Applied Clay Science 163 (2018) 164-177

Contents lists available at ScienceDirect

Applied Clay Science

journal homepage: www.elsevier.com/locate/clay

Research paper

Check for
updates

A molecular dynamics framework to explore the structure and dynamics of
layered double hydroxides

German Pérez-Sanchez™", Tiago L.P. Galvio®, Jodo Tedim", José R.B. Gomes®

& CICECO - Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, Campus Universitdrio de Santiago, P-3810-193 Aveiro, Portugal
® CICECO - Aveiro Institute of Materials, Department of Materials and Ceramic Engineering, University of Aveiro, Campus Universitdrio de Santiago, P-3810-193 Aveiro,
Portugal

ARTICLE INFO ABSTRACT

Keywords:
Density functional theory
Molecular dynamics

It is presented a straightforward procedure based on the CLAYFF force field to perform molecular dynamics (MD)
computer simulations with the GROMACS open source package of layered double hydroxide (LDH) materials
with different intercalated anions. This procedure enables running very long simulations of systems where all

E‘;{:s;eld atomic positions are allowed to move freely, while maintaining the integrity of the LDH structure intact.
LDH Therefore, it has the potential to model different important applications of LDH involving ion-exchange and

interlayer equilibrium processes in diverse areas as drug delivery, water purification, and corrosion protection.
The magnesium-aluminium based LDH with a metallic ratio 2:1 (Mg,Al) was chosen to validate our computer
simulation framework, because of the comprehensive experimental and computational studies reported in the
literature devoted to the understanding of the structure of Mg,Al LDH. Potential parameters from the literature
were used to model the Mg,Al LDH with different intercalated anions using a new set of atomic point charges
calculated with the DDEC6 formalism. Once the model was validated through careful comparisons of the si-
mulated and experimental structures, the procedure was adapted to the Zn,Al LDH materials. Lennard-Jones
parameters had to be developed for zinc (II) cations and calibrated using the experimental structural data found
in the literature for Zn,Al LDH and the height of the galleries determined experimentally in this work for Zn,Al
with intercalated nitrate anions. The consistency of the model is proved by carrying out MD simulations to
reproduce in the computer the typical experimental conditions in which the Zn,Al LDH is immersed in a sodium
chloride water solution to act as a nanotrap for aggressive anions in corrosion protection applications. The LDH
structure is maintained in the MD simulation in which the LDH is free to move alongside the solution and
allowing a natural anion exchange between the LDH and the solution as well as dehydration/hydration of the
basal space.

1. Introduction

Layered double hydroxides (LDH) are known as smart macro-
molecular containers with bifunctional capacity (Richetta et al., 2017).
They are capable of hosting functional molecules and release them
upon demand, whilst retrieving target species. LDH are constituted by
mixed metal cation hydroxide layers held together by interlayers
composed of charge compensating anions and water. The interlayers
are dominated by electrostatic interactions and complex hydrogen
bonding networks. The most widely studied LDH materials have the
general formula [MZ*MZ2*(OH),1** (A™),/,mH,0, where M>* and
M3+ are di- and trivalent cations present in a molar ratio (x) obtained
as M3 /(M2* + M3*), and A™ is the anion. Singly (M™) and quad-
ruple (M**) charged cations such as Li* and Ti** or Zr** can also be

incorporated in the mixed metal cation hydroxide layers. In the present
study, M2" is Mg?* or Zn®*, and M®* is AI**, with a molar ratio of 2:1
of M?* to M®* (x = 0.33). The anions considered are C1~, NO;~ or
CO52 either solvated with one or two water molecules (m = 1,2). De-
pending on the nature of the anions, LDH can be relevant materials with
commercial interest to be explored in catalysis, (Lu et al., 2016a) ad-
sorption, (Lu et al., 2016b; Yan et al., 2016) drug delivery (Li et al.,
2016; Senapati et al., 2016) or water purification (Yokoi et al., 2016).

The anion-exchange ability of LDH allows them to act as reservoirs
for functional anions. The latter can be released upon an external
trigger, e.g. a targeted species from the surroundings, which can be
temporarily or permanently retrieved by releasing more labile ones.
One application in which this property of LDH assumes a fundamental
role is in corrosion protection. LDH are able to entrap corrosive species,
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Fig. 1. Scheme with the release of nitrate and intercalation of chloride in the LDH interlayer structure. Green/red circles and yellow polyhedra represent, chloride/
nitrate anions and the LDH metal hydroxide layers, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

such as chlorides, (Tedim et al., 2012) and to respond to aggressive
electrolyte conditions (Zheludkevich et al., 2012). These layered ma-
terials are then ideal macromolecular containers that can be in-
corporated as additives in functional coatings (Serdechnova et al.,
2016), or that can form nanostructured conversion films on top of
metallic alloys (Tedim et al., 2011).

Tedim et al. (Tedim et al., 2012) demonstrated that when dispersed
in a polymeric coating commonly used in the automotive industry for
corrosion protection, zinc-aluminium LDH, with a metallic ratio of 2:1
and intercalated nitrate anions (Zn,Al-NOs; LDH), can decrease the
permeability of the coatings to chlorides in solution. The choice of the
nitrate anion was based on its lower affinity to the LDH interlayers
when compared to that of the chloride anion (Miyata, 1983; Israéli
et al., 2000). Due to this differential affinity, chloride anions in solution
enter the LDH interlayer distance (the so-called galleries or basal space)
and replace the nitrate species. As it is schematically illustrated in
Fig. 1, when the Zn,Al-NO3; LDH material is in contact with a corrosive
chloride solution Fig. 1 panel 1, the lower affinity of NO;~ anions to
stay in the galleries when compared with that displayed by Cl~ anions,
promotes their exchange Fig. 1 panel 2 until all the nitrate species are
displaced from the galleries Fig. 1 panel 3. The ion-exchange equili-
brium between trapping chlorides and releasing nitrates was proved
experimentally, (Tedim et al., 2012) and Zn,Al-NO3; LDH were sug-
gested as concentration responsive materials.

In the present study, a framework is developed to carry out mole-
cular dynamics (MD) simulations with the aim to analyse the me-
chanism associated with the equilibrium and to establish the baseline
for future ion-exchange studies. The computational work was per-
formed for zinc-aluminium and magnesium-aluminium LDH, with a
metallic ratio of 2:1 (zinc/magnesium:aluminium), and with solvated
nitrate, chloride or carbonate anions intercalated between the metal
hydroxide. The magnesium based LDH was chosen to benchmark the
quality of the simulation framework here presented against the in-
formation available from the noticeable number of computational and
experimental studies found in the literature for this system (Lombardo
et al., 2005; Cunha et al., 2016; Wang et al., 2009; Galvao et al., 2016;
2017; Costa et al., 2010; Radha et al., 2007). Then, a similar simulation
protocol was extended to the zinc-aluminium LDH materials with the
same intercalated anions.

