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Molecular dynamics computer simulations of Mg/Al hydrotalcite with interlayer Cl~ were
performed to better understand the structure of layered double hydroxides and their
hydration behavior. A set of models with variable numbers of interlayer water molecules
was investigated, with the assumption of no constraints on the movements of any atoms or
on the geometry of the simulation supercells. Crystallographic parameters and two
components of the hydration energy were calculated. One of these components is related to
the interaction of water molecules with the rest of the structure and is controlled primarily
by formation of a hydrogen-bonding network in the interlayer. The other is related to
expansion of the host structure itself and reflects decreasing electrostatic interactions as
the c-axis expands upon swelling. The dependence of these two energy components on the
degree of hydration provides useful insight into the nature of hydrotalcite swelling behavior.
There are two stable hydration states with c-axis dimensions of 23.9 and 21.7 A,
corresponding to hydrotalcite with 2 water molecules per each chloride in the interlayer,
and dehydrated hydrotalcite, respectively. The first state is observed experimentally under
ambient atmospheric conditions. The simulations also reveal a distorted octahedral structure
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of the hydroxide layer similar to that of hydrocalumite, the related Ca/Al phase.

Introduction

Layered double hydroxides, LDHs, also known as
mixed-metal layered hydroxides and hydrotalcite-like
compounds (HTs), are an important class of readily
synthesized2 natural and synthetic compounds with
growing potential as anion-exchange and adsorption
materials,3~° carriers for drugs, antacids in medicine,
electrode modifiers, catalysts, and catalyst supports.67”
Many of their most important applications are due to
their permanent anion-exchange and adsorption capac-
ity, the mobility of their interlayer anions and water
molecules, their large surface areas, and the stability
and homogeneity of the materials formed by their
thermal decomposition.8 They also provide useful ma-
terials for studying fundamental aspects of organic and
inorganic anion intercalation.®=11 Their crystal struc-
tures typically consist of single sheets of metal hydrox-
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ides with interlayer regions occupied by anions and
water molecules. The hydroxide layers develop perma-
nent positive charge due to isomorphic substitution. For
the important Mg/Al HT compounds, this charge can
be thought of as due to AI*T for Mg2* substitution in a
brucite Mg(OH), sheet.

Understanding and predicting the properties of LDHs
requires understanding of the structure of the metal
hydroxide sheets and the origin of the behavior of
interlayer and surface species (anions and water mol-
ecules). However, experimentally probing the interlayer
and surface regions and even the detailed structure of
the hydroxide sheets is difficult. For instance, X-ray
diffraction has provided only limited resolution because
of structural disorder and small particle size. Therefore,
for most LDHs, the arrangement of interlayer water
molecules and anions is not understood well, and the
structure of the hydroxide layer is still under discus-
sion.! Even accurate determination of the interlayer
water content is difficult,! because H,O molecules
strongly associate with particle surfaces, and some
adsorbed water is indistinguishable from interlayer
water in thermal analysis. Spectroscopic methods such
as multinuclear NMR are providing important new
information about these issues,? and molecular dynam-
ics computer simulations can also provide significant
insight into the local structure and dynamical behavior
of this class of compounds. In previous studies, energy
minimization has been used to study LDH crystal
structure and to predict the orientation of interlayer
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anions,? and molecular dynamics (MD) has been used
to study LDHSs with intercalated organic molecules.14-16
The simulations reproduced well the hydration profile
(c-axis expansion) related to the orientation of the
organic molecules. We have recently used molecular
modeling methods to study the structure and dynamics
of the interlayer and surface species of hydrocalumite
(also known as Friedel's salt, [Ca,Al(OH)s]Cl-2H,0),
which is structurally one of the best understood LDHs
and similar to the Mg/Al compounds.'” Monte Carlo and
molecular dynamics methods have also been used to
study the properties of clay minerals,®1° including their
interlayer structure and their hydration and related
swelling.2°=26 In many of these simulations, atoms of
the main oxide layers are often treated as fixed in a rigid
lattice, except for the degrees of freedom associated with
swelling and lateral displacements of the lattice as a
whole. This simplified approach is computationally
efficient and provides useful structural information.
However, it also has inherent and substantial limita-
tions for the dynamic modeling of surface and interlayer
species. Due to the immobility of the lattice atoms, there
is no exchange of momentum and energy between the
atoms of the main layers and the interlayer/surface
species. Thus, in these models the imposed momentum
and energy conservation laws a priori prevent accurate
representation of the dynamics of such phenomena as
hydrogen bonding, adsorption, and surface complex-
ation.

