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INTRODUCTION

The structural arrangement and dynamical behavior of H2O
molecules, ions, and other molecular species in the confined
spaces of nano-scale pores and mineral interlayers are key to
understanding transport and reactivity in many geochemical,
technological, and biological systems. In recent years there have
been significant experimental and computational efforts to un-
derstand the structure and dynamics of aqueous species in het-
erogeneous systems (e.g., Nandi et al. 2000; Dore 2000),
including clays and other layered minerals (Kagunya 1996;
Kagunya et al. 1997; Smirnov and Bougeard 1999; Greathouse
et al. 2000; Swenson et al. 2000). Most of these experimental
and computational studies focused on the effects of confine-
ment on the structure and dynamics of H2O molecules relative
to the properties of bulk liquid water. Here we present a com-
bined experimental far-infrared spectroscopic (FIR) and com-
putational molecular modeling study of the Cl–-containing
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ABSTRACT

Comparison of the observed far-infrared (FIR) spectrum of Cl–-containing hydrotalcite,
[Mg3Al(OH)8]Cl·3H2O, to a power spectrum calculated using molecular dynamics (MD) computer
simulation, provides a greatly increased understanding of the structure and vibrational dynamics in
the interlayers of layered double hydroxides. Good agreement between the observed FIR band posi-
tions and the simulated power spectrum illustrates the capability of this combination of experimental
and computational techniques to effectively probe the structure and dynamics of water in nano-pores
and other confined spaces. The simulation model assumes an ordered Mg3Al arrangement in the
octahedral sheet and no constraints on the movement of any atoms or on the geometry and symmetry
of the simulation supercell. Calculated anisotropic components of the individual atomic power spec-
tra in combination with computed animations of the vibrational modes from normal mode analysis
allow for reliable interpretations of the observed spectral bands. For the vibrations related to octahe-
dral cation motions, bands near 145, 180, and 250 cm–1 are due dominantly to Mg vibration in the c
direction (perpendicular to the hydroxide layers), Al vibration in the c direction, and Mg and Al
vibrations in the a-b plane (parallel to the hydroxide layers), respectively. The low frequency vibra-
tional motions of the interlayer are controlled by a network of hydrogen bonds formed between
interlayer water molecules, Cl– ions, and the OH groups of the main hydroxide layers. The bands
near 40–70 cm–1 are related to the translational motions of interlayer Cl– and H2O in the a-b plane,
and the bands near 120 cm–1 and 210 cm–1 are largely due to translational motions of the interlayer
species in the c direction. The three librational modes of interlayer water molecules near 390, 450,
and 540 cm–1 correspond to twisting, rocking, and wagging hindered rotations, respectively. The
spectral components of the interlayer Cl– motions are remarkably similar to those of bulk aqueous
chloride solutions, reflecting the structural and dynamic similarity of the nearest-neighbor Cl– envi-
ronments in the interlayer and in solution.

layered double hydroxide (LDH) compound hydrotalcite,
[Mg3Al(OH)8]Cl·3H2O. These results complement the results
of our previous NMR and molecular dynamics (MD) model-
ing studies of LDH phases (Kirkpatrick et al. 1999; Hou et al.
2000, 2002; Kalinichev et al. 2000; Hou and Kirkpatrick 2000,
2002; Wang et al. 2001; Kalinichev and Kirkpatrick 2002),
demonstrate the capabilities of this combined approach to
greatly improve our understanding and interpretation of the
relatively low frequency vibrational dynamics of ions and wa-
ter molecules in confined fluids, and provide significant new
insights into the structure and dynamics of LDH phases.

LDHs are unusual among oxide and hydroxide materials in
having large permanent positive layer charges and, conse-
quently, large anion exchange capacities. Interest in these
phases, which are also known as hydrotalcite-like compounds
(HTs), mixed-metal layered hydroxides (MMLHs), and anionic
clays, has increased rapidly in recent years. This interest is due
to their role in a wide range of natural and hazardous waste
environments, in Portland cements, their use as catalysts, cata-
lyst supports, carriers for drugs, electrode modifiers, and in



WANG ET AL.: INTERLAYER STRUCTURE AND DYNAMICS MODELING 399

other technological applications (e.g., Cavani et al. 1991;
Newman and Jones 1998; Basile et al. 2001). LDHs can be
synthesized with a wide range of main (hydroxide) layer cat-
ions and interlayer organic and inorganic anions (Miyata 1975,
1983; Newman and Jones 1998; Costantino et al. 1998). These
materials thus offer an excellent opportunity to investigate fun-
damental structural and dynamical properties of interlayer and
surface species and are important models for understanding
aqueous solutions confined in nano-pores (Kagunya 1996;
Kagunya et al. 1997; Kirkpatrick et al. 1999; Kalinichev et al.
2000; Hou and Kirkpatrick 2000, 2002; Hou et al. 2000, 2002;
Wang et al. 2001; Kalinichev and Kirkpatrick 2002). The posi-
tive layer charge of LDHs contrasts with the negative layer
charges typical of aluminosilicate clays.

The structures of most LDHs consist of single-layer metal
hydroxide sheets alternating with interlayers that contain an-
ions and water molecules (e.g., Taylor 1973; Bellotto et al. 1996;
Newman and Jones 1998). The hydroxide sheets develop posi-
tive charge through cation substitution, which is compensated
for by the interlayer and surface anions. In many LDHs, in-
cluding the phase studied here, the hydroxide layer can be
thought of as a trioctahedral, brucite-type sheet of composition
[M2+(OH)2] in which some of the 2+ cations are replaced by
higher charge cations. A typical structural formula is
(M1

2
–
+

xMx
3+)(OH)2·Ax/n

–n·mH2O, where x is the fraction of 3+ cat-
ions in the structure, n is the anionic charge, and m is the num-
ber of water molecules per formula unit.

Vibrational spectroscopy has played an important role in
understanding the structures of LDHs (Hernandez-Moreno et
al. 1985; Kagunya et al. 1998; Frost et al. 2000; Kloprogge et
al. 2001). However, the focus has been principally on the higher-
frequency bands in the mid-infrared range (4000–400 cm–1)
associated with vibrations of the octahedral sheets and the
interlayer species.