Computer simulations in these materials have been a matter of great
interest (Rad et al., 2016; Tsukanov and Psakhie, 2016). However, the
studies reported in literature were developed following different ap-
proaches, based on diverse Lennard-Jones (LJ) parameters, partial
charges and software, thus a unique computational protocol that can be
extended to different LDH materials incorporating different anions is
still lacking. Importantly, as far as we know, none of the previous
computational models are able to reproduce the archetypical experi-
mental conditions where the LDH immersed in solution as nano-
containers of corrosion inhibitors (Tedim et al., 2012; Zheludkevich
et al., 2012; Serdechnova et al., 2016; Tedim et al., 2011; Galvao et al.,
2016; Poznyak et al., 2009).

Herewith, we are reporting a model that takes into account the

periodic expansion of the LDH structure in the directions parallel and
perpendicular to the cationic layers with different anions inside the
galleries (Thyveetil et al., 2008; Makaremi et al., 2015; Lv et al., 2012).
Based on the very satisfactory comparison of calculated and experi-
mental data, it is expected that the model will serve for applications in a
wide range of fields, having the potential to predict the controlled re-
lease of functional anions, such as corrosion inhibitors (Poznyak et al.,
2009) or pharmaceuticals, (Senapati et al., 2016) the trapping of un-
desired anions (Lu et al., 2016b) or to simulate the influence of pH or
other electrolytes (Carneiro et al., 2015). As a test case, the Zn,Al LDH
with intercalated nitrate anions was introduced into a sodium chloride
water solution. Encouragingly, it was found that the layered structure
of the LDH was not destroyed within the time of a long MD simulation,
providing the closest way so far to study an ion or water exchange
between the LDH and the solution.

2. Computational methods
2.1. Periodic structures

The LDH crystallographic structure corresponds to the R-3c space
group. For structures with zinc/aluminium cationic layers, the super-
cells were described by two lattice parameters, a and c, that were used
to define the vectors of the supercell according to: ?; (2\/§ a,0,0),
7;(— V@“/Z, 3“/2,0) and U;(a/z, ‘5"/2, C/3).(Costa et al., 2010; Radha et al.,
2007; Costa et al., 2012). The lattice parameter a is defined by the size
and ratio of metal cations in the LDH cationic layers. This parameter
was obtained in a previous work (Wang et al., 2009) from the position
of the (110) reflection of the powder X-ray diffraction (XRD) pattern. In
the case of magnesium/aluminium LDH, the atomic coordinates and
lattice parameters of the cationic layer were those described in litera-
ture for a natural occurring magnesium/aluminium LDH (Krivovichev
et al., 2010) and were taken directly from the powder diffraction file
(PDF)-4+ 2016 database of the International Center for Diffraction
Data (ICDD). The c lattice parameter depends on the interlayer distance
occupied by the anions and was taken from literature (Lombardo et al.,
2005; Cunha et al., 2016; Wang et al., 2009; Galvao et al., 2016; 2017;
Costa et al., 2010; Radha et al., 2007).

Both magnesium/aluminium and zinc/aluminium LDH models with
nitrate, chloride, and carbonate anions were built within the supercell
approach for periodic repetition in the three dimensions, i.e., Mg,Al-Cl,
Mg,Al-NO3, and Mg,Al-CO3; or Zn,Al-Cl, Zn,Al-NO3, and Zn,Al-CO;
LDH, which are named from now on MI, MII, and MIII or ZI, ZII, and
ZI11, respectively. The systems, the supercells and notations used in this
work are summarized in Table 1, while Fig. 2 displays the corre-
sponding structural representations. In the present work, the number of
water molecules per charge was fixed to the ratio 2:1, which yields two
water molecules per chloride or nitrate anion and four water molecules
per carbonate species (Table 1). The number of solvating water mole-
cules per anion was chosen according to experimental results presented
in literature (Lombardo et al., 2005; Cunha et al., 2016; Ay et al., 2009;
Latterini et al., 2007). It should be noted at this point that in the case of
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Table 1

Supercells and notations for the LDH systems studied in this work.
LDH System Supercell Notation
Mg,Al-Cl [Mg4Al,(OH),,]Cl>4H,0 MI?
Mg,Al-NO3 [Mg4Al;(OH);2](NO3)4H,0 MIL
Mg,Al-CO;3 [Mg4Al,(OH);21(CO5)-4H,0 MIII
Zn,Al-Cl [Zn4Al;(OH),,]Cl>4H,0 VAR
Zn,Al-NO3 [Zn4Al;(OH);15](NO3)»4H,0 ZI11
Zn,Al-CO3 [Zn4Al5(OH);5](CO3)4H,0 ZIII

@ Comparative simulations were performed for the MI and ZI systems but
with half of the water molecules, i.e., the supercells [Mg4Al>,(OH);,]Cl,2H,0
and [Zn4Al>(OH);,]1Cl>2H,0 which are denoted MI, » and ZI, /5, respectively.

magnesium/aluminium and zinc/aluminium LDH with intercalated
chloride anions, there are experimental results supporting both one and
two water molecules solvating each anion (Lombardo et al., 2005;
Cunha et al., 2016). This matter will also be addressed in the present
work. Therefore, calculations employing models with one water mole-
cule per anion, cf. MI;,» and ZI,,, (Table 1), respectively, were also
performed.

The supercells shown in Fig. 2 were used for the electronic density
functional theory (DFT) calculations where all the atomic positions
were optimized as it will be detailed below. From the DFT optimized
supercells, containing between 38 and 50 atoms depending on the
system, systems composed by thousands of atoms (9500-12,500) were
built for further classical molecular dynamics (MD) simulations. These
large systems resulted from the expansion of the smaller supercells by
5 X 10 x 5 repetitions in the case of NO3~ and Cl~ intercalated spe-
cies, and 10 x 5 X 5 in the case of the divalent CO3*" anion. The quite
large supercells were chosen for avoiding any fictitious finite size ef-
fects that may hamper, for instance, the possible undulations of the
cationic layers suggested to occur in previous studies by other authors
(Thyveetil et al., 2007).

MI
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2.2. DFT calculations

The atomic positions of the smaller supercells (see Fig. 2) were re-
laxed by means of periodic model electronic DFT calculations per-
formed with the Quantum ESPRESSO (QE) computer code (Giannozzi
et al., 2009) and the Perdew-Burke-Ernzerhof (PBE) (Perdew et al.,
1996) exchange-correlation functional, using a methodology found to
be very appropriate for these materials (Galvao et al., 2016; Costa et al.,
2010; Maruyama et al., 2016). The nuclei and core electrons were de-
scribed by ultrasoft pseudopotentials (Vanderbilt, 1990) available for
the PBE functional in the QE website (http://www.quantum-espresso.
org/pseudopotentials/), and the Kohn—Sham orbitals were expanded
using plane wave basis sets with 60 Ry cutoff for the kinetic energy and
600 Ry cutoff for the charge density. The first Brillouin Zone integra-
tions were performed with the gaussian smearing method (Marzari
et al.,, 1999) using a smearing parameter of 0.02 and a 2 X 2 X 1k-
point mesh (Monkhorst and Pack, 1976). The relaxation of the atomic
positions with fixed lattice parameters were stopped after the forces
acting on all atoms in each structure was lower than 103 Ry/a.u.. The
optimized unit cell parameters are provided in Table S1 of the Sup-
plementary Information (SI).

