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ABSTRACT: Layered double hydroxides (LDHs) are a signifi-
cant sink of anions (CO;*~, $O,>~, NO,~, CI, etc.) and divalent
transition-metal cations in soil. The anion exchange capacity gives
rise to functional materials. The stability of LDHs is determined by
the interaction between cation-bearing layers and intercalated
water and anions, which is correlated with polytypism and
coordination structure. A systematic investigation is performed to
show the influence of cation ratio, anion type, and water content
on polytypism, swelling behavior, and interlayer structure of Mg—
Al-LDHs using molecular dynamics simulations. LDHs interca-
lated with NO;™ ions exhibit a polytype transition from 3R, (three-
layer rhombohedral polytype) to 1T (one-layer trigonal polytype)

with increasing water content. NO;™ ions exhibit a Dy, point group symmetry at low water contents. The polytype transition
coincides with the complete transformation into tilted NO;™ ion with a C,, point group symmetry. The transition appears at a
lower water content when the Mg/Al ratio is lower. LDHs with SO, ions exhibit a three-stage polytypism. The first and last
stages are 3R;. The intermediate stage could be 1T or a mixture of different O(octahedra)-type interlayers, which depends on the
cation ratio. The relative popularity of SO,*~ ions with a C, point group symmetry is characteristic for the intermediate stage,
while mostly SO,*~ ions exhibit a C;, symmetry. There is no clear relevance between cation ratio and water content at which a
polytype transition happens. The configurational adjustments of NO;~ and SO,*” ions facilitate the swelling behavior of LDHs.
LDHs with CO,* or CI™ ions always maintain a 3R, polytype irrespective of water content and hardly swell. The configurations
of anions and water reflect local coordination structure due to hydrogen bonds. The layer-stacking way influences long-ranged
Coulombic interactions. Hydrogen-bonding structure and long-ranged Coulombic interactions collectively determine polytypism

and stability of LDHs.

1. INTRODUCTION

Layered double hydroxides (LDHs), with the general chemical
formula [M",_M™ (OH),](A"),/,mH,0, are a class of
natural and synthetic inorganic compounds with layered
structure derived from that of brucite Mg(OH),. Natural
occurrences of LDHs are generally associated with serpentine
and carbonate.' ™ Although natural stocks of them are limited,
they are commonly precipitated in contaminated soil, as a
significant sink of transition-metal ions (Zn(II), Ni(1I), Co(IL),
and Fe(II)) in the environment.*”'® Divalent metal cations are
adsorbed onto surfaces of clay minerals or gibbsite in soil, with
dissolution of Al from minerals, which leads to nucleation and
growth of mixed-metal(II)-Al LDHs." ™" Thermodynamic
studies showed the formation of LDHs is favored over that
of pure metal hydroxides.”’”>* Anions (A"") intercalated in
LDHs can be CO,*7, SO,*7, NO; , CI, etc, which are
exchangeable.”* It was suggested anions are much more
important than cations in determining the solubility of
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LDHs.”' Calorimetric studies disclosed the thermodynamic
stability of LDHs intercalated with different anions follows the
order NO;™ < SO,2 < CO;>7,>"*° consistent with the order of
anion exchange capacity (NO,~ > CI” > SO, > C0,27)** and
that of the magnitude of the binding energy (NO;™ < Cl™ <
S0, < CO,%7).* Based on thermodynamic data and measured
concentrations of ions in soil, LDHs with CO,*~ were shown to
be more preferable than those with C1~.” A dissolution kinetics
study showed, with a silicate-for-nitrate exchange in the
interlayer, LDHs become much more stable.'® These studies
show the importance of anions in stability of LDHs.

Besides anions, intercalated water is also relevant to the
structure and properties of LDHs. The behavior of it is
intermediate between solid ice and liquid water.”””” > Water
molecules are fixed in sites of the interlayer like atoms in the
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solid lattice, and they diffuse through hopping between adjacent
sites.”*> With moveable water and anions in the interlayer
galleries, LDHs exhibit characteristics such as anion ex-
changes,>™** hydration,*® dehydration,”’™*° and protonic
conduction.”” Such characteristics are relevant to their roles
as catalysts, catalyst sg‘pports, adsorbing agents, electrode
modifiers, and so on.”'~* Organic compounds can be
intercalated into LDHs through anion exchanges, giving rise
to functional materials with characteristic optical properties or
photochemical behaviors.** > Especially, LDHs have been
speculated as a possible inorganic catalyst for the origin of
organic life.>”* It has been supposed, through anion
exchanges, that phosphates entering the interlayer of LDHs
on the primitive Earth became concentrated, favoring the
subseguent synthesis of polyphosphate, the proto-biomole-
cules.”

Anions and water influence properties of LDHs through
interacting with rigid brucite-like layers. Depending on water
content and the composition of anions and cations, rigid layers
exhibit characteristics such as swelling,‘%’55 undulations,*® and
polytype-transformations.57’58 Polytypism, referred to as one-
dimensional polymorphism, accounting for different layer-
stacking ways, is a characteristic property of layered inorganic
compounds.”” ™% Polytypes are coined based on the space-
group symmetry and number of layers in a minimal repeating
unit. Reported polytypes for LDHs are 1T (one-layer trigonal
polytype), 2H; (two-layer hexagonal polytype), 3R, (three-
layer rhombohedral polytype), 3R, (another three-layer
rhombohedral polytype), etc.”® Detailed characterizations of
different polytypes will be shown in Section 2.2. LDHs
intercalated with CO;>~ generally exhibit 3R, and 2H,
polytypes,”**~%° while those with CI~ were just reported to
be of a 3R, polytype.””*® The polytype of LDHs intercalated
with SO,>~ depends on cation ratio and water content.”” For
instance, zincowoodwardite (Zn,_,Al.)(OH),(SO4),/,-nH,0)
exists as a 1T polytype when x ranges from 0.32 to 0.33, while it
exists as a 3R, polytype when x ranges from 0.35 to 0.50.”" In
another instance, honessite and hydrohonessit are two mineral
species with almost the same chemical formula
([NigFe™,(OH),](S0,)-mH,0) except that water content m
is higher in the latter.”" Honessite was suggested to be a 3R,
polytype,”® while hydrohonessit was thought to be a 1T7* or
3R, polytype.”® How is a polytype determined by the water
content and composition of cations and anions? What is the
relationship between the layer-stacking way and local
coordination structures of anions and water? These remain as
questions which we will explore in this article.