Here we present a molecular dynamics study of the
structure and hydration behavior of Mg/Al hydrotalcite
with chloride as the interlayer anion, [Mg,AI(OH)¢]CI-
NwH20. All atoms in our hydrotalcite models were
considered completely movable, and the simulation
techniques are similar to those of Kalinichev et al.1” The
results provide important insight into the structure of
the main hydroxide layer, the nature of the most stable
hydration states, the structural expansion with increas-
ing water content (the swelling profile), and the impor-
tant components of the hydration energy.

Structural Models and Simulation Details

The structural models used here are based on a crystal
structure of Mg/Al hydrotalcite obtained by a refinement of
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powder X-ray diffraction data from Rietveld methods.?” This
structure is broadly similar to that of hydrocalumite (Friedel's
salt), for which the structure is well-known from single-crystal
X-ray refinements.?® However, the structure of hydrotalcite is
not as well constrained because it is based on powder X-ray
data. Our simulations show that the structure of Mg/Al
hydrotalcite is more similar to that of hydrocalumite than
previously thought.

For two common polytypes of hydrotalcite-like phases (3R
and 2H),?” the local structural environments are the same,
although the long-range ordering of the hydroxide layers is
different. The Mg/Al hydrotalcite structure has been refined
in a rhombohedral unit cell with the space group R3m,?72° and
we have assumed R3m symmetry for the initial configuration
of the primary layers in our models.

We have also assumed complete Mg/Al ordering in the
hydroxide layers. Long-range cation ordering in LDHs has
been difficult to observe by powder X-ray diffraction, except
for the Ca/Al, Li/Al, and Mg/Ga phases.?"?® However, evidence
for significant short-range cation ordering in other LDHs
comes from X-ray absorption spectroscopy (XAS) and nanoscale
imaging of molecular sorption onto crystal surfaces.?®3! XAS
shows the absence of Fe—Fe neighbors in Mg/Fe hydrotalcite,
suggesting domains of cation ordering with dimensions of the
order of a few nanometers. Similar short-range ordering is
expected in Mg/Al hydrotalcite.?® In support of this conclusion,
AFM and STM images show ordered two-dimensional lattices
of organic and inorganic anions adsorbed on the [001] surfaces
of Mg/Al hydrotalcite crystals.?%3! Thus, in our models each
Al—0 octahedron has six nearest-neighbor Mg—0 polyhedra,
and each Mg—0 polyhedron has three nearest-neighbor Mg—O
polyhedra and three nearest-neighbor Al—0 octahedra.

The final simulated supercell contained a total of 18
crystallographic unit cells, 6 x 3 x 1 in the a-, b-, and
c-directions, respectively. Thus, every octahedral layer had 12
Mg atoms, 6 Al atoms, and 36 OH groups. To study the
expansion behavior, each supercell contained three interlayers,
consisting of 6 Cl~ ions and from 0 to 40 water molecules
(Figure 1). In a given simulation each of the three interlayers
had the same H,O/ClI ratio, Ny, but a different initial config-
uration. In the previously published X-ray structure refine-
ment of Mg/Al hydrotalcite, the positions of the interlayer
anions and water molecules were preassigned at the center of
the interlayer space along the c-axis.?’” In the simulations,
however, we initially allowed the interlayer anions and water
molecules to occupy all available interlayer space in order to
minimize the possibility of the system being locked in a local
energy minimum of the structure. Thus, there were no initial
positional correlations among H,O and CI~ in the interlayers.

