophyllite

O-H stretch
Si-O stretch
O-H libration
Raman SiO4 bend (a1)
O-H libration +
lattice breathing
O-H stretch
Si-O stretch
Si-O bend/O-H libration
Mg vibration

talc

CLAYFF (this work)

AIMD (this work)

computational
literaturea,b

experimentalc

3750
1210, 1120, 1035
790
810, 730, 625
165

3658
1160, 1115, 1050, 1000
935
885, 835, 730
185

3655
1073-973
951, 948, 921

3675
1121, 1070, 1050
915-950
708d
≈200

3750
1075, 935
785, 695, 610, 525
445

3669
1120, 1035, 930
815, 715, 675, 650, 510
245, 205

3854-3880
1075, 921, 737
435, 310, 278
227

3677
1039, 1014, 890
687, 669, 535, 465, 450
197, 177

a
Pyrophyllite results (DFT): Sainz-Diaz et al.9
of Na-montmorillonite: Frost and Rintoul.48

b

Talc results (MD): Arab et al.46

presence of an electrical double layer at the siloxane surface.47
The influence of interlayer water and ions on Si-O stretching
modes will be the subject of future work. The strong O-H
libration mode is observed at 935 cm-1 in the AIMD spectrum
and is a signature mode of the octahedral vacancies in
pyrophyllite. However, the CLAYFF force field underpredicts
this frequency at 790 cm-1. This is an indication that modifications to the hydroxyl group interactions within CLAYFF are
necessary for an adequate description of the vibrational modes
and sorptive nature of the clay minerals. Additional Si-O modes
are seen between 625 cm-1 and 885 cm-1, which are attributed
to SiO4 tetrahedra. These modes are prominent in the Raman
spectrum of montmorillonite.48 We notice that these Si-O

c

Experimental IR results: V. C. Farmer.45

d

Raman results

modes are accompanied by lattice modes involving AlO6
octahedra and O-H librations. The prominent peak in the nearIR region (165 cm-1 and 185 cm-1 for CLAYFF and AIMD,
respectively) is a combination of O-H libration and lattice
breathing.
For talc, the contribution of siloxane O atoms (ob atom type)
and apical O atoms (obss atom type) differs among the Si-O
stretch modes. The CLAYFF peak at 1075 cm-1 mainly involves
Si and the obss atom type. This peak has a broad shoulder,
indicating a minor peak near 1115 cm-1 with equal intensity
for ob and obss atom types. The AIMD atomic spectra indicate
that the modes at 1120 cm-1 and 930 cm-1 involve mainly Si
with the ob and obss atom types, respectively. The mode at
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Figure 6. CLAYFF (blue) and AIMD (red) power spectra for talc and pyrophyllite. The smoothed data are given with the dotted lines.

1035 cm-1 is due to the ob atom type, with a shoulder at 1050
cm-1 due to the obss atom type. The high-frequency O-H
libration mode (935 cm-1) is absent because there are no
octahedral vacancies in talc. The talc Si-O bend and O-H
libration modes between 510 cm-1 and 815 cm-1 are listed
together in Table 5 because of the extensive coupling of these
modes (Figure 5). For CLAYFF, atomic spectra indicate that
Si, O, and H atoms participate in each mode in this region. For
AIMD, the modes at 510 cm-1 and 675 cm-1 involve primarily
O-H librations.
Conclusions
In general, the hydroxyl group structure is difficult to
characterize through experiment but essential to a fundamental
understanding of clay interfacial and adsorption behavior.
Atomistic simulations provide an alternative perspective with
which to understand the experiments and to provide a molecularscale picture of the hydroxyl interactions. CLAYFF yields a
reasonably accurate description of the bulk structural properties
of clay minerals. However, from the structural and vibrational
analysis presented here, we identify four areas in which
CLAYFF results differ from AIMD and experiment: (1) O-H
bond length, (2) Si-O-Si angle distribution, (3) O-H orientation angle with respect to the ab plane, and (4) Al2OH vibration.
For each clay, the CLAYFF O-H bond length is consistently
found to be 0.06 Å longer than the average AIMD O-H bond
length. Although the AIMD bond length is consistent with
previous DFT calculations,4,6,8,9,11 no reliable experimental data
on the O-H bond length exists. In understanding the interplay
between the molecular structure and vibrational spectroscopy,
additional modifications to CLAYFF will be necessary to
adequately model the structural, vibrational, and adsorption
properties of clay minerals.
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