The reported polytypes were characterized by powder X-ray
diffraction (XRD) peltterns.?”éo’ég’73 However, there has been
uncertainty in determining a polytype, because there are
stacking faults, turbostratic distortions, and intergrowths of
different polytypes in LDHs.”* Through building structural
models of polytypes, simulating the XRD patterns and
comparing them with observed ones, reliable polytype
attributions can be obtained.®”°"*>7° However, there is still
doubt about the artificially chosen structural models, which
raise a question: Could different models lead to similar XRD
patterns? On the other hand, there have been discrepancies in
explaining configurations of intercalated anions through
experiments. For example, NO;~ anions in LDHs with a high
basal s;)acing were suggested to be “stick-lying”’® or “tilt-
lying”””’® based on different experimental observations.
Molecular dynamics (MD) simulations seem promising in
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verifying experimental results. In principle, if a simulation is
long enough, thermodynamically stable polytype structure can
be achieved independent of the initial model. In this study, we
use the simulated-annealing’” method in order to accelerate the
equilibration process. MD simulations could be performed with
ab initio methods™*¥***" or empirical force fields.””***"**
Because the later requires much less computational power, it is
superior in predicting polytype-transition behaviors. Although
interlayer swelling and the structure of water and anions have
been investigated in previous simulation studies,”’ ~>*"*>%07%*
the dependence of polytype on compositions has not been
disclosed explicitly to our knowledge. In this paper, we give a
detailed and clear picture of the polytype-transition and
interlayer-swelling behaviors and their relationship with
compositions of water, anions, and cations. Through comparing
our results with available experimental observations, they are in
general agreement. Moreover, since simulations are performed
with continuous water contents, how a polytype transition is
induced or not is shown through the variation of the
coordination structure of water or anions. Not only a more
detailed picture compared to experimental observations is
provided here, but also the factors determining a polytype are
pointed out. We deduce a polytype is collectively determined
by the local coordination structure and long-ranged Coulombic
interactions. The local coordination structure is formed due to
hydrogen bonds (HB) between anions, water, and layers, i.e.,
short-ranged electrostatic interactions. The clarification of
polytypism paves the way for understanding the relationship
between stability of LDHs in environment and their micro-
scopic structure. It also sheds light on synthesizing materials
derived from LDHs through anion exchanges or exfoliation.
Intercalating large organic compounds™ or delamination®*
requires increasing the interlayer spacing at first, which is
probably more appropriate for LDHs with NO;~ or SO,*". As
will be shown in this paper, LDHs with those anions exhibit
interlayer swelling and a polytype transition with increasing
water content, which correlates with the flexible coordination
structure of anions.

In this study, LDHs intercalated with CO,*>~, NO,~, SO,*",
and CI™ anions are investigated independently, with continuous
water contents and the most reported cation ratios (M":M™ =
3:1 and 2:1).” M" and M™ are Mg?* and AI**, respectively,
corresponding to the most common type of LDHs.” It is
expected the results of this study can be extended to LDHs
comprised by other cations with similar charges and radii.
Results of our study and comparisons with experiments are
shown in Section 3. Swelling and polytype-transition behaviors
are relevant to local coordination structure and long-ranged
Coulombic interactions, which will be discussed in Section 4.
Through disclosure of the relationship between the structure
and chemical composition of LDHs, its implication to their

stability will also be discussed.

2. METHODOLOGY

2.1. Simulation Details. The chemical formulas of LDHs
we study are Mg,/ 3Al;,3(OH),(A"7), )i, mH,0 and
Mg;,4Al, /4,(OH),(A™), (4, mH,0, where A" is CO,*,
NO,~, SO,*7, or CI". In this article, systems with Mg:Al =
2:1 are designated as LDH-2/1-CO;, LDH-2/1-NO;;, LDH-2/
1-SO,, and LDH-2/1-C], respectively, while those with Mg:Al =
3:1 are LDH-3/1-CO5;, LDH-3/1-NO;, LDH-3/1-SO,, and
LDH-3/1-Cl, respectively. Initial layer structures of all the
simulated systems are based on the same 3R;-hydrotalcite
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model, whose crystal structure was determined experimentally
exhibiting rhombohedral (R3m) symmetry.”* A complete Mg/
Al ordered arrangement (Figure 1)**% is assumed for all the

Figure 1. Top view of layers of LDHs, whose ratios of Mg/Al are 2:1
(a) and 3:1 (b). Al and Mg octahedra are in purple and green,
respectively.

layers. For convenience, hexagonal instead of rhombohedral
unit cells are built, with @ = b = 3.05 A and ¢ =~ 30 A. As
compared to the reported crystal structure,”” the interlayer
space along the c axis has been enlarged for the convenience of
inserting anions and water molecules. A model consists of 12 X
12 X 2 unit cells in g, b, and ¢ directions, respectively. Water
molecules and anions are inserted into interlayer galleries based
on corresponding chemical formulas. The investigated water
contents (m) are listed in Table 1. Although m is assumed a

~
~

Table 1. Investigated Water Content m and Initial Coupled
Temperature T; for LDHs Intercalated with Different Anions

intercalated anion m T; (K)
COs>™ 0.33-0.97 600
NO;~ 0.22-0.83 500
Neka 0.64—1.67 500
cl- 0.22-0.83 450

priori, the correspondence between simulated and experimental
systems can be justified a posterior through comparing basal
spacings, which will be shown in the Results. Periodic boundary
conditions are applied in all directions. Simulations are
performed with LAMMPS.* The ClayFF force field®” with
SPC water model® incorporated is used to describe
interactions between atoms in the layers and intercalated
water. According to Wang et al,, the partial charges of O atoms
in the layers are modified to make models electrostatically
neutral (—0.9742 lel while Mg/Al = 2/1 and —1.0069 lel while
Mg/Al = 3/1 vs —0.9500 lel in the original force field).””** The
force fields for CO;*", NO;~, SO,*, and CI” anions are
according to Wang and Becker,”’ Baaden et al,”’ Williams et
al,”> and Cygan et al,” respectively. Long-range electrostatic
interactions are described by the particle—particle particle—
mesh (PPPM) method.” Short-range Lennard-Jones inter-
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actions are cut off at 15.0 A. The time step is 0.5 fs. We aim at
revealing properties of LDHs at ambient temperature (300 K)
and pressure (1 atm). Before performing isothermal—isobaric-
ensemble (NPT) simulations in such conditions, the method of
simulated annealing’® is applied, in order to efficiently optimize
structure. A system is set to a higher temperature (T;) at the
beginning and then annealed to 300 K in 3 ns through linearly
scaling coupled temperature with time. T; should be high
enough for avoiding being trapped in local energy-minimum
states, but it cannot be too high to lead to structure breakdown.
T, for different systems are listed in Table 1. During the
annealing, the Berendsen thermostat’* is used to couple
temperature, because it is efficient in approaching target
temperature. The Parrinello—Rahman barostat””° is used to
couple pressure through scaling each dimension of the supercell
independently. After annealing, NPT simulations are performed
at ambient temperature and pressure for 2 ns. In this stage, the
Nosé—Hoover thermostat,”””® which generates the expected
thermodynamic ensemble,” is used to couple temperature.
Data are saved every 0.1 ps in the last 1.5 ns simulation for
analysis.

Polytype transitions with variation in water content appear in
the systems intercalated with NO;~ and SO,*”, which will be
shown in the Results. In order to verify if the polytype
transition depends on initial structure, simulations are also
performed with 1T-polytype LDHs as initial models using the
same methods (Section S2 in the Supporting Information).
The 1T polytype is built through translating layers in a 3R,
polytype. The difference between polytypes will be described in
the next section.