Except for the periodic boundary conditions imposed on the
simulation supercell,®? there were no additional symmetry
constraints. The structure was treated as triclinic (P1 sym-
metry) and all cell parameters, a, b, ¢, a, 3, and y, were
considered independent variables during our isothermal—
isobaric MD simulations. Each atom in the system had an
assigned partial charge, and the total potential energy of the
simulated system consisted of a Coulombic term representing
the sum of all electrostatic interactions between partial atomic
charges and a Lennard-Jones (12—6) term modeling the short-
range van der Waals interactions. The force field used in the
simulations was modified from the augmented ionic consistent
valence (CVFF_aug) force field.®® Instead of placing full formal
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Figure 1. Simulation supercell of hydrotalcite, consisting of
6 x 3 x 1 crystallographic unit cells. There are three
octahedral layers and three interlayers. Dark gray octahedrons
and small dark gray balls are Mg atoms, white octahedrons
and small white balls are Al atoms, the gray sticks are OH
groups, white large balls are Cl~, and water molecules are
represented by bent cylinders. Half of the Mg atoms are shifted
up from the middle of the hydroxide layer and the other half
are shifted down from the middle. Water molecules and anions
are disordered. The structure represents an equilibrium
snapshot of a molecular dynamics simulation.

charges on the metal ions in the hydroxide layer, we performed
preliminary quantum-mechanical calculations to determine
appropriate partial charges. The specific details of the force
field parametrization are reported elsewhere.'”3* For water,
the flexible version® of the simple point charge (SPC) interac-
tion potential®® was used. Lennard-Jones terms centered on
the O atoms were assumed equivalent for both H,O molecules
and OH-group oxygens of the hydroxide layers, while those
centered on the H atoms were ignored.

For the potential energy calculations, a “spline cutoff”
method was used to calculate nonbonding van der Waals
interactions, and Ewald summation was used to calculate long-
range Coulombic interactions.®® Energy minimization was
applied to every model. These optimized models were then
used as starting configurations for NPT-ensemble MD simula-
tions performed at 1 bar and 300 K by use of the Parrinello—
Rahman?®” isothermal—isobaric molecular dynamics algorithm.
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Figure 2. c-Axis dimension swelling upon hydration of
hydrotalcite. The values and error bars are statistical averages
and standard deviations calculated from 5 ps equilibrium MD
simulations. In many cases the standard deviations are less
than the symbol size.

The MD time step was 0.001 ps, and dynamic trajectories were
recorded every 0.004 ps. Initially, 100 ps long MD simulations
were performed for several representative systems. The results
showed that equilibrium values for the crystallographic pa-
rameters and system potential energy were achieved within
less than 20 ps. Therefore, for most of the systems, 25 ps MD
runs were performed with only the last 5 ps of each dynamic
trajectory used for the statistical analysis. This provided
acceptable statistics for the hydration profile and potential
energy calculations for a total of 41 systems corresponding to
different hydration states with N, varying from 0 to 6.67.

Results and Discussion

Hydrotalcite Crystal Structure. The computed
crystallographic dimensions and configurations of the
hydroxide layers do not vary significantly with Ny,. The
average a- and b-axis lengths are 3.196 (+0.008) and
3.197 (+£0.009) A, the y angle is 120° (+0.5°), and the o
and f angles fluctuate around 90°. These values com-
pare well with the available experimental data: a="b
=3.046 A, o = =90°, and y = 120°.27 The computed
c-axis dimension increases with increasing N, (Figure
2), but there are three important ranges where it is
almost independent of N,,. For N,y < 1, the c-axis lengths
are about 21.7 A. Near N, ~ 2 the CI~ and H,O form a
complete single layer in each interlayer region (similar
to the interlayer of hydrocalumite?® but significantly
more disordered) and the computed c-axis dimension is
23.9 A. This is in excellent agreement with the value of
23.6 A obtained from X-ray diffraction for hydrated CI—-
Mg/Al hydrotalcite under ambient conditions.383° Near
Nw ~ 5 a complete second layer of water molecules is
formed in each interlayer space, and our simulations
give a c-axis dimension of 31.8 A. Since Mg/Al
Cl-hydrotalcite does not expand beyond 23.9 A at any
relative humidity and atmospheric pressure, this hydra-
tion state has not been observed experimentally.!

The Al and Mg polyhedra in the hydroxide layer are
quite different, in agreement with the known structure
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of the Ca/Al LDH hydrocalumite?® but in contrast to the
structure refinement of Mg/Al hydrotalcite obtained
from powder X-ray diffraction data from Rietveld meth-
0ds.?” The resolution in the latter structure refinement
is not adequate to distinguish separate Mg and Al sites,
and given the similarity between the observed?® and
simulated!’” structures of Ca/Al hydrocalumite and
presently simulated structure of Mg/Al hydrotalcite, it
is likely that this simulated structure more accurately
represents the actual local structure of Mg/Al hydro-
talcite.