Kagunya et al. (1998) studied several Mg/Al hydrotalcite
compounds, although not the Cl– phase. Their IR, Raman, and
inelastic neutron scattering (INS) data and their vibrational
mode analysis provide an important basis for the interpreta-
tions given here. Kagunya et al. (1998) assumed that the octa-
hedral sites of the hydroxide layer have D3d symmetry, that there
is complete cation disorder over the octahedral sites, and that
there is only a single cation position. Thus, their vibrational
band assignments were based on those for simple hydroxides
such as Mg(OH)2. However, Al3+ and Mg2+ have quite different
charge to radius ratios (z/r), and there is substantial evidence
for strong short-range Mg/Al ordering at the octahedral sites in
Mg/Al LDHs (Vucelic et al. 1997; Cai et al. 1994; Yao et al.
1998). Additionally, the network of hydrogen bonds among the
interlayer water molecules and anions and main layer OH-
groups is known to be structurally and dynamically disordered
(Kirkpatrick et al. 1999; Wang et al. 2001). The simplifying
assumptions of Kagunya et al. (1998) limited their ability to
effectively assign and analyze the vibrational bands in the FIR
region below 400 cm–1.

The FIR spectra of LDHs reflect the low-frequency lattice
vibrations associated with torsional motions of the hydroxide
octahedra (e.g., Ruan et al. 2002), as well as intermolecular
vibrations resulting from the complex combination of relatively

weak hydrogen-bonding interactions within the anion-water
interlayers and between these interlayers and main hydroxide
layers. These low-frequency vibrational modes are especially
important for characterization of LDH phases, because they
are most sensitive to the changes of the interlayer structure and
dynamics. The intermolecular modes involve the relative mo-
tions of interlayer species as a whole and may be of either trans-
lational or librational (rotational) origin. The translational
vibrations depend upon the total molecular mass, whereas the
rotational vibrations are functions of molecular moments of
inertia and are expected to have higher intensity in the spectra
(Finch et al. 1970).

The MD simulations reported here use the newly developed
CLAYFF force field (Cygan et al., manuscript in preparation),
which has already proven highly efficient in modeling the struc-
tures of many oxide, hydroxide, and clay phases, the interac-
tion of aqueous solutions and their dissolved species with
mineral surfaces, and the behavior of interlayer ions and water
(Cygan 2001; Kalinichev et al. 2000; Wang et al. 2001; Hou et
al. 2002; Kalinichev and Kirkpatrick 2002). Although the force
field was not specifically optimized to simulate either LDHs
or vibrational frequencies, the computed power spectra of the
low frequency atomic motions described here are in good agree-
ment with the observed FIR spectrum, and the results allow for
reliable interpretation of the observed vibrational bands.

METHODS

Structural model

The model structure was based on the crystal structure of
Mg/Al hydrotalcite determined by Bellotto et al. (1996) from
powder X-ray diffraction data using Rietveld methods. This
structure is broadly similar to that of hydrocalumite, for which
the structure has been refined from single-crystal X-ray dif-
fraction data (Terzis et al. 1987). However, the structure of
hydrotalcite is not as well constrained because it is based on
powder X-ray data. The Mg/Al hydrotalcite structure has pre-
viously been refined in a rhombohedral unit cell with the space
group R3–m (Bellotto et al. 1996, Vucelic et al. 1997). Thus,
rhombohedral R3–m symmetry was used for the initial hydrox-
ide layer configuration, but the simulation supercell was con-
verted to P1 symmetry before starting the simulations, and no
further constraints were imposed on the cell parameters or sym-
metry. In our model, the Mg/Al ratio was set to 3. Long-range
cation ordering in LDHs has been difficult to observe by pow-
der X-ray diffraction, except for the Ca/Al, Li/Al, and Mg/Ga
phases (Bellotto et al. 1996; Terzis et al. 1987). However, evi-
dence for significant short-range cation ordering in other LDHs
comes from X-ray absorption spectroscopy and nanoscale im-
aging of molecular sorption onto crystal surfaces (Vucelic et
al. 1997; Cai et al. 1994; Yao et al. 1998). XAS shows the ab-
sence of Fe-Fe neighbors in Mg/Fe hydrotalcite, suggesting
domains of cation ordering with dimensions on the order of a
few nanometers (Vucelic et al. 1997). Similar short-range or-
dering is expected in Mg/Al hydrotalcite. In support of this
conclusion, AFM and STM images show ordered two-dimen-
sional lattices of organic and inorganic anions adsorbed on the
(001) surfaces of Mg/Al hydrotalcite crystals (Cai et al. 1994;
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Yao et al. 1998). Thus, in our models, complete Mg/Al order-
ing was assumed, and each Al(OH)6 octahedron had six near-
est-neighbor Mg(OH)6 polyhedra.

The periodic supercell for MD simulations consisted of 36
crystallographic unit cells, 6 ¥ 6 ¥ 1 in the a-, b-, and c-direc-
tions respectively. Thus, the model contained three octahedral
sheets, each with 27 Mg and 9 Al, and three interlayers, with 9
Cl– and 27 H2O each. Chloride ions and water molecules were
initially randomly distributed in the interlayer space to give a
total composition of [Mg3Al(OH)8]Cl·3H2O.

MD simulations

Computational molecular modeling is based on the use of
interatomic potentials (e.g., a force field) that effectively and
accurately account for the interactions of all atoms in the mod-
eled system (e.g., Cygan et al. 2001). The dynamics of solid
substances can be explicitly modeled by introducing a set of
bonded interaction terms based on experimental X-ray diffrac-
tion structural data and quantum chemical calculations (e.g.,
Hill and Sauer 1994, 1995; Teppen et al. 1997; Bougeard et al.
2000). In this approach, all bonds in the structure must be ini-
tially identified and evaluated for each possible interatomic
coordination. However, application of such an approach to sys-
tems with complex and ill-defined bond structures (such as clays
and LDHs) is often problematic, because it can lead to signifi-
cant over-parameterization of the force field, due to lack of the
experimental data to constrain all the parameters necessary to
explicitly describe bonded interactions.