2.2. Polytype Classification. 1T, 2H;, 3R, and 3R, are
polytypes reported in the literature.”®*** In the name of a
polytype, the former number stands for the number of layers in
a unit cell, while the letter is the initial of the name of the lattice
or crystal system (Table 2). The optional subscript number is
used to separate different polytypes with the same periodicity
and belonging to the same lattice and crystal systems. It should
be noted the 1T polytype coined by Mills et al.”* had been
referred to as a 1H polytype by Bookin and Drits,”” because it
belongs to the trigonal crystal system and the hexagonal lattice
system at the same time. In this paper, we use the name 1T.

Table 2. Characterizations of 3R}, 3R,, and 1T Polytypes

space interlayer displacement
polytype  group  crystal/lattice system type vector
3R, R3m Trigonal/ P 0
Rhombohedral
%a + éb i
= Trigonal/ 1~ 1
3R, R3m Rhombohedral 0, —3a+t Eb;
1o -2y
3 3
1~ 27
;a + gb,
1T (1H)  P3ml Trigonal/Hexagonal 0, %; - %b;
1=~ 2
ja+ gb

“a and b are primitive vectors of the unit cell in the a
directions, respectively.

and b
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The 2H, polytype, though appearing in nature, e.g., as
manasseite inside hydrotalcite, was rarely found in synthetic
experiments at ambient conditions.”* It was reported the 2H,
polytype appears at ca. 1.5 GPa.'” The intergrowth of 2H, and
3R, polytypes has also been deduced to be kinetics.”” The 2H,
polytype was also found in gibbsite-derived LiAl-LDHs.'
Since our simulations are for brucite-derived LDHs and
performed at ambient conditions, the appearance of a 2H,
polytype is not expected. The differences between 3R}, 3R,, and
1T polytypes are shown in Figure 2 and Table 2. With regard to
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Figure 2. Side views of 3R,(a), 3R,(b), and 1T(c) polytypes. Top
views of interlayers composed of OH sheets of 3R,(d), 3R,(e), and
1T(f) polytypes, which exhibit P-, O;-, and O,-type sheet stackings,
respectively. Schematics of displacements between adjacent sheets of
P- (g), O;- (h), and O,-type (i) interlayers on the ab plane. Al, Mg, O,
and H atoms are in purple, green, red, and white, respectively. O atoms
of the lower sheet of the interlayer are in orange, while those of the
upper one are in blue.

a specific polytype, the hydroxyl (OH) sheet stacking is the
same in each interlayer. The 3R, polytype exhibits a P-type

interlayer,”” in which OH groups form prisms (Figure 2d). The
3R, and 1T polytypes all exhibit O-type interlayers,”” where
OH groups form octahedra (Figure 2e,f). The octahedra of the
3R, and 1T polytypes, respectively, are mirror images of each
other. As to distinguish them, the interlayer types are named
O;- and O,-type, respectively. The differences between
interlayer types are displacements between adjacent OH sheets.
There is no displacement between sheets in an ideal P-type
interlayer (Figure 2g). For the O-type interlayer, the minimal
displacements for the lower OH sheet to coincide with the
upper one on the ab plane lie in three directions (Figure 2h,i).
The displacement vectors are exhibited in Table 2. In 3R, 3R,,
and 1T polytypes, there is no layer inversion. Thus, the
displacements between adjacent sheets in an interlayer are
enough for distinguishing different polytypes. The displacement
vectors are derived through analyzing simulation results as
follows. First, for an Ogy (hydroxyl O) atom in the lower OH
sheet, in the range of the inscribed circle of the hexagon made
up of 6 nearest-neighbor Ogy atoms (Figure 2gh,i), we search
for the projection of an Ogy atom from the upper sheet in the
four sectors on the ab plane, respectively. Then, the vector
between the Ogy atom in the lower sheet and the projection of
that from the upper one is calculated. In each sector of the ab
plane, the vector is averaged for every Ogy atom from the
lower sheet over all the frames saved in the production
simulation. Results will be shown in Section 3 (Figure 3a,d,
7a,d, 9a,d, 11a,d). It should be noted that, this calculation is
based on the assumption of a perfect hexagonal arrangement
made up of OH groups in a sheet. However, for a cation-
ordered layer which is the case of this study, the distance
between OH groups is heterogeneous, and thus the arrange-
ment is not perfectly hexagonal.'”' And yet, taking the space
average into account, on average an OH group is in a perfect
hexagonal environment. Thus, since the displacement vector is
averaged over all Ogy atoms, the local nonhexagonal
arrangement makes no difference on the result. More details
on this issue can be seen in Section S1 of the Supporting
Information.

We note that if the cation order is taken into account, the
three-layer polytype of rhombohedral symmetry (3R, or 3R,) is
actually a one-layer polytype of monoclinic symmetry.'®" This
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Figure 3. Structure of layers, intercalated NO;~ anions, and water. (a) Displacement vectors between adjacent OH sheets in different interlayers of
LDH-3/1-NO; as a function of water content m. The six interlayers are numbered and marked on the left. (b) Probability distribution of tilt angle 6
normalized by sin 6 as a function of m for LDH-3/1-NOs. (c) Probability distribution of water O atoms in the interlayer gallery as a function of m for
LDH-3/1-NO;. (d), (e), and (f) are the same as (a), (b), and (c), respectively, except the system is LDH-2/1-NO;.
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Figure 4. Enthalpy H and basal spacing d of the systems as a function of water content m.

description does not change the fact of layer stacking. In this
paper, we still use the names 3R, and 3R, to describe polytypes
ignoring cation order, in order to be in accord with more
literature.**

3. RESULTS

3.1. LDHs with NO;™. For LDHs intercalated with NO;~
anions, the variation of average displacement vectors with water
content m shows a phase transition from a 3R; to 1T polytype
(Figure 3a,d). For an ideal 3R, polytype, all the interlayers are P
types (Figure 2g), and thus there is no displacement between
OH sheets. However, due to thermal fluctuation, there would
be a slight displacement in each sector on average. These are
observed in cases with lower m. As m increases over 0.60 for
LDH-3/1-NO; (Figure 3a) or 0.40 for LDH-2/1-NO; (Figure
3d), the displacement vectors show all the interlayers become
O,-type ones, i.e., a transition into a 1T polytype. Such a phase
transition is almost independent of the initial model (Section
S2 in Supporting Information). At much higher m, mixed-layer
phenomena are observed, ie., occasional appearances of O,-
type interlayers among O,-type ones.