The Al-polyhedra in the hydroxide layers are quite
regular Al(OH)e octahedra with Al—-O distances of about
1.9 A. The O—0 distances of the unshared octahedral
edges are about 2.7 A. The Al atoms are located in the
middle of hydroxide layers along the c-axis. The Mg-
polyhedra are distorted Mg(OH)g octahedra, and ad-
ditionally most have either an interlayer H,O molecule
or a Cl~ ion coordinated to the Mg (at distances of about
2.4 and 3.0 A, respectively), forming a 7-coordinate site.
The Mg atoms are displaced about 0.5 A from the middle
of hydroxide layers along the c-direction, with half of
them shifted up and half shifted down (Figure 1). The
Mg—O distances are about 2.32 A, and the O-0O
distances of the unshared octahedral edges are about
3.0 and 3.9 A. The number-weighted mean value of the
Mg—0 and Al-O distances is 2.18 A and the number-
weighted mean unshared O—O distance is 3.20 A,
compared to the experimental values of 2.013 and 3.05
A, respectively.?’

The unusual 7-coordinated Mg-polyhedron and the
displacement of Mg atoms from the middle of hydroxide
layers are in good agreement with the behavior of Ca
atoms in hydrocalumite observed in both X-ray refine-
ments?® and computed structures.’” In hydrocalumite,
Ca atoms are displaced about 0.6 A from the middle of
hydroxide layers and have 7-fold coordination by 6 OH
groups and one water molecule.'”28 Thus, our results
for the smaller Mg atoms in Mg/Al hydrotalcite suggest
that many LDHs may have structures similar to that
of hydrocalumite. We have previously related this
structure and the attendant libration of the water
molecules to the presence of experimentally observed
dynamical order—disorder phase transitions in both
hydrocalumite and Mg/Al hydrotalcite.*%17

The structure and cation ordering in the hydroxide
layers strongly affect the structure and anion ordering
in the interlayer of LDHs. There are two kinds of sites
on the hydroxide layer of LDHs that have a net effective
positive charge and can, thus, attract either negatively
charged CI~ anions or H,O molecules, which bear a
negative atomic partial charge on their O atoms. One
of these sites, as discussed above, is associated with the
Mg (or Ca of hydrocalumite) due to its shift toward the
interlayer. In the interlayer of fully ordered hydrocalu-
mite,2® all sites of this kind are occupied by water
molecules, which are displaced ~0.8 A from the central
plane of the interlayer by the electrostatic forces.” This
effectively creates two sublayers of H,O molecules
associated with Ca or Mg cations in the “upper” and
“lower” hydroxide layers sandwiching an interlayer.
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The second kind of a positively charged attractive site
on the hydroxide layer is formed by the protons of the
hydroxyl groups. In the structure of hydrocalumite,2®
all sites of this kind are occupied by Cl~ anions, each of
them being octahedrally coordinated by three OH
groups from the “upper” and three OH groups from the
“lower” hydroxide layers. This symmetric hydrogen-
bonding arrangement keeps Cl~ ions virtually immobile
in the middle of the interlayer space even at high
temperatures.’” In the classification of layer stacking
in hydrotalcite-like phases developed by Bookin and
Drits,*! both kinds belong to the O-type of interlayer
sites, which have an octahedral configuration. From the
stoichiometry of the compounds and the diameters of
the interlayer species (~3 A for H,O and ~4 A for CI")
it is clear that only 6 Cl~ ions and 12 H,O molecules
(distributed between two sublayers) can occupy the
interlayer space without expanding it.

The same two kinds of attractive sites for interlayer
species occur on the hydroxide layers of Mg/Al hydro-
talcite. They also both belong to the O-type of interlayer
sites. However, due to the stacking differences of the
hydroxide layers between Ca/Al hydrocalumitel”28 and
our Mg/Al hydrotalcite models, the observed interlayer
structures and CI7/H0 ordering are also different, and
hydrotalcite is much more disorderd. Mg sites tend to
be occupied by CI~ ions but can also be occupied by H,O
molecules, especially at higher interlayer water con-
tents. This again creates two sublayers of water mol-
ecules in the interlayer (see Figure 1). The positional
disorder of the interlayer water molecules results in the
formation of a much less regular network of hydrogen
bonds in the interlayer of Mg/Al hydrotalcite, as opposed
to Ca/Al hydrocalumite.l” Computer simulations of the
effects of interlayer ordering and varying water content
on the dynamic properties of the interlayer species are
currently in progress.