The CLAYFF force field used in our simulations is based
on an alternative approach to the description of the metal-O
atom interactions in hydrated phases that incorporates these
interactions as ionic (i.e., non-bonded), thus allowing the simu-
lations of even complex disordered systems. The specific meth-
ods and algorithms used for the development and validation of
the force field are discussed in detail elsewhere (Cygan et al.,
manuscript in preparation). Here we mention only that the pa-
rameters of the CLAYFF force field are specifically optimized
based on the observed structures of simple well-characterized
oxides, hydroxides, and oxyhydroxides, with partial atomic
charges derived from periodic DFT quantum calculations of
these model compounds. The charges on O atoms and H atoms
are allowed to vary with nearest-neighbor cation substitution
and their occurrence in water molecules, hydroxyl groups, and
bridging sites. The potential energy of the model system is cal-
culated as the sum of all atom-atom Coulomb and non-Cou-
lomb (van der Waals) contributions. The non-Coulomb
interactions were described by the conventional Lennard-Jones
(12–6) function, and the parameters of unlike interactions are
calculated according to the arithmetic mean rule for the dis-
tance parameter, R0, and the geometric mean rule for the ener-
getic parameter, D0. Specific energy expressions and the force
field parameters used in this work are listed in Table 1. For
water, the flexible version of the simple point charge (SPC)
interaction potential was used (Berendsen et al. 1981; Teleman
et al. 1987). For consistency with the SPC water model, the
van der Waals terms centered on O atoms were assumed equiva-
lent for both H2O molecules and OH groups of the hydroxide
layers, and no individual van der Waals parameters were assigned

to the hydrogen atoms. The force field parameters for aqueous Cl–

were taken from the literature (Smith and Dang 1994).
The MD simulations were performed using periodic bound-

ary conditions, Ewald summation to calculate long-range elec-
trostatic contributions to the potential energy, and a “spline
cutoff” method to calculate short-range van der Waals interac-
tions (Molecular Simulations 1999). Two stages of energy mini-
mization were applied to the initial model. First, we fixed the
positions of atoms in the octahedral sheets and allowed only
the interlayer species to relax, since their initial positions and
orientations are most likely to be significantly different from
the optimum configurations. Energy minimization was then
applied to the entire system with no constraints. The energy of
the model system was allowed to converge to its minimum
within a 0.001 kcal/mole convergence criterion, and this opti-
mized structure was then used as the starting configuration for
NPT-ensemble MD simulation at 300 K and 1 bar with a time
step of 1.0 fs. The system was allowed to relax and equilibrate
for 100 ps of MD simulation. To ensure thermodynamic equi-
librium, the convergence of total energy and its components,
as well temperature, density, and atomic radial distribution func-
tions were carefully monitored during this equilibration period.
The equilibrium dynamic trajectory was finally recorded dur-
ing the next 40 ps of MD simulation at 8 fs intervals for statis-
tical analysis of the structural and dynamic characteristics of
the system. This time resolution is sufficient to reliably calcu-
late the atomic velocity autocorrelation functions (VACFs) and
the corresponding power spectra in the FIR range.

Analysis of atomic vibrational dynamics from MD
simulations

The computed power spectra were obtained as Fourier trans-
formations of the corresponding VACFs, which were calcu-
lated from the MD-simulated dynamic trajectories of atoms in
the model system (e.g., McQuarrie 1976; Kleinhesselink and
Wolfsberg 1992). The VACFs were calculated for each atomic
type as:

VACF ∫ ( ) ◊ ( ) = ( ) ◊ +( )ÂÂ
==

v v v v0
1
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where Nt is the number of time averages, N is the number of
atoms, and vj(t) the velocity of atom j at time t. The total VACF

TABLE 1. Potential energy expressions and force field parameters
used for the MD simulations of [Mg3Al(OH)8]Cl·3H2O in
this study

D0,i (kcal/mol) R0,I (Å) qi (e)
Hydroxide layer
Mg 9.03E-07 5.91 1.36
Al 1.33E-06 4.79 1.5752
O (hydroxide) 0.1554 3.55 –1.0069
H (hydroxide) – – 0.425
Interlayer
Cl 0.1 4.94 –1.0
O (water) 0.1554 3.55 –0.82
H (water) – – 0.41
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was calculated over all atoms in the system, and atomic VACFs
were averaged over all atoms of a given type.

Three anisotropic contributions to the VACFs, XX, YY, and
ZZ, were also calculated for each atom type in the same man-
ner but using only the relevant a-, b-, and c-projections of the
velocity vectors. Due to the geometry of the simulated system,
the a- and b-components of the atomic velocities are parallel
to the metal hydroxide layers, and the c-components are per-
pendicular to the layers. Thus, the XX and YY VACFs reflect
the correlations of atomic motions within the plane parallel to
the hydroxide layers and the ZZ VACFs reflect those perpen-
dicular to the layers. Power spectra were then calculated for
the entire simulation model and separately for each atom type.
Decomposition of the calculated power spectra into their aniso-
tropic components due to the atomic motions along different
crystallographic directions greatly enhances vibrational band
assignment and spectral interpretation. In the model system,
most VACFs decay to zero within several picoseconds, provid-
ing spectral resolution of about 5–8 cm–1 in the FIR frequency
range. The power spectra for light atoms such as hydrogen have
lower absolute resolution than the other atoms.

Normal mode analysis

Calculation of the normal modes of vibration for the simu-
lated system is a useful aid in visualizing and qualitatively ana-
lyzing the complex modes of atomic motions in phases such as
LDHs. For a system with P1 symmetry, a normal mode analy-
sis yields (3N-6) vibrational modes. To speed up calculation of
the normal modes without losing significant information, we
used a smaller model with 90 atoms and 2 ¥ 2 ¥ 1 crystallo-
graphic unit cells in the a-, b-, and c-directions respectively,
rather than the 810-atom model used for the MD simulations.
The standard calculation (e.g., McMillan and Hess 1988;
Kubicki 2001) approximates the potential energy surface as a
Taylor series truncated after the second term, and thus only
harmonic frequencies can be determined. In addition to this
limitation, the series of individual energy-minimized configu-
rations used in the calculation of normal vibrational modes does
not completely represent the phase space of a dynamic system
at a finite temperature. Thus, such calculations typically yield
frequencies and intensities that are somewhat different than
those obtained from the power spectrum calculations. Here we
used this method only as a visualization and interpretation aid.