The phase transition is relevant to variations in basal spacings
(d), NO; configurations, and water distributions with m. For
LDH-3/1-NO;, there are three stages of increments of d, i.e,, m
< 0.37,0.37 < m < 0.60, and m > 0.60 (Figure 4a). Only in the
last stage the polytype is 1T. During the first or last stages,
variations of d with m are gentle, while in the intermediate
stage, d exhibits a sharp increase. d varies in response to the
configuration of NO;~, which is quantified by the distribution
of tilt angle @ (Figure 3b). 0 is defined as the angle between the
z axis and the normal vector of the NOj; plane. For m < 0.37,
NO; planes are flat with respect to layers (Figure Sab); as
shown in the distribution there is a sharp peak which locates at
0 ~ 0 and almost vanishes for & > 45° (Figure 3b). In this stage,
the coordination number (CN) of Hyy (hydroxyl H) atoms
around Oy (nitrate O) atoms (CN (Oy—Hgy)) is approx-
imately 2.0 (Figure 6a, the derivation of CN can be seen in
Section S3 of the Supporting Information); i.e., almost each Oy
atom accepts two HBs from two opposite OH groups (Figure
Sb). Thus, a NO;~ ion exhibits a Dj;, point group symmetry.
For 0.37 < m < 0.60, although the sharp peaks for 8 = 0 are still
present, obvious distributions for 8 > 45° appear (Figure 3b).
This implies flat NO;™ ions are accompanied by tilted ones, as
shown in the snapshot (Figure Sd). Layer undulations are
observed in this stage, which were also reported in a previous
simulation study.*® The highest point group symmetry for tilted
NO;™ ions is C,, as shown by two examples of tilted ions
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Figure S. Snapshots of LDH-3/1-NO; with m = 0.33 (a, b, ¢), 0.50 (d,
e, f), and 0.67 (g, h, (i). Flat (b) and tilted NO;~ anions (e, f, h) with
Dy, and C,, point group symmetries, respectively, and water molecules
coordinated by two opposite OH groups (c) and just by one OH
group (i).

(Figure Se,f). Each Oy atom accepts one or two HBs from OH
groups. Thus, CN (Oy—Hoy) drops to between 1.0 and 2.0 in
this stage (Figure 6a). The sharp increase of d with m in this
stage is due to layer puckering because more NO;™ ions are
transformed into tilted configurations. After the 3R,-1T
transition, i.e., m > 0.60, the layer becomes flat again (Figure
Sg). Tilted configurations of NO;~ ions are predominant; as
shown in the distribution the main peak locates at @ larger than
60° (Figure 3b). Such configurations with C,, point group
symmetries (Figure Sh) are favored in the O-type interlayer.
Almost each Oy atom just accepts one HB as shown by CN
(Ox—Hgy) being close to 1.0 (Figure 6a). Configurational
transformations of anions correspond to changes in water
distributions (Figure 3c). The probability distribution of a
water molecule in an interlayer is calculated based on the
relative distance of the molecule.”’ The distance between an O,,
(water O) atom and the nearest Ogy; atom of the lower layer is
defined as r, while that between it and the nearest Oqy; atom of
the upper layer is defined as r,. The relative distance is r;/(r; +
r,). For m < 0.37, in the distributions a sharp peak locates in the
middle (Figure 3c), corresponding to a single water monolayer
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Figure 6. Coordination numbers (CN) as functions of water content
m in different systems. The coordination atoms are hydroxyl H atoms
(Hoy) and water H atoms (H,,), while the central atoms are nitrate O
atoms (Oy), carbonate O atoms (O¢), sulfate O atoms (Og), and CI~
ions. Mg/Al ratios and coordination relations are marked in the
legends.

(Figure Sa). In the monolayer, almost each water molecule
accepts two HBs from two opposite OH groups (Figure Sc) as
shown by CN (0O,—Hoep) =~ 2.0 (Figure 6a). For 0.37 < m <
0.60, with part of NO;™ ions being tilted, two smaller peaks
appear in the left and ride sides of the middle one (Figure 3c),
corresponding to the local bilayer in the distorted interlayer
space (Figure 5d). During this stage, increasing water molecules
just accept one HB from one layer, as shown by the decrement
of CN (O,—Hoy) (Figure 6a). After the polytype transition (m
> 0.60), the middle peak disappears and the distribution is
replaced by two symmetrical peaks (Figure 3c). They
correspond to a full bilayer consisting of water molecules
(Figure Sg), which just accept HBs from one layer (Figure 5i).
This is also evident in CN (O,—Hgy), which is close to 1.0
(Figure 6a).

For LDH-2/1-NOj;, two-stage variations of d with m are
observed (Figure 4e), corresponding to the 3R;-1T transition
(Figure 3d). Within this process, similar to the case of LDH-3/
1-NO;, NO;™ ions transform from mainly flat to totally tilted
configurations (Figure 3e). CN (Oyn-Hpy) and CN (O,-Hoy)
exhibit obvious decreases during the transition (Figure 6a),
approaching 1.0 with increasing m. The formation of a full
water bilayer after the polytype transition is evident, as also
shown in water distributions (Figure 3f).

The above results clearly show how the polytype transition
and interlayer swelling are induced by the concerted variations
of configuration and coordination structure of anions and
water. The simulation results can be verified through
comparing anionic configurations and interlayer spacings
derived from experiments. During the transformation from
flat to tilted configurations of NO;™ ions, the point group
symmetry of them is transformed from Dy, (Figure Sb) into C,,
(Figure Se,fh). NO;™ ions with these symmetries were also
reported in the studies of Fourier transform infrared spectra
(FTIR).*>’”” The C,, point group symmetry was ascribed to
tilted NO,~ ions by Wang et al.,”” which was shown responsible
for the increase in d, consistent with what we find here.
However, Xu et al.”® suggested the increase in d is due to “stick-
lying” NO;™ ions, which is not found here. Classical MD
simulations and ab initio studies by others all showed tilted
instead of “stick-lying” NO;~ ions at higher basal spac-
ings,26’3'5’78 consistent with our results.

This study shows d varies from less than 8.0 A to over 9.0 A
(Figure 4a,e) with m. This range of basal spacing is consistent
with that revealed by XRD patterns of LDHs with M":M™ =
2:1.7%7%1%% Thus, the 3R;-1T evolution accompanying the
variation in basal spacing, though it has not been reported,
should be present in experiments for LDH-2/1-NO;. However,
the patterns of LDHs with M"™:M™ = 3:1 showed the highest
basal spacing is more or less 8.5 A, even at more than 80%
relative humidity.”>'?> Based on the relationship between basal
spacing and polytype (Figure 3a, 4a), such a spacing probably
corresponds to the 3R, state. We have shown a polytype
transition happens at a much higher water content for the
system with Mg:Al = 3:1, so that probably such a high content
is never met at the experimental humidity. Thus, 1T LDH-3/1-
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Figure 7. Structure of layers, intercalated CO;~ anions, and water. (a) Displacement vectors between adjacent OH sheets in different interlayers of
LDH-3/1-COj as a function of water content m. The six interlayers are numbered and marked on the left. (b) Probability distribution of tilt angle 6
normalized by sin 6 as a function of m for LDH-3/1-CO;. (c) Probability distribution of water O atoms in the interlayer gallery as a function of m for
LDH-3/1-COs;. (d), (e), and (f) are the same as (a), (b), and (c), respectively, except the system is LDH-2/1-CO;.
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NO; probably does not exist in experiments. In addition, for
LDHs intercalated with NO;~ with much higher M":M™ ratio
(e.g, 4:1), the basal spacin% was observed to be much lower,
ie, just slightly over 8.0 A. 57678 1t is reasonable, as we have
found with a higher M"™:M" ratio flat configurations of NO;~
ions do not change until above a much higher water content.
This high water content is hardly met at the experimental
humidity. There are three stages of basal-spacing variations with
m for LDH-3/1-NO;, i.e, 3R, polytype with flat NO;™ ions,
3R, polytype with both flat and tilted NO;~ ions, and 1T
polytype with tilted NO;™ ions. For LDH-2/1-NOj, only the
latter two stages are observed here. Based on XRD patterns
through hydration and dehydration experiments, Jobbagy et al.
suggested NO;™ ions are not simply transformed from purely
flat to tilted configurations durin§ the interlayer expansion, but
an intermediate stage is present.”> Such an intermediate stage is
consistent with the stage with both flat and tilted NO;™ ions we
find here.