The LDH atomic charges included in CLAYFF (Cygan et al., 2004)
were used in preliminary MD simulations where, despite different en-
ergy minimization/equilibration protocol attempts, the LDH structures
were found to be very unstable, i.e., it was observed significant dis-
solution of the metal ions from the metal layers into the interlayer
water/anion galleries. This issue was also reported in previous studies
(Lombardo et al., 2005; Kim et al., 2007; 2005). Therefore, we decided
to compute new atomic charges within the density derived electrostatic
and chemical (DDEC6) formalism using the Chargemol program, (Manz
and Limas, 2016; Limas and Manz, 2016) with charge densities gen-
erated with the VASP code (Kresse and Hafner, 1993; Kresse and
Furthmdiller, 1996a; 1996b). In the latter calculations, the structures
optimized with the QE code were recalculated with the PBE functional,
but employing projected-augmented wave potentials, (Kresse and
Joubert, 1999) 450 eV cutoff for the kinetic energy of the plane waves,

MIII

Fig. 2. DFT optimized structures for the MI-MIII (top row) and ZI-ZIII (bottom row) LDH systems. Colour code for spheres: silver is Al; pink is Mg; purple is Zn; green
is Cl; cyan is N; ochre is C; red is O; and white is H. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Table 2
Partial charges (g, in a. u.) calculated for the magnesium- (MI-MIII) and zinc-
(ZI-Z1II) aluminium LDH with nitrate, chloride and carbonate anions.

Atom q (MI, MII and MIII) q (ZI, Z1I and ZIII)
Mg/Zn 1735 1050

Al 1440 1690
Oon —1080 —0.930
Hou 0.477 0.465
Nhitrate 0.860

Onitrate —0.620

Cearbonate 0.931

Ocarbonate -0.977

Clehtoride —1000

Owater —0.848

Huwater 0.424

3 X 3 X 1k-point meshes for the numerical integration in the re-
ciprocal space, and convergence criteria on the total energy change and
on the forces acting on the ions of 10~ %eV and 10~2eV/A, respec-
tively. The charges were firstly calculated for the systems MI, MII, and
MIIL. Despite the presence of different anions, e.g. C1~, NO3;~, and
€037, respectively, the calculated charges for magnesium (Mg), alu-
minium (Al), hydroxide oxygen (Ooy) and hydroxide hydrogen (Hop),
presented small differences. Therefore, we decided to use an average
value for each of these atomic species. Also, we found that the average
of the calculated charges for the H and O atoms in the water molecules
were close to the charges in the SPC/E water model (Berendsen et al.,
1987). Consequently, our model uses the SPC/E model for the water
molecules in the galleries. The calculated charges of the charge balan-
cing anions were slightly lower than —1a.u. (NO3~, Cl7) or —2a.u.
(CO3%7). For convenience, we rounded the charges to havea —1 or —2
net charge in all these cases and, consequently, counterbalance the +1
charge of the metal hydroxide layers. The charges obtained for the
magnesium-aluminium LDH are compiled in Table 2. A similar protocol
was followed to obtain the atomic charges for the zinc-aluminium LDH
systems and the charges are also provided in Table 2. As described
below, by using the new set of atomic charges, the dissolution of the
metal ions in the MD simulations was residual.

2.3. Molecular dynamics simulations

The classical MD simulations were carried out with Gromacs 5.1.4
package (Abraham et al., 2015) using a leapfrog algorithm (Hockney
et al,, 1974) to integrate the equations of motion, unless otherwise
stated, with a time step of 1fs. The energy contribution terms in the
potential energy function were the bond stretching, angle bending, and
dihedral torsion, in the case of the interactions between bonded atoms,
and the Lennard-Jones (LJ) potential and the Coulomb term in the case
of the intermolecular interactions. The energy contributions in the
potential energy function, bond stretching, angle bending, and dihedral
torsion were taken for bonded interactions whereas the Lennard-Jones
(LJ) potential and the Coulomb term were considered to take into ac-
count the non-bonded interactions. A potential force-switch modifier
function was used in LJ with a cut-off radius of 1.4 nm, where the en-
ergy decays smoothly to zero between 0.8 and 1.4 nm. The long-range
electrostatic interactions were calculated by a combination of particle
mesh Ewald and using a coulomb potential-shift function with a cutoff
radius of 1.4 nm.

The temperature was fixed at 298 K with the velocity-rescaling
(Bussi et al., 2007) in the equilibrium simulations before the production
run with the Nose-Hoover thermostat (Hoover, 1985; Nosé, 1984). The
pressure coupling was considered as semi isotropic in XY and Z direc-
tions and the pressure was fixed at 1 bar using the Berendsen pressure-
coupling method (Berendsen et al., 1984) in the equilibrium steps and
the Parrinello — Rahman barostat (Parrinello and Rahman, 1981) in the
production runs. Bond lengths were constrained by the LINCS algorithm
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(Hess et al., 1997).

The LJ parameters for the MD simulations were taken from the
literature. The conventional LJ function with the CLAYFF force field
(Cygan et al., 2004) parameters were used to take into account the non-
bonded interactions in the metal hydroxide layers, with the exception
of zinc ions (see below). The SPC/E potential model (Berendsen et al.,
1987) was selected for water. The potentials from (Smith and Dang,
1994) (Cadena and Maginn, 2006) and Schmid et al. (Schmid et al.,
2011) were used for the CI~, NO;~, and CO3>" species respectively.
Further details are given in Table S2.

The lack of LJ parameters for zinc atoms in CLAYFF induced to
explore different approaches to overcome this limitation. For instance,
(Lombardo et al., 2005) derived the following LJ parameters
Do =1.0 x 10 ®kecalmol ™%, Ry = 5.0A and ¢ = 1.05a.u. for zinc(Il)
from calculations involving the minerals e-Zn(OH),, y-Zn(OH),, and
Zns(OH)gCly'H,0, which were then used to model the Zn,Al-Cl LDH
material. Other authors used parameters from the universal force field
(UFF) or the Dreiding force field (Rad et al., 2016; Kéafunkova et al.,
2010). In such studies, the results from the simulations compared very
satisfactorily with available experimental structural data. Herewith, the
LJ parameters for zinc (II) were developed using those parameters by
Lombardo et al. as an initial guess. The parameters were firstly opti-
mized upon comparison of the structures for the ZII system arising from
our MD simulations and from our own experimental sample and after
upon comparison of the structures of the all the Zn,Al LDH with lit-
erature data.