Experimental infrared spectra

Far-infrared spectra of a sample compositionally similar to
the one used in the MD simulations were collected in transmis-
sion mode with Bruker IFS 66v/S and IFS 66/S spectrometers
using standard FT-IR techniques. Excellent spectra could be
obtained by pressing small amounts of powder onto one side
of a piece of Scotch tape. The two spectra reported here (Figs.
1 and 2) were collected with different beam splitters that allow
for greater sensitivity in different frequency ranges. Spectrum
EXP-1 was collected with the IFS 66v/S instrument under
vacuum conditions with a 23 mm Mylar beam splitter, which is
nearly opaque around 150 cm–1 but is relatively sensitive at
other frequencies between 25 and 600 cm–1. Spectrum EXP-2
was collected with the IFS 66/S instrument under N2 purge con-

FIGURE 1. (a) Measured far-infrared spectra (thick lines) of Mg/
Al Cl-bearing hydrotalcite and the calculated power spectrum from
MD simulations (thin line). (b) Low-frequency region of the same
spectra at expanded scale. The intensities of the calculated and
measured spectra are scaled for comparison. Exp-1 and Exp-2 are
observed spectra of the same sample obtained using two different
spectrometers.

ditions with a 6 mm Mylar beam splitter, for which sensitivity
is optimal at 150 cm–1 and higher frequencies. The band posi-
tions in the two spectra are in excellent agreement.

The sample of Cl-bearing hydrotalcite (HT) used in these
measurements was synthesized by mixing 0.75 mol/L MgCl2

and 0.25 mol/L AlCl3 solutions at 70 ∞C, via the co-precipita-
tion method of Miyata (1975) (Hou et al. 2000). The suspen-
sion was aged at 70 ∞C for about 8 h. The solid sample was
separated from the solution and recrystallized at 200 ∞C for 10
days in a Parr vessel under autoclave conditions. The recrys-
tallized solid was then centrifugally separated from the solu-
tion, washed and vacuum filtered to remove salts, and dried at
70 ∞C for 24 h. Powder XRD using a Scintag diffractometer
and CuKa radiation showed that the sample was phase-pure.
The chemical composition was determined using wet chemi-
cal analysis (Kirkpatrick et al. 1999; Hou et al. 2000), and the
resulting structural formula was [Mg0.764Al0.236(OH)2]
(CO3)0.007Cl0.221·0.7H2O. The Mg/Al ratio of about 3.2 is in the nor-
mal range for hydrotalcites. The small amount of CO3 is probably
from exposure to the atmosphere during and after synthesis and is
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in the range normally observed. The amount of water is also in the
normal range and close to the standard formula.

RESULTS AND DISCUSSION

Comparison of observed and MD simulated spectra

The similarity between the band frequencies in the com-
puted power spectra and observed FIR spectra are expected to
be limited principally by the quality of the force field used in
the simulations. The results reported here are surprisingly good
given that the CLAYFF force field is not optimized for either
vibrational frequencies or the structures of LDH compounds,
contains only electrostatic and van der Waals terms, and apart
from the intramolecular harmonic stretching and bending terms
for H2O molecules and OH groups, contains no parameters

explicitly related to the interatomic bonding and vibrations.
Experimental IR band intensities are related to fluctuations of
the dipole moment due to atomic and molecular vibrations
(McMillan and Hess 1988; Kagunya et al. 1998; Bougeard et
al. 2000), whereas the intensity in the total computed power
spectrum includes contributions from all atomic motions re-
corded in the VACF. However, each moving atom in the simu-
lation model bears a charge, and all atomic motions result in
fluctuations of the system’s dipole moment. Thus, the two phe-
nomena are strongly related. The calculated and experimental
band intensities, however, cannot be directly compared. The
analysis here focuses largely on the band positions.

The observed FIR spectra contain several strong bands in
the range from 350 to 475 cm–1 (Fig. 1a, Table 2) and weaker
but well resolved bands in the lower frequency range from 25
to 350 cm–1 (Fig. 1b, Table 2). The computed power spectrum
contains three major bands in the range from 325 to 450 cm–1,
in good qualitative agreement with the observed spectrum (Fig.
1a, Table 2). The frequencies of these calculated bands are about
20–50 cm–1 lower than the observed frequencies. In the lower
frequency range (Fig. 1b), there is even better correspondence
between the frequencies in the measured and calculated spec-
tra. For most bands, the observed and computed frequencies
are nearly the same, but those at 145, 157, and 180 cm–1 in the
observed spectrum are shifted about 4–13 cm–1 to 132, 153,
and 171 cm–1 in the calculated spectrum.

The power spectra for individual atom types are key to
making band assignments and interpretations (Figs. 2a–c). The
power spectra for the hydrogen atoms of water molecules and
OH-groups of the hydroxyl layer show that the bands in the
350 to 475 cm–1 range are due to motions involving these spe-
cies (Fig. 2a). The modes related to the hydrogen atoms of the
main layer OH groups occur at 370 cm–1 in the computed spec-
trum, and those of hydrogen atoms in interlayer water mol-
ecules occur in three bands at about 360, 430, and 540 cm–1. At
lower frequencies between 40–240 cm–1 the bands due to
interlayer Cl– and the O atoms of interlayer water are very simi-
lar (Fig. 2b). Both species contribute to groups of bands from
40 to 120 cm–1 and near 210 cm–1. Likewise, the spectral con-
tributions due to the Mg, Al, and O of OH motions are also
strongly correlated (Fig. 2c). All have bands near 90, 170, and
330 cm–1. Al and Mg have a band near 250 cm–1, and Mg and O
have a band near 480 cm–1. Mg has a strong band near 130
cm–1, and the O atom of hydroxyl groups have a band near
290 cm–1.