Thermodynamically, a phase transition is associated with
variation in enthalpy H. H is calculated with the equation: H =
U + pV, where U is the total potential energy of the system, p
the pressure, and V the volume. The kinetic energy is neglected
in the calculation of H, because it is linear with atomic number
at constant temperature. H is normalized by 12 X 12 X 6, so as
to represent the enthalpy per interlayer in a unit cell. For LDH-
3/1-NOj, an abrupt increase in H is observed as the phase
transition happens (Figure 4a), implying the higher configura-
tional energy of the 1T polytype. For LDH-2/1-NOj3, a small
plateau is observed corresponding to the polytype transition
(Figure 4e).

3.2. LDHs with CO,%". For LDHs intercalated with CO;*~
ions, the displacement vectors show all the interlayers are P-
types, irrespective of water content or Mg/Al ratio (Figure
7a,d). The 3R, polytype is maintained throughout all the water
contents investigated, though d increases dramatically when m
exceeds 0.84 for LDH-3/1-CO; (Figure 4b) or 0.78 for LDH-
2/1-CO; (Figure 4f). This transition corresponds to the kink in
the enthalpy line, which implies a structural transformation.
Snapshots show that before the transition point, a single
monolayer consisting of water and anions lies in the interlayer
gallery (Figure 8a), while after that, a coexistence of monolayer
and bilayer is found (Figure 8d). The layers are transformed
from flat to puckering ones. Such a transition is evidenced in
the transformation of water distributions, where two small

Figure 8. Snapshots of LDH-3/1-CO; with m = 0.50 (a, b, ¢) and m =
0.97 (d, e). CO5*™ anions and water molecules accepting HBs from
two layers (b, c) and just from one layer (e).
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peaks appear beyond the middle one (Figure 7cf). In the
monolayer, a CO;>” ion accepts 6 HBs from layers (Figure 8b).
In other words, each O (carbonate O) atom accepts two HBs
from two opposite OH groups. This is reflected in CN of Hoy
around O atoms (CN (Oc-Hgy)), which is approximately 2.0
at lower water contents (Figure 6b). In the bilayer, a CO;* ion
just accepts HBs from one layer (Figure 8e). Thus, after the
transition into a coexistence of monolayer and bilayer, CN
(Oc-Hop) decreases sharply (Figure 6b), but it is still higher
than 1.0 due to the existence of a local monolayer. Unlike
NOj;™ ions which exhibit tilted configurations at higher water
contents, CO;>~ ions are always predominantly flat, as shown
by the sharp peak at @ ~ 0 in the distributions (Figure 7b,e).
This is the result of the coordination structure. Before the
formation of a bilayer, CO;*~ ions exhibit a Dy, point group
symmetry (Figure 8b) as for NO;~ ions at lower water
contents. However, within the bilayer, the highest point group
symmetry of CO;*” ions is Cy, (Figure 8e), unlike that of NO;~
ions at higher water contents. As to water molecules, for m less
than 0.64 for LDH-3/1-COj; or less than 0.50 for LDH-2/1-
CO,, CN (O,,-Hopy) is approximately 2.0 (Figure 6b), implying
a water molecule is accepting two HBs from two opposite OH
groups (Figure 8c). As m increases over 0.64 for LDH-3/1-CO,
or 0.50 for LDH-2/1-CO;, CN (O,-Hpy) decreases, implying
part of the water molecules become just accepting HBs from
one layer. Further increase of m leads to the observation of
another inflection point of CN (O,,—Hgy), which corresponds
to the transition point of CN (O¢—Hgy), reflecting the bilayer
formation.

Hydration studies showed the increment of the basal spacing
of LDHs with CO;>” is less than 0.1 A even when the relative
humidity is increased to 100%.>'%* This corresponds to the
behavior of simulated ones before the bilayer formation. Thus,
a bilayer should not be present in experimental conditions and
LDHs with CO,*" are nonswelling. The coordination structure
of CO;*™ ions (Figure 8b) in the monolayer we disclose is
consistent with the ab initial result with m = 0.66”° and that
supposed by Taylor.””'*® Thus, each CO,>~ ion occupies three
OH sites. On the other hand, a water molecule occupies one
site accepting two opposite HBs (Figure 8c). Assuming all the
OH sites are occupied by CO,*” ions and water molecules,
Miyata suggested m is 1 — 3x/2 for the formula
Mg, _,AL(OH),(CO,), ,mH,0.""* Therefore, m is 0.625 for
LDH-3/1-CO; and 0.500 for LDH-2/1-CO;, respectively,
more or less corresponding to the first inflection points of
CN (O,-Hop) shown here (Figure 6b). Natural LDHs with
CO;*~ were reported to be with even lower m values.”> Our
study now shows, with m equal to or smaller than such values,
CO,* ions and water exhibit tightly coordination structure in
the interlayer gallery. At the hypothetic high water content, the
layer puckering needs a large energy cost, as shown by the kink
in the enthalpy line (Figure 4b,f). This probably leads to the
nonswelling behavior of LDHs with CO5*".

3.3. LDHs with SO,*". The displacement vectors show the
polytypism exhibits a three-stage characteristic for LDHs
intercalated with SO,* ions (Figure 9a,d). The simulated
polytype transition is almost independent of the initial model
(Section S2 in Supporting Information). For LDH-3/1-SO,,
when m is less than 0.76 or larger than 1.48, almost all the
interlayers belong to P-types, representing 3R, polytypes. With
intermediate m values, interlayers are a mixture of O,- and O,-
types with comparable amounts. The enthalpy line does not
exhibit distinct variations corresponding to polytype transitions
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Figure 9. Structure of layers, intercalated SO,*~ anions, and water. (a) Displacement vectors between adjacent OH sheets in different interlayers of
LDH-3/1-SO, as a function of water content m. The six interlayers are numbered and marked on the left. (b) Probability distribution of angle ¢
normalized by sin ¢ as a function of m for LDH-3/1-SO,. (c) Probability distribution of water O atoms in the interlayer gallery as a function of m for
LDH-3/1-SO,. (d), (e), and (f) are the same as (a), (b), and (c), respectively, except the system is LDH-2/1-SO,.