From the molecular structures prepared as described in Section 2.1,
a careful energy minimization and equilibrium protocol has been fol-
lowed. All systems were initially energy minimized in two steps: firstly,
the metal atoms and the hydroxide (OH) groups were constrained at
their DFT optimized positions, and only the water molecules and the
ions were allowed to move, which was followed by a second mini-
mization step where only the metal atoms were frozen, and the re-
maining atoms were allowed to move. After the energy minimization
steps, two NVT simulations were done to equilibrate the initial tem-
perature, one fixing the metal atoms and the OH groups while freely
moving the remaining components of the system (1 ns) and another one
constraining only the metal atoms (2.5 ns). These two NVT steps allow
the accommodation of the intercalated species occupying all the
available basal space to avoid the system being locked in a local energy
minimum, which assumes great importance in systems composed by the
NO;~ or COs?" anions, where different spatial orientations for these
species are possible. The energy minimisation and equilibrium simu-
lations steps were run with a time step of 0.5 fs. The equilibrated sys-
tems from the NVT simulations were then used in subsequent NpT si-
mulations that lasted 70 ns without imposing any movement constraints
in the atoms. In these simulations, the first 50 ns were used for the
density equilibration while the last 20 ns were used for production. The
potential energy, temperature, density and total energy were monitored
to ensure that equilibrium states were attained at the end of the NVT
and NpT equilibration runs.

X-Ray diffraction patterns (XRD) of the MII and ZII experimental
samples synthesized in our laboratory were compared with the com-
puted XRD pattern of the MD counterparts to benchmark the quality of
the computational model to reproduce the experimental LDH struc-
tures.

Density profiles, radial distribution functions and the probability
angle distributions were obtained from the last 20 ns of the NpT si-
mulations with the Gromacs gmx density, gmx rdf and gmx gangle tools,
respectively.

The structure data analysis tool of the crystal structure visualization
package Mercury (Groom et al., 2016) (https://www.ccdc.cam.ac.uk/
solutions/csd-system/components/mercury) was used to obtain the
XRD pattern of each frame, which are all plotted in the same XRD
pattern representation.

The 26 angle value of the dyg3 peak is used to estimate the interlayer
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distance d with the following relation Bragg's law,

A
~ 25sin6

(€y)
where A = 1.54056 A is the wavelength of the X-Ray source.

3. Experimental section
3.1. Materials

Zn(NO3)26H,0 (99%), Mg(NO3)>6H>0 (99%), Al(NO3)39H,O
(98.5%), NaNO3 (99.5%) and NaOH (98%) were obtained from Sigma-
Aldrich and used without any further purification.

3.2. Synthesis of layered double hydroxides

Zn,Al-NO;3; and Mg,Al-NO3; LDH were synthesized in this work in
order to compare the structural features with those obtained by MD for
systems ZII and MII, respectively. Both materials were synthesized
using a two-step methodology, involving first the co-precipitation at a
nearly constant pH of 9-10, followed by the growth of the particles by
hydrothermal treatment. The reaction was carried out under nitrogen
atmosphere and all the solutions were prepared using previously boiled
and nitrogen saturated distilled water, in order to minimize the amount
of carbonate anion present in solution and prevent its intercalation.

During the co-precipitation step, a 50 mL mixture of 0.5M Zn
(NO3)2:6H,0 or Mg(NO3),6H,0 and 0.25M Al(NO3)39H,0O was added
dropwise to a 100 mL solution of 1.5 M NaNOs, under vigorous stirring
at room temperature. During this process, the pH was kept nearly
constant by simultaneous addition of 2 M NaOH (~50 mL). Afterwards,
the obtained product was subjected to a hydrothermal treatment of
373K for four hours. In the end, the product was centrifuged and wa-
shed 4 times with 25 mL of boiled and nitrogen saturated distilled water
per 5 g of obtained slurry. A small fraction of the LDH was then dried at
333K during 4 h for the XRD measurements.

3.3. Characterization of materials

The powder XRD characterization at room temperature of the ob-
tained Zn,Al-NO3; and Mg,Al-NO; LDH was performed using a
PANalytical X'Pert Powder diffractometer (Ni filtered Cu Ka radiation,
a tube power of 45kV and 40 mA) coupled with a PIXcell'® detector,
and an exposition time of 6 s per step of 0.02° over an angular range
(26) between 4 and 65°.

4. Results and discussion

The main aim of this work is to provide a computer modelling
framework for MD simulations of magnesium-aluminium and zinc-
aluminium LDH materials with different anions in the interlayer dis-
tances. We seek to have a straightforward and intuitive model in which
it is not necessary to deal with different parameters and charges de-
pending on the nature of the intercalated anions. Ultimately, the re-
placement of one anion by another anion requires only the para-
metrization of the latter without being needed any modification of the
parameters for the metal hydroxide layers or the water molecules. This
is an important fact to take into account for anion-exchange studies in
LDH materials.

For this purpose, the Mg,Al LDH with different intercalated anions
has been taken as a reference due to the vast amount of data available
in the literature. Thereby, a structural characterization analysis has
been carefully carried out to compare the LDH structures obtained in
the MD simulations with results from previous computational and ex-
perimental studies.

Fig. 3 shows the snapshots of the final NpT MD production run
configurations for system MI after 20 ns of production run and also the
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density profiles for the metal atoms, hydroxyl groups, anions and water
molecules for two adjacent layers along the direction normal to the
metal layers. Fig. 3a gives a picture about how chloride anions were
arranged as single and double layers in the basal space yielding a strong
bending in the LDH structure. The density profile of two adjacent metal
layers is plotted in Fig. 3b and confirms this behaviour with three
chloride peaks in green. The central one represents the single layer of
chlorides in the middle of the basal space, whereas the two adjacent
green peaks correspond to those from the double layer of chlorides
which are separated by water (blue peaks). As a consequence of this
particular single/double chloride layer arrangement, the MI system
depicts two different interlayer distances, which is also reflected by the
two metal peaks (black line) in the density profile. Thus, the distance
between the two black peaks in one and the opposite side of the
chloride/water basal space provides a rough estimation of both inter-
layer distances, being 7.66 A and 8.86A for the single and double
chloride layer configuration, respectively. These results are in reason-
able agreement with previous computational studies (Wang et al.,
2001) and experiments (Miyata, 1983; Boclair et al., 1999). It must be
inferred from these previous studies that the anion/water ratio strongly
affects the LDH interlayer arrangement as it will be discussed in detail
below.

Fig. 4a and b summarise the behaviour of the MII in which NO3~
anions predominantly were arranged with their molecular planes in a
tilted configuration with respect to the planes of the metal layers. In this
case, the intercalated NO3~ anions can be found in the middle of the
basal space, with the nitrogen atoms (cyan line in the density profile of
Fig. 4b) equidistant from the metal atoms (black lines in Fig. 4b) in
consecutive metal hydroxide layers. The interlayer distance can be
approximately estimated by measuring the distance between the two
adjacent metal atom peaks (black). An interlayer distance of 8.70 A was
obtained by averaging the five basal distances in the MD supercell
which is in good agreement with previous experimental results of 8.79
and 8.89 A. (Miyata, 1983; Sun et al., 2010) as well as with the value
determined from XRD analysis of the experimental sample synthesized
in our laboratories.