The computed anisotropic XX, YY, and ZZ components of
the individual atom power spectra allow for even more spe-
cific band interpretations (Figs. 3, 4, 5 and Table 2). For LDHs,
the XX and YY components for a given atom type are nearly
identical, and therefore the YY components are not shown in
Figures 3–5. The ZZ component is substantially different, as
expected for a structure with layering perpendicular to the c-
direction. For the O atoms in interlayer water molecules (Fig.
3a), the bands from 40 to 85 cm–1 are due mainly to the XX/YY
components, and the band near 210 cm–1 is mainly to the ZZ
component. For interlayer Cl– atoms (Fig. 3b), the band near
120 cm–1 is due principally to the ZZ component and the bands
near 40 and 210 cm–1 to the XX/YY components. The Cl– band

FIGURE 2. Individual atomic contributions to the total calculated
power spectrum of Mg/Al Cl-bearing hydrotalcite. Measured FIR
spectra are shown for comparison. (a) Contributions due to the proton
dynamics of OH groups and water molecules. (b) Molecular
contributions of interlayer species (Cl– and H2O). (c) Contributions
due to the lattice dynamics of the Mg/Al octahedral hydroxide layers.
HOH, HH2O, OOH, and OH2O stand for hydrogen atoms of OH groups,
hydrogen atoms of water molecules, O atoms of OH groups, and O
atoms of water molecules.
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near 80 cm–1 has contributions from all of the three compo-
nents. For the hydrogen atoms of interlayer water molecules
(Fig. 4a), the two bands near 370 and 430 cm–1 are due princi-
pally to the XX/YY components, and the band near 540 cm–1 is
dominated by the ZZ component. For the hydrogen atoms of
OH molecules (Fig. 4b), the major band near 370 cm–1 and the
two shoulders at 360 and 430 cm–1 are due principally to the
ZZ component, whereas the broad band near 580 cm–1 is due
mainly to the XX/YY components. For Mg atoms of the octahe-
dral sheet (Fig. 5a), the bands near 90 and 130 cm–1 are due to
the motions contributing to the ZZ component, those near 250
and 480 cm–1 mainly to the XX/YY components, and those near
330 and 170 cm–1 to all three. Similarly, for octahedrally coor-
dinated Al (Fig. 5b), the band near 170 cm–1 is due mainly to
the ZZ component and those near 90, 250, and 330 cm–1 are
due mainly to the XX/YY components. For the O atoms of OH
groups (Fig. 5c), the bands near 480 and 370 cm–1 are associ-
ated with the motions contributing mainly to the ZZ compo-
nent, and the bands near 330, 290, and 170 cm–1 are due mainly
to the XX/YY components.

FIGURE 3. Anisotropic contributions to the power spectra of
interlayer species: (a) O of H2O; (b) Cl–. Solid lines are total atomic
power spectra; dashed lines are ZZ spectral components due to atomic
motions in the c direction (perpendicular to the layers); dash-dot lines
are XX and YY spectral components due to atomic motions in the a-b
plane (parallel to the layers).

TABLE 2. Measured and calculated spectral bands of Mg3Al(OH)8·Cl·3H2O hydrotalcite in the far-infrared range of frequencies

Experimental cm–1 Calculated cm–1 Notes
33 vw 38 m 40 cm–1 band, Cl and some H2O translations in the a-b plane (hydrogen bond bending)
42 w

60 w 58 w 60 cm–1 band, H2O translations in the a-b plane (hydrogen bond bending)

78 vw 76 w 80 cm–1 band, Cl translations in all directions and some H2O translations in a-b plane

87 vw 92 s 90 cm–1 band, Mg in c (A2u) overlapped with the Al and OH motions in the a-b plane (Eu)

109 w 114 w 120 cm–1 band, Cl c translations

145 w 132 m 130 cm–1 band, Mg translational vibrations along c (A2u)

157 w 153 w 150 cm–1 band, OH motions in the a-b plane (Eu + Eg)

180 w 171 s 170 cm–1 band, Al vibrations along c (A2u), overlapped with OH motions in the a-b plane (Eu + Eg)

213 vw 212 m 210 cm–1 band, H2O translations along c (hydrogen bond stretching) and Cl in a-b plane

248 v 247 m 250 cm–1 band, Mg and Al vibrations in the a-b plane (Eu)
254 vw 260 w

290 w 288 m 290 cm–1 band, O of OH motions in the in a-b plane (Eg+ Eu)

296 w 310 w 310 cm–1 band, H of OH in a-b and c motions

359 m 334 m 330 cm–1 band, H of H2O in a-b, H of OH in c motions; overlaps with translational vibrations of Mg (A2u + Eg), Al (Eu), and O in
the distorted hydroxide octahedra

388 s 361 w 360 cm–1 band, H2O twisting librations (hindered rotations)
399 s

424 vs 371 vs 370 cm–1 band, OH motions along c (A1g)
434 vs 406 w

454 s 430 vs 430 cm–1 band, H2O rocking librations (hindered rotations)
480 cm–1 band, Mg in the a-b plane (Eu), and OH along c (A1g)
540 cm–1 band, H2O wagging librations (hindered rotations)

Notes: Band notations: vw = very weak; w = weak; m = medium; s = strong; vs = very strong

▲
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The computed normal modes of vibrations also provide
important insight into band interpretation. These modes form
several groups corresponding to the vibrational bands in the
power spectra. For instance, the modes in the 40 to 100 cm–1

range are due to the interlayer species undergoing translational
motions in the a-b plane with the octahedral sheets essentially
stationary. This is in good agreement with the individual atom
and anisotropic power spectra calculated from MD simulations.
The normal modes in the range from 118 to 130 cm–1 and from
215 to 235 cm–1 are mainly due to the translational vibrations
of interlayer species perpendicular to the layers. The normal
modes between 150 and 165 cm–1 are associated with Mg trans-
lational motions in the c-direction, which occurs near 130 cm–1

in the power spectrum computed from the MD trajectory. Like-
wise, the normal modes in the range between 189 and 196
cm–1 are due to the translational motions of Al in the c-direc-
tion, which occurs near 170 cm–1 in the MD-simulated power
spectrum. The normal modes in the range between 245 and
260 cm–1 are associated with Mg and Al translational motions
in the a-b plane, which occur near 250 cm–1 in the MD-simu-
lated power spectrum.