(Figure 4d), implying the energy variation is negligible during
the transition. However, large increments of d are observed
around m = 0.76 and 148 (Figure 4d), correlated to
transformations of SO,*~ configurations. When m < 0.76 and
LDHs exhibit 3R,-polytype structure, most SO,*” ions show a
C;, point group symmetry (Figure 10b), accompanied by some
exhibiting a C, point group symmetry (Figure 10c). The C,
configuration seems unstable as it leads to the distortion of the
prism structure. The Og (sulfate O) atom of a Cy, SO,*™ ion
accepts 1.5 HBs from OH groups on average (Figure 10b),
while that of a C, ion accepts 1.25 HBs (Figure 10c). During

(a) (b) (c)

Figure 10. Snapshots of LDH-3/1-SO, with m = 0.67 (a, b, ¢), m =
0.89 (d, e), m = 1.00 (f, g), and m = 1.64 (h, i). SO,>~ anions with C;,
(b, f, g i) and C, (¢, e) point group symmetries.

the stage of m < 0.76, CN (Og-Hpy) is more or less in the
range between 130 and 125 (Figure 6¢c), reflecting the
existences of those two configurations. Configurations of SO,*~
ions are quantified by the distribution of ¢ (Figure 9b), which
is defined as the included angle between the line the S—O bond
lies in and that the z axis lies in. With m lower than 0.76, as
shown by black lines, the distributions are made up of three
peaks locating at around ¢ = 0°, 55°, and 70°. Peaks at 0° and
70° correspond to Cs, configurations, while that at 55° is for
the C; configuration. As m increases over 0.76 and interlayers
become O-types, the peaks for C;, configurations almost vanish,
while that for C; configurations becomes dominant. This reveals
the C; point group symmetry is favored at this stage. A snapshot
shows now the SO,*~ ion with a C, point group symmetry is
fixed in the octahedral cell consisting of OH groups (Figure
10e). Such a configurational transformation correlates with
layer displacements and a large increment of d (Figure 4d). At
much higher water contents, configurations with a C;, point
group symmetry reappear (Figure 10fg,i), as shown by the
reappearance of peaks at around 0° and 70° (Figure 9b). For m
> 0.76 but <1.48, CN (Og-Hqy) decreases with m, due to
increasing C;, SO,*” ions accepting less HBs from OH groups
(Figure 10fg). With m larger than 148, accompanying the
backward transformation into a 3R; polytype, the peak for C,
symmetry vanishes (Figure 9b). In this stage, a full bilayer
consisting of water and anions in the interlayer gallery is
observed (Figure 10h). The basal spacing becomes stable
(Figure 4d), and so as CN (Og—Hgy), which is approximately
0.75 (Figure 6¢), reflecting the predominance of the Cy, SO,*~
ions shown in the snapshot (Figure 10i). As to intercalated
water, it has turned into a bilayer after the first transition from
P- to O-type interlayers (Figure 9c). Such a transformation is
also evidenced in the sharp decrease of CN (O,-Hgy), which
becomes close to 1.0 after the transformation (Figure 6¢). CN
of H, (water H) atoms around Og atoms (CN(Os-H,))
increases with m, implying SO,*~ ions are more coordinated by
water, but it becomes almost invariant when m is larger than
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Figure 11. Structure of layers, intercalated Cl™ anions, and water. (a) Displacement vectors between adjacent OH sheets in different interlayers of
LDH-3/1-Cl as a function of water content m. The six interlayers are numbered and marked on the left. (b) Probability distribution of Cl~ anions in
the interlayer gallery as a function of m for LDH-3/1-Cl. (c) Probability distribution of water O atoms in the interlayer gallery as a function of m for
LDH-3/1-CL (d), (e), and (f) are the same as (a), (b), and (c), respectively, except the system is LDH-2/1-ClL

1.48 (Figure 6¢). It implies in the second 3R;-polytype stage at
high water contents a stable coordination structure between
SO,>” ions, water, and layers is achieved.

For LDH-2/1-SO,, 3R;-1T and 1T-3R, transitions are
observed at around m = 0.82—0.93 and m = 1.50 (Figure
9d). Almost all the interlayers are O,-types in the intermediate
stage, corresponding to a 1T polytype, in contrast with the
mixture of O;- and O,-type interlayers in the case of LDH-3/1-
SO,. According to the distributions of ¢, peaks at around 0°
and 70° for a C;, point group symmetry are always
predominant (Figure 9e). Shoulders at ¢ = S5° for a C,
point group symmetry are apparent in the intermediate stage,
i.e,, when the polytype is 1T. Thus, a C point group symmetry
is characteristic of the O-type interlayers, as in the case of LDH-
3/1-SO,. In the second 3R; stage at high water contents, CN
(Og—Hpp), CN (O4—H,), and CN (O,—Hgy) are all almost
invariant with m and exhibit similar values as in the case of
LDH-3/1-SO, (Figure 6¢c). On the other hand, d is also less
variant in the second 3R, stage (Figure 4h). Thus, a similar
bilayer structure consisting of well-coordinated Cy, SO,*~ ions
and water in the interlay gallery as in LDH-3/1-SO, (Figure
10h) is evidenced. However, unlike in the case of LDH-3/1-
SO,, the sharp decrease of CN (O,—Hoy) (Figure 6¢) and the
formation of a water bilayer (Figure 9f) take place before the
first 3R;—1T transition. Thus, the polytype structure is more
correlated to the coordination of SO,*” ions than that of water.

Hydration and dehydration experiments showed the basal
spacing of LDHs with SO, ranges from 8.0 to 11.0 A,**'*>1%°
consistent with our results (Figure 4h). Radha et al. found, for
LDHs (Zn,Cr-SO,), with relative humidity increased from 0%
to 100%, 3R, 1T, and a new 3R, phase appear in sequence,
with basal spacings of 8.55 A, 895 A, and 10.9 A,
respectively.'® This is in accord with the relationship between
spacing and polytype we disclose (Figures 4h and 9d). The
hydration and dehydration study by Iyi et al. showed LDHs
(Mg;Al-SO,) exhibit a stepwise basal-spacing expansion from
ca. 85 A to 108 A, and LDHs (Mg,AI-SO,) exhibit an
expansion from ca. 9.0 A to 11.0 A, which probably imply
transitions from mixed O;- and O,-type interlayers and a 1T
polytype into 3R, polytypes, respectively. The enthalpy lines we
disclose are almost linear with m, and no kick or plateau is
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observed (Figure 4d,h). This reveals there is no energy barrier
for polytype transition and interlayer expansion due to
configurational adjustment of SO,*” ions, explaining the
experimentally observed swelling behavior.

Through fitting XRD patterns, Radha et al. proposed SO,>~
ions in LDHs (Zn,Cr-SO,,) exhibit a Cy, point group symmetry.
They also showed water and anions form bilayer structure
when basal spacing is ca. 11 A.°” On the other hand, SO,*~ ions
with a configuration similar to the C; point group symmetry
shown here were suggested for bayerite-derived LDHs.*" Thus,
the configurations of SO,*” ions in our simulations are in
general agreement with experimental results. Moreover, we find
that in the intermediate stage with O-type interlayers, both C;,
and C, point group symmetries coexist. And SO,*~ ions with a
C, point group symmetry are deemed to be characteristic of this
stage.