The symmetry shown by the two dashed red line peaks in both sides
of the nitrogen atoms (cyan) means that NO; ™~ anions were arranged in
a preferred angle with respect to the metal layer. Fig. S1 in the SI shows
the angle probability distribution of NO3; ™ anions in the MD simulation
which fall in a range of 80-100° as it can be inferred by the broad blue
peak around 90°. This result is in agreement with experiments (Wang
et al.,, 2009; Wang and Wang, 2007) in which the intercalated NO5;~
organisation strongly depends on the density charge of the layer ac-
cording to the Mg:Al ratio. Wang et al. found that when the Mg:Al ratio
is 2:1, 3:1 or 4:1, the LDH structures accommodate tilted only, a mix of
tilted/parallel, and parallel-only NO3;~ species, respectively (Wang
et al., 2009).

Fig. 5 shows the behaviour of COs>" anions in the MIII system
which, contrarily to the NO3; ™~ anions in the MII system, adopted pre-
ferentially a parallel orientation with the respect to the metal layer
plane as it can be seen in Fig. 5a.

The density profile shown in Fig. 5b confirms that the CO52~ anions
are arranged with their molecular planes parallel to the planes of the
metal layers. The maxima of the carbon atoms (ochre) and carbonate
oxygens (red dashed lines) peaks as well as that for the water molecules
(blue) appear at the centre of the interlayer distance suggesting the
formation of a thin layer in the middle of the basal space. The interlayer
distance inferred from the density profile is 7.02 A, slightly lower than
that observed experimentally, 7.64 A (Miyata, 1983) but similar to that
found in a previous computational study by (Kim et al., 2005), 7.08 A.
In the latter study, the CO5;> parallel conformation was found to be
stable even at temperatures as high as 500 K. The snapshot shown in
Fig. S2 gives some clues about the results obtained in the MD simula-
tions. It is clear that the water molecules are positioned between CO5%~
anions and have a role in the stabilization of the doubly-charged anion -
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Fig. 3. a) Snapshot with the MI system attained after 20 ns of NpT production run (water molecules were removed for clarity). The colour code is as follows;
Magnesium in pink, aluminium in grey, oxygen in red, hydrogen in white and chloride anions in green. b) Density profile obtained along the axis normal to the metal
layer with the following colour code: black for metal layer atoms, hydroxide oxygens in solid red lines, hydroxide hydrogens in orange, chloride anions in green and
water in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

doubly-charged anion unfavourable interaction. The angle distribution
of CO5% anions in Fig. S1 shows a peak close to 0° and 180°, with the
angle distribution rapidly decreasing up to 20° from the maximum,
which suggests that the planar orientation of the CO3>" species is the
most common configuration, also in agreement with the carbonate
anion being one of the most thermodynamically favourable anions to be
intercalated in LDH (Miyata, 1983; Bravo-Suarez et al., 2004).

It is worth to mention at this point that despite both MII and MIII
systems having the same layer density charge (2 Mg:1Al) and number of
water molecules per unit of anion charge, the anion arrangement in the
basal space was completely different. This antagonistic behaviour is due
to the different nature of the intercalated anions, mainly the anion
density charge. In the MII system, the anions can move more freely
when compared with the MIII system as it can be seen in the simulation
films (Supplementary Videos 1 and 2). Since the NO;~ and the CO3*~
anions have similar sizes, the smaller number of anions and the more
important Coulombic interactions with the metal layer in the LDH with
carbonate species than with the NO; ™~ counterpart, leads to a reduction
of the available basal space in MIII when compared with MIL. As a
consequence, the water molecules (and the anions) have less available
space to move, which decreases the degrees of freedom of the water
molecules in MIII when compared with MII (cf. sharper peaks for MIII
than for MII seen in Fig. S1). It is evident that the COs>" anions in the
MIII system concentrate more charge per unit volume when compared
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with the MII system which has two NO3 ™ anions per unit cell (Fig. 2).
Therefore, CO5>" anions are trapped in some specific positions being the
water molecules constrained between adjacent CO5;>~ anions to screen
the doubly-charged anion-doubly-charged anion unfavourable interac-
tion as can be seen in the simulation films (Supplementary Videos 2 and
3; in the latter, water molecules were removed for clarity). A detailed
picture of the basal conformations of MII and MIII systems is given in
Fig. S3a and S3b. The H-bonding distance between anions and the LDH
layer was obtained from the first maximum of the RDF profiles for MII
(black) and MIII (red) systems showed in Fig. S3c. The H-bonding
distance was 1.5 A in both, thus the difference was mainly the anion
orientation. Fig. S3d shows the RDF between the anion oxygen atoms
and water molecules in MII and MIII, which can be used to estimate the
number of water molecules around the charge compensating anions. In
the MII system, more water molecules can be found around the NO3;~
when compared with the first solvation shell of CO5>" in the MIII
system. In the latter, the strong anion/metal layer coulombic interac-
tions push all of the water molecules just between adjacent CO3>~ an-
ions but not among CO5~ anions and the metal layer as it happens with
NO; ™ in MII (see detail in Fig. S3a and S3b).

A stringent test to validate the MI-III structures and, therefore, the
force field parameters and the inputs used in the MD simulations can be
performed by comparing the computed XRD pattern of the MD cells
with their experimental counterparts (Cygan et al., 2009). Thereby, the
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Fig. 4. a) Snapshot with the MII system attained after 20 ns of NpT production run (water molecules were removed for clarity) and the colour code is the same as
Fig. 3a but nitrogen in cyan. b) Density profile obtained along the axis normal to the metal layer with the colour code as in Fig. 3b and nitrate nitrogen and oxygen
atoms are shown in cyan and red dashed lines, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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computational XRD pattern has been calculated as follows: 10 frames of
the simulation trajectory file, equally distributed in the 20 ns of the
production run, were selected (Fig. 6). The small differences found
clearly support the convergence of the structures arising from the si-
mulations. Also, the first sharp peak, dgos, confirms that all the systems
obtained in the MD simulations are highly crystalline.

The XRD pattern for the MI system shown in Fig. 6a displayed an
interlayer distance of 8.83 A, which is in the range of values reported in
previous computational studies, 7.23-10.6 A (Wang et al., 2001), but is
larger than the experimental data (Table 3). The chloride arrangement
in the MD simulation as single and double layers in the basal space
produced the wider XRD dgo3 peak observed in the inset of Fig. 6a and
leads to larger uncertainties in the estimation of d.

The XRD pattern for the MII system shown in Fig. 6b depicted an
interlayer distance of 8.70 A, which agrees with experiments found in
the literature 8.79 A (Miyata, 1983) and 8.78 A (Wang et al., 2009). As
a further test to validate our MII MD structure, the system was syn-
thesized in our laboratory as described previously and the XRD pattern
of the experimental sample was obtained. Fig. S4 shows the comparison
between the experimental and the MD XRD patterns, where the dgos
and dgos XRD computational peaks were in satisfactory agreement with
the experimental ones, demonstrating that the crystalline structures are
similar. Thus, the interlayer distance obtained for the experimental
sample was 8.9 A, in reasonable agreement with the MD counterpart
8.7 A. It must be noticed that the intensity of the computed XRD profile
is lower than the experimental one because of the limited size of the MD
sample, as it was previously observed in similar studies (Lombardo
et al., 2005). Finally, Fig. 6¢c shows the XRD pattern for MIII with an
interlayer distance of 7.07 i\, lower than the value found in experiments
7.65A (Miyata, 1983) but in agreement with previous MD computa-
tional studies 7.08 A (Kim et al., 2005). As a further test, the most re-
levant interatomic distances were determined from the MD simulations
for further comparison with literature data (Table 4).