Energetics of Hydrotalcite Hydration. There are
several useful parameters that can be obtained from the
variation of the computed potential energy with N, and
we use these functions below to understand the hydra-
tion behavior. We use the same definition of the hydra-
tion energy, AUy(N), that was introduced earlier in
studies of clay mineral swelling:2426

W(N)O—- W(0)

AUL(N) = N @)

where [W(N)Ois the average potential energy of an
equilibrium system with N water molecules in the
interlayer and [W(0)Ois the average potential energy of
equilibrated (fully collapsed) dry hydrotalcite as a
reference hydration state.

As defined above, the hydration energy includes not
only the potential energy of interlayer water but also
the effects on the potential energy of the changing
interactions of the hydroxide layers with themselves,
the hydroxide layers and the chloride ions, and the
chlorides with themselves. We can consider the hydra-
tion process to consist of two steps. First, energy is
necessarily used to expand an equilibrium structure to
create additional interlayer space for more water mol-
ecules. Second, the energy lost in the first step can be

(41) Bookin, A. S.; Drits, V. A. Clays Clay Miner. 1993, 41, 551.
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Figure 3. Hydration energy of hydrotalcite calculated ac-
cording to eq 1. In this calculation, (U(N)Ois the statistical
average with a standard deviation, and [W(0)Uis the constant
equilibrium energy of a completely dehydrated hydrotalcite
structure taken as a reference.

compensated by energy gain due mainly to the presence
of additional water molecules, rearrangement of inter-
layer species, optimization of the re-formed hydrogen-
bonding network, and equilibration of the system in a
new hydration state. Thus, to better understand the
nature of hydrotalcite hydration behavior, we separate
the hydration energy (eq 1) into two components. The
interlayer water potential energy is defined as

U(N)O— (N, without H,0)O
- )

AUHzo(N) =

where (N, without H,O)Ois the average potential
energy of the hypothetical systems obtained in the
simulations by removing all N water molecules from all
interlayers of a system corresponding to a given hydra-
tion state, but keeping the rest of system intact, includ-
ing the c-axis spacing.

The water-free potential energy difference is defined
as

AU,,+(N) = (N, without H,0)0—- W(0)J (3)

and represents the energy difference between two states
of the water-free hydrotalcite structure: a nonequilib-
rium state obtained by simply removing all H,O mol-
ecules from a system in a certain hydration state, and
an equilibrium (collapsed) state of dry hydrotalcite. The
latter is obtained from the former by application of
energy minimization and relaxation procedures.
Hydration Energy. The hydration energy AUL(N)
(Figure 3) is the average potential energy of the system
per mole of water, with dry hydrotalcite taken as the
reference state. There are several important ranges of
Ny for this function. For N, < 1, the hydration energy
is quite negative, indicating a strong tendency for water
molecules to enter the dry structure. At N,, near 2, there
is a clear minimum of the hydration energy that
corresponds to the region of Ny-independent c-axis
dimensions (Figure 2) and to the normal equilibrium
state of Mg/Al hydrotalcite at ambient conditions. As
the number of interlayer water molecules increases
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Figure 4. (Top panel) Interlayer water potential energy.
(Bottom panel) Water-free potential energy difference. Error
bars are calculated from the maximum and minimum values
of the system potential energy during equilibrium 5 ps MD
simulations.

further, the hydration energy gradually approaches
values characteristic of bulk SPC water (about —10.0
kcal/mol). Because the system PAV term is relatively
small at ambient conditions (~0.01 kcal/mol), the hy-
dration energy virtually coincides with the system
hydration enthalpy. Thus, there are two enthalpic stable
states of the hydrotalcite hydration, at Ny, < 1 and at
Nw = 2. The slope of the hydration energy function can
be considered as the enthalpic driving force for hydra-
tion and dehydration of the material. Although the
hydration behavior could be represented by other ther-
modynamic functions,?* the positions of the minima
would still be the same.