3.4. LDHs with CI~. For LDHs intercalated with CI~ ions,
no polytype transition is observed, as shown in displacement
vectors which always exhibit 3R;-polytype characteristics
(Figure 11a,d). We find a transition from a single monolayer
consisting of anions and water (Figure 12a) into a coexistence
of monolayer and bilayer (Figure 12b). Layer puckering is also

Figure 12. Snapshots of LDH-3/1-Cl with m = 0.22 (a) and m = 0.83
(d).
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observed, similar to the case of LDHs with CO;*". Such a
transition is evident in the variations of anion and water
distributions (Figure 11b,c,e,f). The appearance of a bilayer
more or less corresponds to the sharp increase in basal spacing
and the plateau in the enthalpy line (Figure 4c,g). It is also
evidenced in CN (O, —Hgy), which decreases below 2.0 after
the bilayer formation (Figure 6d). However, in the case of
LDHs with CO;>~ shown above, when CN (O,—Hgy)
becomes less than 2.0 a bilayer does not form immediately. A
bilayer forms only after CN (Oc—Hgy) drops below 2.0, due
to the determinant role CO;* ions play in maintaining the
single monolayer. In contrast, in the case of LDHs with CI7,
since ClI” ions exhibit flexible coordination as CN of Hgy
atoms around Cl~ ions could vary from 2.5 to 6.0 in the studied
range of m (Figure 6d), water coordination becomes more
important in determining the interlayer structure.

XRD studies showed the basal spacing of LDHs with CI™ is
less than 8 A under all humidity conditions and is almost
nonexpandable.”*'*>'** This basal spacing corresponds to the
stage with only a single monolayer of water and anions in the
interlayer gallery (Figure 4c,g). The water molecule accepting
two opposite HBs from two OH sheets is responsible for the
stability of the monolayer and 3R;-polytype. The layer
puckering at the hypothetic high water content sets an energy
barrier forbidding the interlayer expansion, as in the case of
LDHs with CO;>".

4. DISCUSSION

4.1. Interlayer Swelling. LDHs with NO,~ or SO,*"
exhibit swelling behaviors, while those with CI~ or CO,>~ do
not. Swelling is dependent on the coordination structure of
anions and water. The transformation from flat to tilted
configurations of NO;™ ions is responsible for the swelling. In
the intermediate stage, just part of NO;™ ions are tilted (Figure
5d), and layer puckering is responsible for the interlayer
expansion. The variation of dH/dm with m, which accounts for
the enthalpy change due to water immersion, is fluctuating
around ca. —12 kcal/mol, without a clear trend (Figure S12 in
the Supporting Information). It implies swelling is energetically
available. Layer puckering needs an energy cost. And another
energy cost is due to less HBs accepted by tilted NO;™ ions and
water from OH groups. However, more HBs are formed
between NO;~ ions and water (Figure 6a). Thus, the
strengthening of HB interactions between water and anions
compensates those energy costs to some extent. In addition, the
variation of layer stacking due to polytype transition could play
arole in strengthening the long-ranged Coulombic interactions.
On the other hand, tilted NO;™ ions are more flexible (Figure
Se,£h) and so as water H-bonded to one OH group (Figure Si).
Therefore, the entropy contribution also facilitates interlayer
swelling. For LDHs with CO;>", the layer puckering is also
observed at a priori high water contents, which needs an energy
cost. However, although CO,>” ions exhibit similar molecular
structure as NO;™ ions, they cannot pillar layers as tilted NO;~
ions. Thus, the puckering sets an energy barrier as shown by the
high dH/dm (Figure S12 in the Supporting Information).
Water and CO,>” ions in the bilayer exhibit well coordination
structure (Figure 8e), implying less entropy compensation. As a
result, the formation of puckering layers is not allowed at
experimental humidity and thus swelling does not happen. For
LDHs with CI7, layer puckering without anionic pillars is also
observed at a priori high water contents (Figure 12b), which
also explains the nonswelling behavior. For LDHs with SO,*7,
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dH/dm also fluctuates without a clear trend (Figure S12 in the
Supporting Information), implying swelling is energetically
available. The interconversion between C;, and C, config-
urations of SO, ions which pillar layers, accompanied by layer
displacements with increasing water contents, facilitates
swelling. In this process, the loss of HBs with layers is also
largely compensated by strengthened interactions between
water and SO,*” ions (Figure 6¢). Certainly, the change of
long-ranged Coulombic interactions due to polytype trans-
formation could also have an influence. In summary, because of
the rigidity of layers of LDHs,'” if an anion can pillar layers
through adjusting its configuration determines if an interlayer is
expandable. Thus, intercalating large organic compounds*® or
exfoliation®” is facilitated in LDHs with NO;~ or SO,*".

For LDHs with NO;~, when the Mg/Al ratio is lower, the
interlayer swells at a lower water content (Figure 4ae).
Similarly, for LDHs with Cl~ or CO;>", with a lower Mg/Al
ratio the formation of a local bilayer also appears at a lower
water content (Figure 4b,c,f,g). A lower Mg/Al ratio indicates a
higher layer charge, so that more anions are intercalated. Thus,
a lower water content is able to cause the interlayer to be
crowded, leading to the formation of tilted anions or a local
bilayer along with interlayer expansion. However, in the case of
LDHs with SO,*7, the swelling behavior seems almost invariant
with respect to Mg/Al ratio (Figure 4dh). In this case,
intercalated water splits into two layers at a lower content when
the Mg/Al ratio is lower, in analogy to other cases. However,
the water-bilayer formation does not accompany an adjustment
of SO, configurations and abrupt increase in basal spacing. We
deduce, with a lower Mg/Al ratio, the stronger Coulombic
interactions between higher charged layers and SO,*” ions
compensate the effect of “crowded water”, maintaining the
interlayer spacing.

4.2. Polytypism. The polytypism is correlated with the
configuration of intercalated anions and the coordination
relationship between anions and OH sheets. Flat NO;~ or
CO,* ions in a monolayer, with each O atom accepting two
HBs from two opposite OH groups, facilitate the P-type
interlayer. The fully tilted configurations of NO;™ ions at high
water contents favor O-type interlayers. CO;*~ ions cannot be
transformed into tilted configurations, so that the P-type
interlayer is always maintained. Similarly, for LDHs with CI7,
water in the monolayer accepting two opposite HBs maintains
the stability of a P-type interlayer. For LDHs with SO,*7, SO,*~
ions with a C; point group symmetry (Figure 10e) are more
prevalent in the O-type interlayer, while the full bilayer
consisting of ions and water (Figure 10i) favors the P-type
interlayer.