The structural parameters from the present MD simulations of
system MIII are in very good agreement with the results from the
Rietveld refinement analysis of the experimental samples (Radha et al.,
2007; Bellotto et al., 1996) and of the structure optimized by DFT
(Costa et al., 2010). The Mg-Ooy and Al-Opy obtained in this work — the
(Mg,Al)-Opy value, 2.11 A, shown in the Table 4 is an averaged Mg-Ooy
and Al-Ogy distance with the aim to compare with literature — are
2.17 A and 1.99 A, respectively. Excluding the experimental C—O bond
length in carbonate, the experimental and calculated distances are
~0.1A and the angles within 2°. The agreement between the present
and previous calculated data is even better.

The structural parameters shown in Table 4 for system MIII are
compared with those obtained for systems MI; 5, MI and MII in Table

S3. As it can be seen, the structural parameters for systems MII and MIII
are very similar, which suggests that the intercalated species affect only
the height of the interlayer galleries and leave almost unchanged the
metal hydroxide layers. The fact that other works using different
computational steps, e.g. (Wang et al., 2001), yield structures similar to
those found in the present study supports our choice of using the same
partial charges for all the LDH.

The good agreement between the structures obtained using different
computational setups led us to hypothesize that the dissimilarities in
the basal distances from the present MD simulations for MI (or MIII)
and from the experimental studies might come from different degrees of
hydration in the systems studied computationally and experimentally.
In fact, previous experimental studied showed that slight differences in
the number of water molecules per anion in the basal space can lead to
different inter layer distances (Lombardo et al., 2005; Cunha et al.,
2016). Bearing this in mind, further studies were performed for the
Mg,Al-Cl LDH with a 1Cl™: 1H,0 ratio, i.e., the MI, , system. The MD
simulation snapshot in Fig. 7a shows the final structure of MI, , after
20 ns of production time. It is easily seen that the structure of the MI; /5
system is more regular than that described above for the MI system
(Fig. 3a). In MI, /,, the chloride ions were arranged in a single thin layer
and the metal layer bending observed in MI disappeared completely.
The density profile in Fig. 7b confirms the homogeneity observed in the
simulation snapshot with chloride anions in the middle of the basal
space, well surrounded by water molecules.

The computed XRD pattern was used to estimate the interlayer
distance following the procedure described above. The result, 7.64 A, is
now much closer to the experimental XRD values of the gallery heights
determined by Braterman et al. (Boclair et al., 1999), 7.87 A and by
(Miyata, 1983), 7.86 A, when compared with the value, 8.83 A, calcu-
lated for the MI system (Table 5).

It is expected that the interlayer distance increases gradually from
systems with the 1C17: 1H,0 to the 1Cl™: 2H,0 ratios. Therefore, the
experimental samples studied by Boclair et al. (Boclair et al., 1999) and
by (Miyata, 1983) seem to correspond more to systems having a much
lower degree of hydration than reported.

The effect of the water content in the basal space is an important
aspect to take into account since it strongly affects the stability and
homogeneity of the LDH structure as deduced from the comparison of
Figs. 3a and 7a. In this regard, (Wang et al., 2001) carried out MD
simulations for the Mg,Al-Cl LDH system with different C1™: H,O ratios
using a modified CVFF (Dauber-Osguthorpe et al., 1988) force field,
originally designed to model proteins. For systems with 1Cl~: 1H,0 and
1Cl™: 2H,0 ratios they found that the chlorides and water molecules
were arranged in a thin layer in the middle of the basal space with an
interlayer distance of 7.23 A and ~ 8 A, respectively, while for a system
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Fig. 6. Computed XRD patterns from the MD simulation runs after 20 ns of
production run for systems a) MI, b) MII and ¢) MII The 26 angles given by the
doos peaks were used to obtain the interlayer distances shown in Table 3. The
inset in all of figures provides a detailed view of the first maximum dgg3. The MI
peak in the inset figure in a) is 0.02 A wider than those found in MII and MIII
mainly due to the single/double chloride layer configuration which introduce
more uncertainty in the interlayer distance estimation.

with a ratio ~ 1C17: 5H,0 they reported the formation of a double
layer of chlorides and water molecules in the interlayer distance. This
confirms that the degree of hydration has an important effect in the
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Table 3

Interlayer distance (d) comparison between literature data with those obtained
in this work using the computed XRD patterns for MI-III systems shown in
Fig. 6. The estimated error in the interlayer distances obtained in this work are
lower than 0.01 A.

System d @A)

This work Literature

MD Exp. MD Exp.
MI 883 - 7.23-10.6(Wang et al., 7.86(Miyata, 1983);

2001) 7.87(Boclair et al., 1999)
MIL 870 89 - 8.79(Miyata, 1983);
8.89(Sun et al., 2010)

MIIT 7.07 - 7.08 /?\(Kim et al., 2005) 7.65(Miyata, 1983)

gallery space and in the structural integrity of the LDH but, as suggested
from the structural results in Table S3, it has a less important effect in
the structure of the metal hydroxide layers.

The MI-III structures obtained in this work are in accordance with
previous experiments and computational results, demonstrating the
ability of our method to deal with Mg,Al LDH materials. Thereby, the
same approach was applied to Zn,Al LDH systems. However, the sub-
stitution of magnesium by zinc required the calculation of another set of
partial charges which are also provided in Table 2. Since LJ parameters
for zinc cations are absent in the CLAYFF force field, they had to be
parametrized in the present work. We adopted a similar strategy to that
used by (Lombardo et al., 2005) in which the Dy and R, values were
changed slightly until the simulated structures compared well with
available data from the literature for similar systems incorporating zinc
cations. In order to obtain our own parameters for zinc, the DFT opti-
mized geometries for the ZI-III unit cells (Fig. 2) were used to prepare
the 5 x 10 x 5 and 10 X 5 x 5 supercells for the classical MD simu-
lations. The main interatomic distances from the work of (Lombardo
et al., 2005) for the in ZI; » and ZIII systems were selected as structural
references. The best agreement was found with
Do = 3.0 x 10~ " kecal mol ™! and Ry = 6.4 A (Table S4).

The new parameters for zinc were employed in MD simulations of
Zn,Al LDH systems analogous to the Mg,Al LDH described above.
Fig. 8a shows the results for ZI, 5, which presents the chloride ions in
the middle of the basal space well arranged in a thin layer mixed with
water depicted in the density profile showed in Fig. 8b. When the Cl:
H,O ratio is increased to 1:2 resulting in the ZI system, the chlorides
anions and the water molecules form a double layer, as it can be seen in
Fig. 8c and in the density profile shown in Fig. 8d. Therefore, the effects
in the structure of the interlayer upon increasing the Cl™: H,O ratio
from 1:1 to 1:2 is more dramatic in the case of the Zn,Al than in the
Mg,Al LDH, where only a mixture of single/double layer conformations
was found for MI (Fig. 3a).