Table 2 lists our band interpretations and assignments for
the computed and observed spectra, and we now discuss these
assignments and related atomic motions in more detail.

Crystal structure, atomic motions, and vibrational band
assignments

Due to the Mg/Al ordering assumed for our calculations
and the distortion of the Mg coordination polyhedron from
octahedral symmetry (Wang et al. 2001), the low frequency
vibrational modes for the hydroxide layers in our MD simula-
tions are expected to be more complicated than those of the
single-metal hydroxide model used by Kagunya et al. (1998).
Experimental and computational results for the Cl-containing
Mg/Al phase also indicate that the positions of interlayer Cl–

ions and water molecules are disordered (Bellotto et al. 1996;
Kirkpatrick et al. 1999; Wang et al. 2001), but that the local
hydration environments of the interlayer species are similar to
but more ordered than those of bulk aqueous solutions
(Kalinichev et al. 2000; Wang et al. 2001).

The layered structure of LDH phases allows the main-layer
hydroxyl groups to donate hydrogen bonds to the interlayer
anions and O atoms of the interlayer H2O molecules (Fig. 6a).
The interlayer water molecules can also form hydrogen bonds
between themselves and can donate hydrogen bonds to the
interlayer anions (Fig. 6b). However, in contrast to a similar

FIGURE 4. Anisotropic contributions to the power spectra of protons
in the librational range of frequencies: (a) H of interlayer H2O
molecules; (b) H of hydroxyl groups in the main octahedral sheets.
XX, YY, and ZZ notations of individual components are as in Figure 3.

FIGURE 5. Anisotropic contributions to the lattice dynamics of Mg/
Al octahedral hydroxide layers: (a) Mg of the hydroxide layers; (b) Al
of the hydroxide layers; (c) O of the hydroxide layers. XX, YY, and ZZ
notations of individual components are as in Figure 3.
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Li/Al-Cl LDH phase, where all anions and H2O molecules are
located in the middle of the interlayer and simultaneously hy-
drogen bond to both neighboring octahedral sheets (Hou et al.
2002), in the Mg/Al phase studied here the interlayer species
are distributed between two sublayers in such a way that none
of them is able to form direct hydrogen bonds to both neigh-
boring octahedral sheets at the same time (Fig. 6a). These struc-
tural arrangements are well illustrated by the computed
atom-atom radial distribution functions and the integrated
atomic coordination numbers shown in Figure 7. In the
interlayer of Mg/Al-Cl LDH each Cl– ion on average accepts
only ~2.5 hydrogen bonds from the OH groups but ~4 hydro-
gen bonds from the neighboring H2O molecules (Fig. 7c). In
contrast, in the interlayer of Li/Al-Cl LDH the situation is just
the opposite, with each Cl– atom accepting on average ~4 hy-
drogen bonds from the OH groups of the main layers interlayer
and only ~2.5 hydrogen bonds from water molecules. How-
ever, the average structural environments of interlayer Cl– ions
the two phases are remarkably similar and also strikingly simi-
lar to the structure of the Cl– hydration shell in bulk aqueous
solution (thick solid lines in Figs. 7a and 7c). The average num-
ber of hydrogen bonds to the interlayer Cl– ions in both LDH
phases is ~6.5, and the average hydrogen bond distance is 2.21
Å, in excellent agreement with experimental data (Powell et
al. 1993) and previous simulations (Smith and Dang 1994) for
bulk aqueous solutions.

However, the average local structural environment of the
interlayer H2O molecules is quite different from that of bulk
liquid water (Figs. 7b and 7d). In the Mg/Al-Cl LDH interlayer,
each O atom of a water molecule accepts ~1.3 hydrogen bonds

from the OH groups of the hydroxide layers and ~0.6 hydro-
gen bonds from other H2O molecules. Thus, each of the two
hydrogen atoms of any interlayer water molecule on average
donates ~0.3 hydrogen bonds to neighboring H2O molecules
in addition to donating ~0.65 hydrogen bonds to the interlayer
Cl– ion (Figs. 7c and 7d). This results in a total of ·nHBÒil = 3.8
as an average number of hydrogen bonds per interlayer water
molecule. This coordination is significantly higher than ·nHBÒbulk

= 3.2 calculated for bulk liquid water (e.g., Kalinichev 2001),
and closely approaches that of ice, where ·nHBÒice = 4. As we
show below, these similarities and differences in the local struc-
tural environments of the interlayer species of LDHs compared
to their bulk-solution behavior are also strongly correlated with
the similarities and differences in their dynamic behavior re-
flected in the calculated diffusion coefficients and power spec-
tra of atomic vibrations.

Importantly, the relatively weak hydrogen-bonding inter-
actions between the interlayer species and the hydroxide sheets
compared to the much stronger M-OH bonds within the hy-
droxide sheets lead to significant decoupling of their vibra-
tional modes (Miyata 1983; Hernandez-Moreno et al. 1985;
Cavani et al. 1991; Kagunya et al. 1997; Kagunya et al. 1998).
Thus, to a good approximation, we can treat the hydroxide
sheets and the interlayers as two separate substructures. Water
molecules and Cl– ions could each have three translational
modes in the interlayer hydrogen-bonding network (Figs. 6a
and 6b), but two of these modes could be degenerate due to the
symmetry of the layered structure. Water molecules could also
have three librational modes associated with rotational motions
of H2O molecules hindered by the hydrogen-bonding network.