Two Components of the Hydration Energy. The
interlayer water potential energy, AUp20(N) (Figure 4,
top panel) and the water-free potential energy differ-
ence, AUpt(N) (Figure 4, bottom panel), as defined by
eqs 2 and 3, allow the effects due to the water molecules
and the sum of all other interactions to be evaluated
separately. AUu20(N) has negative values, indicating
an energetically favorable contribution to the hydration
due to the addition of water molecules. In contrast,
AUn7(N) has positive values, indicating an unfavorable
contribution to the hydration energy brought about by
the expansion of the water-free hydrotalcite framework.
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The two components make different contributions to
the hydration energy at different stages of hydration.
In the range 0 < Ny < 1, AUn20(N) is nearly constant,
and AUyt(N) is small and increases only slightly. Thus,
the net hydration energy is quite negative and each
extra water molecule makes nearly the same contribu-
tion to the hydration energy. We interpret this result
to indicate that each water molecule experiences nearly
the same local structural and energetic environment
and that there are not enough water molecules present
in the interlayer space to develop a well-interconnected
hydrogen-bonding network among themselves and the
Cl~ ions and the OH groups of the adjacent octahedral
sheets. Thus, these first H,O molecules simply fill
vacant positions in the interlayer without changing the
c-axis dimension and create only a few hydrogen bonds
with the neighboring hydroxides and chlorides. In this
range no energy is lost to the expansion, because
expansion is not necessary to accommodate the few H,O
molecules in the almost empty interlayer gallery space
formed by the larger chloride ions pillaring the two
adjacent octahedral sheets. The net effect is that the
hydration energy is quite negative and nearly constant
in this range (Figure 3).

In the range 1 < Ny < 3, AUxT(N) increases signifi-
cantly, whereas AU20(N) decreases significantly in the
range 1 < Ny < 2 and then remains nearly constant for
2 < Nw < 3. The net effect is that there is a minimum
in the hydration energy at Ny, &~ 2, where the interlayer
species form a full layer. The decreasing AUp20(N)
indicates that each extra water molecule makes a
progressively increasing contribution to the hydration
energy by creating more hydrogen bonds and eventually
forming a well-developed H-bonding network as the
number of water molecules approaches N,, = 2. This
hydrogen-bonding network, although disordered, is
quite comparable to that of hydrocalumite.1”28

For Ny > 3, both AUp20(N) and AUuT(N) increase
progressively, although AUp20(N) appears to have a
local minimum or flattening near N, =5. At N, =5, a
complete second layer of interlayer species is fully
developed. A full layer of interlayer species in our
supercell requires 18 particles (12 H,O and 6 Cl~ at N,
= 2), and a full second layer requires additional 18
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particles (a total of 30 H,O and 6 CI~ at Ny, = 5). This
packing mechanism is consistent with earlier work.*2

The computed hydration energies suggest that almost
dry Mg/Al hydrotalcite with just a few interlayer water
molecules and hydrotalcite with two water molecules
per formula unit should be stable, and indeed the second
composition, [Mg.AI(OH)s]CI-2H,0, is readily observed
in experiments.383° Large negative values of the hydra-
tion energy at low N,, ratios suggest a strong tendency
of dry hydrotalcite to sorb water even at low relative
humidities. At the same time, the apparent shallow
minimum of the interlayer water potential near N,, =
5 (two completed layers of interlayer species) suggests
that this situation might be stable at elevated water
pressures, although it has not been observed under
ambient conditions.

It appears that the formation of well-developed hy-
drogen-bonding networks associated with completely
packed interlayers leads to energetically stable hydra-
tion states of hydrotalcite. The development of hydrogen
bonding also explains the large decrease in the inter-
layer water potential energy at N,, = 1. At this composi-
tion, there are 12 particles per interlayer (6 H,O and 6
CI7), and water molecules can fill only half of the
available water sites of a full interlayer. As more water
molecules are added beyond this ratio, they are able to
form local structural and energetic environments simi-
lar to those in the full layer, thus effectively reducing
potential energy per water molecule. For the total
hydration energy, however, this effect is counteracted
by interlayer expansion.
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