The double chloride/water arrangement found in ZI is clearly re-
flected in the density profile by the two small peaks in the chloride
profile in green colour (Fig. 8d). Only a small amount of chloride anions
can be found in the middle of the basal space, in contrast to the be-
haviour observed in ZI; 5.

The computed XRD patterns were estimated and interlayer distances
of 7.68 and 8.99 A were obtained for Z;,» and ZI, respectively. These
values are compared with data taken from the literature in Table 6. The
interlayer distance obtained for ZI;,, agreed with those obtained by
XRD, 7.70A, (Miyata, 1983) 7.75A (Kafuitkova et al., 2010) and
7.64 /o\, (Velu et al., 1997) and also with 7.69 A found in the compu-
tational studies carried out by (Lombardo et al., 2005) They found in
their MD simulations that the ZI,,5 system reproduces well the XRD
pattern of their experimental samples. The results obtained in their ZI
system were in the range of 8.5-8.86 A (Lombardo et al., 2005; Ennadi
et al., 2000; Mahjoubi et al., 2017), which are close to the 8.99 A ob-
tained in our MD simulations (Fig. 8c and d). It should be remarked that
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Table 4
Comparison between the main interatomic distances and angles in our MD MIII structure with literature data.
This work Literature
MD MD Exp.
Interatomic distances (A)°
(Mg,AD-Oon 2.11 2.000(Costa et al., 2010) 2.013(1)(Bellotto et al., 1996); 1.991(4)(Radha et al., 2007)
Oou-Oon 2.71 2.569(Costa et al., 2010) 2.632(3)(Bellotto et al., 1996); 2.569(9)(Radha et al., 2007)
C-Ocarbonate 1.31 1.298(Costa et al., 2010) 1.20(4)(Bellotto et al., 1996); 1.098(11)(Radha et al., 2007)
Angles (°)
Oou-AlLMg-Opy (inter) 81.0 80.3(Costa et al., 2010) 81.67(6)(Bellotto et al., 1996); 80.4(4)(Radha et al., 2007)
Oon-ALMg-Ooy (intra) 98.0 - 98.33(6)(Bellotto et al., 1996); 99.64(17)(Radha et al., 2007)
Ocarbonate-C-Ocarbonate 120.1 120(Costa et al., 2010) 120(Bellotto et al., 1996); 120.0(9)(Radha et al., 2007)

2 Inter and intra between brackets means hydroxyl oxygens placed in the same or adjacent hydroxyl layers, respectively.

a good agreement was found despite different non-bonded parameters
for zinc cations and partial charges are used. Another important aspect
to take into account is that the supercell size in our system was 50 times
larger and the production run was one order of magnitude longer than
those considered by Lombardo et al.

The experimental interlayer distance reported by (Ennadi et al.,
2000) for the ZI system (cf., 7.83 10\) is much closer to the calculated and
experimental values for ZI; ,,, which suggests they have very probably
overestimated the degree of hydration of their sample.

The MD results for the ZII system are shown in Fig. 9a. As in the case
of the MII system, the molecular plane of the NO;~ anions is not co-
planar with the metal hydroxide layers. The density profile shown in
Fig. 9b shows two clear peaks corresponding to the nitrate oxygen
atoms (red dashed lines) which are intermediated by a peak corre-
sponding to the nitrogen atom of nitrate (cyan line). The computed XRD
pattern of this system shows an interlayer distance of 8.70 A, in good
agreement with many experimental results found in the literature’”*
and with the value (8.80 10\) obtained from the XRD pattern of the ex-
perimental sample synthesized in our laboratory (Table 6). Fig. S6
shows the XRD patterns of our experimental sample and of the ZII
structure from the MD simulations. The two main dgos and dgpe XRD
peaks were clearly found in the computational patterns of ZII in the
same positions of the experimental XRD pattern corroborating the
quality of the structure obtained in the MD simulations.

Fig. 10a and b display the ZIII structure from the MD simulation
together with the density profile. The carbonate anions are coplanar
with the metal hydroxide layers forming a thin film together with the
water molecules. Fig. S7 shows the angle probability distribution of
NO;~ and CO3> with respect to the metal layer plane with the nitrates
arranged in tilt angles in ZII whereas the carbonate anions most of them
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Table 5
Comparison of the interlayer distances d from the computed XRD patterns for
the MI, » and MI systems obtained in this work and data from the literature.

System d [?N)
This Literature
work
MD Exp.
ML /o 7.64 7.23(Wang et al., 7.86(Miyata, 1983); 7.87(Boclair
2001) et al., 1999)
MI 8.83

placed in parallel (angles close to 0° and 180° angle distribution) with
some arranged at 40 and 140°, yielding a greater interlayer distance
compare with the obtained in the MIII system. The arrangement of the
NO3;~ and CO;> anions in the basal space obtained in the MD simu-
lations can be compared in Supplementary Videos 4 and 5, respectively.
The XRD calculated patterns revealed an interlayer distance of 7.76 A,
in good agreement with literature data, 7.0-7.63 A (Lombardo et al.,
2005; Kim et al.,, 2007; Velu et al., 1997, Mahjoubi et al., 2017)
(Table 6).

The results showed in this work demonstrate that the MD approach
is able to handle the complexity of LDH structures. The simulation time
and the supercells used in our MD simulations were one order of
magnitude larger than those used in previous MD studied, demon-
strating a remarkable degree of stability (see Figs. S2 and S8 and
Supplemetary Videos 1 to 5). Furthermore, our approach reproduced
very well the structures from several different experimental studied and
helped to attribute the origins of discrepancies to the different degrees
of interlayer hydration. Bearing this in mind, a portion of the ZII system

350

[5%)
(=3
S

553
93
S

554
(=3
S

@
=

Number density (nm‘z)

(=3
S

W
(=3

" A MYV
s 1.6 1.8 2 2.2 2.4

Coordinate (nm)