FIGURE 6. A fragment of the model Cl-bearing hydrotalcite crystal illustrating the instantaneous structure of the hydrogen-bonding network
in the interlayer. (a) The structure viewed along the [010] direction. Balls are Cl– ions and V-shaped moieties are water molecules. The dashed
lines represent hydrogen bonds. The main hydroxide layer is represented by Mg/Al octahedra and OH sticks. (b) Interlayer Cl– and H2O
molecules viewed along the [001] direction illustrating hydrogen bonding between water molecules and Cl–.
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Because the molecular center of mass for H2O nearly coincides
with the center of the O atom, the translational modes of H2O
are highly correlated with the motions of the O atom, whereas
the librational modes are much more pronounced in the calcu-
lated power spectra of the hydrogen atoms.

Translational modes of interlayer species

Interlayer water in our LDH model has two bands of trans-
lational modes (Fig. 3a). The band centered near 60 cm–1 is
associated mainly with molecular motions parallel to the lay-
ering in the a-b plane (XX and YY components of the VACFs),
and the band centered near 210 cm–1 is due mainly to ZZ mo-
tions. Interlayer Cl– ions contribute to four bands (Fig. 3b).
Based on analysis of their anisotropic components, the bands
near 40 cm–1 (mainly XX/YY motions) and near 120 cm–1 (mainly
ZZ motions) are comparable to those of interlayer water. The
other two Cl– bands involve different styles of motion. The band
at 80 cm–1 contains nearly equal contributions from the XX, YY,
and ZZ components. Thus at this frequency, interlayer water
undergoes mainly a-b plane translational vibrations, and the
Cl– vibrates equally in the a, b, and c directions. The Cl– dy-

namics near 210 cm–1 involves a-b translational motions paral-
lel to the layers, whereas at this frequency interlayer water
molecules move mainly in the c direction perpendicular to the
layers.

In bulk water and ice, the two bands of translational vibra-
tions centered near 60 and 200 cm–1 are associated with the
O···O···O bending and O···O stretching of hydrogen bonds re-
spectively (e.g., Eisenberg and Kauzmann 1969). The water
molecules in the first hydration shell of Cl– in bulk aqueous
solutions have similar modes (Bopp 1987). Due to the similar-
ity of size and charge between Cl– and O of H2O, Cl– ions can
relatively easily substitute for water molecules in the hydro-
gen-bonding network of the interlayer. Because the interactions
among Cl– ions, water molecules, and OH groups of the octa-
hedral sheet are principally due to hydrogen bonding, all trans-
lational modes are different combinations of the stretching and
bending vibrations of the interlayer hydrogen-bonding network.
Translations in the a-b plane are related mainly to the bending
of hydrogen bonds between OH and the interlayer species.
Translations in the c direction are related mainly to stretching
of hydrogen bonds between OH groups and the interlayer spe-

FIGURE 7. Radial distribution functions (a, b) and integrated nearest-neighbor coordination numbers (c, d) for Cl–-H pairs (a, c) and Ow-H
pairs (b, d) in the interlayer of Mg/Al Cl-bearing hydrotalcite computed from MD simulations. Simulation results for Cl- in 1.1M NaCl aqueous
solution are shown as thick solid lines for comparison. Gray regions indicate the range of Cl–-H and Ow-H distances around the first minimum
of g(R) that can be reasonably used as a cutoff threshold for the formation of hydrogen bonds.
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cies. Smirnov and Bougeard (1999) have observed similar trans-
lational dynamics of interlayer H2O molecules in their MD
simulations of kaolinite.

Additionally, the zero-frequency value of the power spec-
trum is proportional to the self-diffusion coefficient of mol-
ecules (e.g., McQuarrie 1976). Our previous computational
results for interlayer and surface H2O molecules and Cl– ions
in LDHs show that their mobility is indeed dramatically de-
creased relative to that typical for bulk solutions, despite the
observed similarities in their local structural and dynamic en-
vironments. This is confirmed by direct calculations of the self-
diffusion coefficients (Kalinichev et al. 2000; Kalinichev and
Kirkpatrick 2002). Smirnov and Bougeard (1999) found simi-
lar results in their calculations for kaolinite. On the other hand,
it is worth noting that the self-diffusion coefficients calculated
here for the disordered interlayer of Mg/Al-Cl LDH (DCl = 8.2
¥ 10–7 cm2/s; DH2O = 1.9 ¥ 10–6 cm2/s) are much higher than for
the more ordered interlayer of the comparable Ca2Al-Cl LDH
phase (Kalinichev et al. 2000; Kalinichev and Kirkpatrick
2002), for which virtually no translational mobility is observed
over the 100 ps time scale of MD simulations (DCl ª DH2O <<
10–7 cm2/s). This behavior is analogous to the retarded dynam-
ics of water molecules in the hydration shells of strongly hy-
drated ions such as Ca2+ observed in the MD simulations of
bulk aqueous solutions (e.g., Bopp 1987).

Librational modes of interlayer water

The three librational modes of water molecules (hindered
rotations around the molecular center of mass, schematically
represented in Fig. 8a) are readily visible in the calculated power
spectra of the hydrogen atoms of H2O at 360, 430, and 540
cm–1 and are very useful in understanding the interlayer dy-
namics in LDHs. These modes can be described as twisting
motion around an axis z corresponding to the bisector of the
H-O-H angle (dipole axis), wagging motion around an axis h
that is perpendicular to z in the plane of the molecule and par-
allel to the HH vector, and rocking motion around an axis x
that is perpendicular to the plane of the molecule. Based only
on the molecular moments of inertia around the different axes,
the frequencies of the three librations for a free water molecule
increase in the order frock < ftwist < fwag (Eisenberg and Kauzmann
1969). However, intermolecular interactions, and hydrogen
bonding in particular, can affect this order (Lutz 1998). Our
assignments result in the order ftwist < frock < fwag, which is the
same as observed in MD simulations for bulk liquid water (Lu
et al. 1996). In bulk water, all three components of the simu-
lated spectra overlap each other over a wide frequency range
between 300 and 700 cm–1, resulting in one broad librational
band of the spectrum, in good agreement with experimentally
known librational spectra of bulk water (e.g., Eisenberg and
Kauzmann 1969). In contrast, in LDHs the librational bands of
interlayer water are much narrower and better separated (Figs.
1a and 4a) due to the relatively greater ordering and lower
mobility of water molecules in the LDH interlayers. The rela-
tively stronger hydrogen bonds of H2O accepted from the OH
groups and the distribution of interlayer species between two
sublayers keeps the H-O-H plane of the water molecules pref-
erentially oriented at a dihedral angle of ~50 degrees with re-

spect to the plane of the interlayers (Figs. 6a and 6b), allowing
greater rotational freedom around an axis roughly perpendicu-
lar to the layers (twisting) and the dynamical formation and
breaking of hydrogen bonds to Cl– ions and other water mol-
ecules in the interlayer (Kirkpatrick et al. 1999; Kalinichev et
al. 2000; Wang et al. 2001; Hou et al. 2002).