2.6
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colour code in a) and c) is as follows; zinc in purple, aluminium in grey, oxygen in red, hydrogen in white and chloride anions in green. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

was put in contact with a sodium chloride water solution in order to
explore the feasibility of our model to deal, as close as possible, with
usual experimental applications. For instance, (Tedim et al., 2012)
showed that the ZII LDH has the ability to capture the Cl~ anions from
a corrosive solution upon ion exchange with the NO5; ™ placed in the ZII
basal space. The addition of ZII to coatings exposed to aggressive en-
vironments with chlorides is key for corrosion protection applications.
In this direction, the equilibrated ZII system was placed at the centre of
a bigger simulation box (12nm X 12nm X 12nm) to which were
added 40,000 water and 2000 NaCl molecules. In this new system, the
LDH is completely surrounded by the NaCl and water molecules. After
the energy minimisation and equilibration steps keeping fixed the
atomic positions of the immersed LDH, NpT MD simulation was run for
20 ns. Remarkably, despite periodic molecular repetition restraints are
absent in the simulations with the new system, its metal hydroxide

structure is maintained and only a very small degree of metal atoms and
hydroxyl groups dissolution is seen (Fig. 11a and Supplementary Video
6). This slight dissolution at the top and bottom plane edges of the LDH
occurs mainly at the very initial stages of the NpT MD simulation where
the positions of the LDH system are now allowed to move freely. We
will come to this point at the end of this section. Besides the visual
information available in the films (Supporting Information), the stabi-
lity of the LDH is also well understood from the density profile shown in
Fig. 11b. The distance between metal layers (black lines in Fig. 11b) can
be used to determine a rough interlayer distance value of 8.94 A, ac-
cordingly with interlayer distance of the material synthesized in our
laboratory (8.8A). The hydroxyl oxygen and hydrogen curves are
overlapping the metal maximum in black and therefore, the immersed
ZII system shows a certain degree of bending as it can be seen in
Fig. 11a. It must be noticed that this approach will allow the ZII to

Table 6
Comparison between the interlayer distance d obtained in this work from the computed XRD patterns of ZI-IIl and data from the literature.
System  d (A)
This work Literature
MD  Exp. MD Exp.
Zl 7.68 - 7.69(Lombardo et al., 2005) 7.76(Israéli et al., 2000); 7.76-7.83(Lombardo et al., 2005); 7.75(Kafurikova et al., 2010); 7.64(Velu
et al., 1997)
Z1 899 - 8.5-8.75(Lombardo et al., 2005) 7.83(Ennadi et al., 2000); 8.86(Mahjoubi et al., 2017)
YAl 8.70 880 - 8.66(Israéli et al., 2000); 8.73(Rad et al., 2016); 8.53(Velu et al., 1997); 8.84(Mahjoubi et al., 2017);
8.92(Sun et al., 2010)
ZIII 7.76 - 7.50(Lombardo et al., 2005); 7.08(Kim et al., 7.55-7.63(Lombardo et al., 2005); 7.38(Velu et al., 1997); 7.57(Mahjoubi et al., 2017)

2005)
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Fig. 9. a) Simulation snapshot attained after 20 ns of simulation time and b) the density profile obtained along the axis normal to the metal layer in the ZII system.
The colour code is the same as in Fig. 8a but nitrogen atoms in cyan and water molecules were removed for clarity in a). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. a) Simulation snapshot attained after 20 ns of simulation time and b) the density profile obtained along the axis normal to the metal layer in the ZIII system.
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exchange the nitrate anions by chlorides as well as the proper hydration
of each layer independently. However, this process is only partially
captured by the present NpT simulations because the ion exchange is a
slow process and, hence, much longer simulations times are needed to
analyse it in detail. Such simulations are outside the scope of the pre-
sent work and will be treated in a separate study. Previous approaches
were limited in this respect since the number of water molecules inside
each interlayer distance must be adjusted prior to the MD simulation.

The XRD profile for the MD simulation is compared in Fig. S9 with
the experimental counterpart synthesized in this work. Remarkably, the
average distance obtained in the XRD pattern, 8.9 ;\, is very close to the
MD (8.70 f\) and experimental (8.80 }o\) interlayer distances of the ZII
system as can be seen in Table 6.

Moreover, besides the model showing the anion exchange ability of
the LDH, it also shows the dissolution equilibrium of the metallic atoms
in water, as verified in previous experimental works (Galvao et al.,
2016). The extent of this equilibrium is enhanced by border effects of
the material, since an experimental sample (Galvao et al., 2016) can be
constituted of 3D hexagonal plates of (400-1000) nm X (400-1000)
nm X (20-40) nm, and in the model depicted in Fig. 11, the material
possesses smaller dimensions, 5nm X 5nm X 5nm. However, the
metal dissolution found in the simulations is quite negligible in per-
centage of the total of the metallic species in the simulation box.

From these preliminary simulations with the immersed LDH system,
it is clear that the total flexibility of the present model allows to deal
with the essential physico-chemical characteristics of LDH materials,
which is very encouraging for further computational studies in the field.

5. Conclusions

In this work, a computer simulation model for magnesium and zinc
aluminium based LDH materials has been developed to study the role of
different intercalated anions in the basal space. Firstly, the Mg,Al LDH
system with C17, NO3~ or CO52 anions (MI-III) has been chosen to
validate the computer simulation framework. For this purpose, the
computed XRD interlayer distances of each MD system were compared
with computational and experimental studies found in the literature.
The results were in reasonable agreement to those found in the litera-
ture, demonstrating that our MD simulations maintain the expected
structure reproducing very well the experimental results. The MD si-
mulations carried in this work showed that on going from one to two
water molecules per chloride anion leads to an increase of the interlayer
distance by more than one angstrom, together with strong bending of
the metal hydroxide layers. In fact, our LDH structures provides a va-
luable reference to shed light into some dissimilarities found in the
literature since the amount of water dramatically modifies the basal
space. The computed X-ray patterns displayed for each system can be
used as a reference since the number of water molecules per anion in
the computed samples is well known.

The density profiles in the normal direction to the metal layer plane
were used to study the MD structure obtained in this work, offering a
remarkable perspective of the LDH structure. For instance, the dis-
tribution and orientation of the anion species in the basal space and
how they change with the nature of the anion. Bearing this in mind, the
behaviour of two structurally similar but differently charged anions,
namely NO; ™~ and CO527, in the galleries of Mg,Al and Zn,Al LDH were
compared. The materials with nitrate anions showed larger interlayer
distances than those with carbonate because less anions are needed in
the latter to compensate the positive charge of the metal hydroxide
layers. As a result of the larger charge density in carbonate than in
nitrate anions, the molecular plane of the NO3; ™~ anions is not coplanar
with the planes of the metal hydroxide layers while an opposite beha-
viour is found for CO3%" anions.

Some other important conclusions could be extracted from the
computational work; the interaction between the partial charges in-
volved in the LDH structure with the partial charge of the intercalated

175

Applied Clay Science 163 (2018) 164-177

anions mainly maintain the interlayer conformation. The use of the
partial charges provided by CLAYFF induced the dissolution of some
metal atoms in the basal space, according to some previous computa-
tional studies. In these studies, the calculation of new sets partial
charges helped to circumvent this issue, however, this procedure re-
duced the generalisation of the MD model. Conversely, the procedure
followed in this work allows the use of the same partial charges re-
gardless of the nature of anionic species. Thus, the approach presented
in this study provides a straightforward strategy to perform computer
simulations in Mg,Al and Zn,Al under a unique model (same LJ para-
meters and partial charges in the LDH) independently of the inter-
calated anion used. Most importantly, our approach opens the door to
MD simulations with portions of LDH systems immersed in aqueous
solutions. Therefore, it can be explored the LDH behaviour under dif-
ferent conditions taking into account the natural hydration and ions
exchange observed in experiments.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clay.2018.06.037.
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