Vibrational modes of the octahedral sheet

The principal normal modes of vibration for an ideal brucite-
like structure (schematically illustrated in Fig. 8b) occur at fre-
quencies above the FIR range studied here (Lutz et al. 1994).
In LDHs, however, cation substitution and the consequent struc-
tural distortion cause some modes related to the hydroxide sheet
vibrations to occur in the FIR range discussed here. Five of the
most prominent modes occur at about 90, 130, 170, 250, and
290 cm–1 in the calculated power spectrum (Table 2), and are in
good agreement with the vibrational bands observed experi-
mentally. The principal types of motion for each of these modes
can be deduced from the decomposition of the Mg, Al, and OH
power spectra into XX, YY, and ZZ anisotropic components (Figs.
3, 4, and 5) and the normal mode analysis. The mode at 90
cm–1 involves Al and OH moving principally in the a-b plane
with Mg moving perpendicular to this in the c direction. We
use the notation Mg-A2u + (OH,Al)-Eu to indicate this combi-
nation of motions and their relationship to the A2u and Eu vibra-
tional modes of an undistorted brucite octahedron (see Fig. 8b).
The mode at 130 cm–1 involves vibrational motions of Mg prin-
cipally in the c direction (Mg-A2u) without significant contri-

(a)

(Wag) (Twist) (Rock)

O

H H

O

H H

O

H H
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EgA2u EuA1g

H

H

M

O

O

FIGURE 8. Schematic illustration of vibrational modes: (a) Three
librational modes of an H2O molecule. (b) Four lattice vibrational
modes of a brucite-like octahedron.
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bution from Al and OH motions. The mode at 170 cm–1 is mainly
due to Al motions in the c direction, with a lesser participation
of Mg and OH (Al-A2u + OH-(Eu + Eg). Because of the higher
charge and smaller atomic radius of Al, it is not surprising that
the frequency of this mode is greater than for the comparable
mode of Mg. A similar mode centered near 175 cm–1 also oc-
curs in the recently measured FIR spectra of Al(OH)6 octahe-
dra in gibbsite and bayerite (Ruan et al. 2002).

The mode at 250 cm–1 involves principally Mg and Al mo-
tions in the a-b plane with OH also cooperatively moving par-
allel to this plane (Mg,Al-Eu), whereas the mode at 290 cm–1

involves principally OH motions in the a-b plane with little
contribution from cation motions (OH-Eu + Eg). Both of these
vibrational modes are also identified in the FIR spectra of hy-
drated alumina phases (Ruan et al. 2002). There are also two
vibrational modes (330 and 480 cm–1) of the octahedral sheet
that are not directly visible in the full calculated or observed
spectrum, because they overlap with stronger bands related to
the motions of H atoms. A mode near 330 cm–1 involves com-
plicated, cooperative motion of Mg, Al, and OH [Mg-(A2u + Eg)
+ Al-Eu], and a mode at 480 cm–1 is due principally to the mo-
tions of Mg in the a-b plane and OH motions in the c direction
(Mg-Eu + OH-A1g).

Modes related to hydrogen atoms of OH group in the
octahedral sheet

The principal band involving only OH groups occurs near
370 cm–1 in the calculated power spectrum and involves mo-
tions of both H and O atoms in dominantly the c direction (OH-
A1g; Fig. 4b). This is the most intense band in the observed
spectrum (Figs. 1a and 2a) and also dominates the FIR spectra
of all aluminum hydroxide phases (Ruan et al. 2002). In the
case of Mg/Al LDH, this mode overlaps with the librational
modes of interlayer water molecules (Figs. 4a–b, Table 2). In
addition, the modes related to H motions of OH groups in the
a-b plane occur as a group of very broad, low intensity bands
between 450 and 650 cm–1. These librational motions can be
visualized as complete or partial rotations of hydrogen atoms
around the c-axis while the OH vector remains at the same
angle to the a-b plane with no O of OH motion involved.

CONCLUDING REMARKS

 Far infrared spectroscopy is one of the most useful tech-
niques to study the structural environments and dynamics of
water molecules and other ionic and molecular species con-
fined to the interlayers or absorbed on the surface of layered
minerals. It directly probes intermolecular and H-bonding in-
teractions, but the spectra are often difficult to interpret due to
the complicated pattern of atomic motions and the presence of
many overlapping bands. Molecular modeling techniques, such
as those used here, can be successfully applied to provide im-
portant additional information that is comparable and comple-
mentary to the measured vibrational spectra and that can
significantly aid in band identification.

The principal limitation of this approach, which is also char-
acteristic of all other semiempirical molecular modeling ap-
proaches, is the accuracy of the interatomic potentials. Here
the CLAYFF force field (Cygan at al., manuscript in prepara-

tion) used in our simulations was not specifically optimized to
reproduce either the structure of the vibrational properties of
LDHs. Moreover, apart from the intramolecular harmonic
stretching and bending terms for interlayer H

2
O molecules and

OH groups of octahedral layers, the force field model contains
no explicit parameters related to the interatomic bonding and
vibrations.  Nevertheless, we observe a remarkably good quali-
tative agreement of the frequencies in the calculated power
spectrum and the experimental FIR spectrum.  The result clearly
demonstrates that the combination of experimental vibrational
spectroscopy and molecular modeling as significant potential
in understanding the details of the structural and dynamic be-
havior of aqueous system in confined environments such as
mineral interlayers, nano-pores of zeolites, biomolecular sys-
tems, and other heterogeneous fluid media dominated by
hydrgen bonding.
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