The coordination relationship explains P- and O-type
interlayers. O;- and O,-type interlayers make no difference in
the coordination relationship between anions and OH sheets.
Simply, taking only OH sheets into account, O,- and O,-type
interlayers are symmetrical with respect to the middle plane
(Figure 2e,£h,i). However, O;-type interlayers are less observed
in our simulations. Specifically, no 3R, polytype consisting of all
O,-type interlayers is found here. Only in the case of LDH-3/1-
SO,, the amount of O,-type interlayers is comparable with that
of O,type ones (Figure 9a). 3R, polytype was also rarely
reported in the literature.***>*” This phenomenon cannot be
explained with the coordination relationship, but it is probably
due to the long-ranged energetically favorable layer stacking. It
can be elucidated by the structure of brucite (Mg(OH),).
Brucite is also made up of trioctahedral metal-hydroxide layers
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but without metal substitution (Figure 13a). The layer stacking
exhibits a similar structure as the 17T polytype of LDHs which
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Figure 13. Schematic layer structure of brucite (a), lizardite (b), and
magnesite (c). Mg, C, O, Si, and H atoms are in green, gray, red,
yellow, and white, respectively. Black balls in the metallic layers of
magnesite are empty sites. O atoms of the upper and lower sheets in
an interlayer of brucite or lizardite are in blue and orange, respectively.

consists of all O,-type interlayers (Figure 26,£i)."97"% The 0,-
type interlayer facilitates HBs between adjacent layers.'””'* If
there existed O;-type interlayers, HBs between adjacent layers
are similar. However, to our knowledge, no O;-type interlayer
has been reported for brucite. Thus, we deduce not only HBs
between layers but also the long-ranged layer-stacking way
determines the stability of brucite. This layer-stacking order is
largely due to the long-ranged Coulombic interactions. Thence,
a 1T polytype is favored over the 3R, one for LDHs due to the
similar long-ranged interactions. It is also evidenced in natural
1T lizardite (a layered mineral which belongs to the serpentine
group and is generally associated with LDHs),”"*"'® which has
the same octahedral sheets as brucite and whose interlayer also
belongs to the O,-type (Figure 13b).""!

The appearance of comparable amounts of O;- and O,-type
interlayers in the case of LDH-3/1-SO, could be due to
thermodynamics or kinetics. It is probably due to the strong
HB interactions between SO,*~ ions and OH sheets, which
overwhelm the long-ranged Coulombic interactions. In the case
of LDH-2/1-SO,, the layered charge is higher, so that the
Coulombic interactions are strengthened and almost all the
interlayers are of a O,-type. Occasional appearance of O;-type
interlayers among O,-type ones is also observed in the case of
LDHs with NO;~ with high water contents (Figure 3a,d). In
such a case, the basal spacing is large, which impairs the
Coulombic interactions, favoring mixed interlayers. Certainly,
the possible defect in the empirical force field, particularly the
atomic charge assignment, could lead to the error estimation of
the long-ranged interactions. Due to the limit of simulation
time, the kinetic effect cannot be excluded. However, given that
the simulated polytype transition is almost independent of
initial structure (Section S2 in the Supporting Information), the
kinetic effect should be minor. Nevertheless, no 3R, polytype is
observed here, implying such a stacking way is energetically
unfavorable. The 3R, polytype was suggested to be the result of
cation-disordered structure,””''> in contrast to the cation-
ordered model we simulate here. In a cation-disordered
structure, Al—O—Al linkages are present,113 and thus the
local electrostatic interaction would be different.
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4.3. Stability of LDHs Intercalated with Different
Anions. Field and experimental studies showing mixed-metal
LDHs are generally more abundant than single-metal
precipitates in contaminated soil.”~” Allada et al. showed the
heat and free energy of formation of LDHs from elements are
more negative than but close to those of mechanical mixtures of
binary compounds.zo_zg Specifically, they showed the free
energy of [M",_M" (OH),](CO;),/,rmH,0 is just slightly
lower than the sum of those of %MHCO:;, «MT(OH),, (1 —

%x)MH(OH)Z, and mH,0.*' This is reasonable due to the

structural similarity with binary compounds. In a carbonate
M"CO; (e.g, magnesite MgCO; in Figure 13c), CO; planes
are also parallel to cationic layers. Moreover, if empty sites in
metallic layers were filled with cations, the layer stacking of
carbonate would be the same as that of LDHs of a 3R,
polytype. The higher stability of LDHs with CO,*~ over
LDHs with other anions is largely attributed to the lower
solubility of M"CO; in the aqueous phase.''* Thus, the
similarity with M"COj; explains the stability of LDHs due to
long-ranged Coulombic interactions between anions and
cationic layers. On the other hand, the excess free energy of
LDHys, the difference between free energies of LDHs and binary
compounds, accounts for the short-ranged ionic coordination.
It explains the higher stability of LDHs over binary compounds.
The excess free energy follows the order SO,>~ < NO;~ <
CO;".*° It implies if only accounting for coordination
structure of anions in the interlayer galleries, SO,*~ ions are
most stable while CO;>™ ions are least. However, the formation
free energies from elements exhibit a different order: CO,*>~ <
S0, < NO,~,* consistent with the order of anion exchange
capacity”* and that of binding energy derived through previous
simulations.”® Once again, it illustrates the long-ranged
Coulombic contribution plays an important role on the stability
of LDHs. In addition, the stability of LDHs with CO,*~ could
be related to kinetics as supposed by Prasad et al,'"> because
the transition state (the swelling phase) is hard to be achieved
as shown above.

However, the mechanical-mixture model does not take the
transformation of polytype or anion configuration and its
dependence on water content into account explicitly. It should
have a major influence on the stability of LDHs and anion
exchange. For example, the formation enthalpy is more negative
for LDHs with CO;*" of a 3R, polytype than that with
intergrowth of a 2H, polytype.”” Prasanna et al. showed the
anion exchange capacity is more significant in the interlayer
with C,, tilted NO,™ ions than that with Dy, flat ones.** As
shown in this study, C,, NO;™ ions are less hydrogen-bonded
to OH sheets, so that they are more available to being
exchanged. Therefore, thermodynamic studies taking water
contents, anion configurations, and polytype structure into
consideration, comparing results shown in this study, should be
performed in the future.

5. CONCLUSIONS

MD simulations are performed to systematically disclose the
dependence of polytypism of LDHs on cation ratio, anion type,
and water content. LDHs intercalated with different anions
(CO4*, NO;~, SO,>7, and CI™) with Mg/Al ratios of 2/1 and
3/1 are studied with continuous water contents. For LDHs
intercalated with NO;™ ions, the polytype transition from 3R,
to 1T coincides with the transformation into fully tilted
configurations of anions and a full bilayer of water in the
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interlayer. LDHs intercalated with CO;*~ or CI™ ions maintain
a 3R, polytype irrespective of water content. For LDHs
intercalated with SO, ions, three-stage polytypism is observed
with increasing water contents. When Mg/Al = 3/1, the
polytype is transformed from 3R, to mixed O;- and O,- type
interlayers and then backward into 3R;. When Mg/Al = 2/1, it
only differs in the intermediate stage when a 1T polytype is
present. The polytype transformation coincides with the
adjustment of SO, configurations but not well with variation
of water distribution. Although SO,*” ions with a C;, point
group symmetry are present in different stages, the relative
popularity of SO,*” ions with a C, point group symmetry is
characteristic for the intermediate polytype stage. The last 3R,
stage is characterized by a full bilayer consisting of anions and
water. LDHs intercalated with NO;~ or SO,*” ions exhibit
swelling behaviors, because an anion can still pillar layers
through adjusting its configuration while water content
increases. For LDHs with NO;™, the swelling and polytype
transition appear at a lower water content when Mg/Al is
lower; while for LDHs with SO,*7, there is no such a relevance.
In the cases of LDHs with CO5*~ or CI7, the layer puckering
without anionic pillars at the hypothetic high water content
needs a large energy cost, which makes them nonswelling.

The configurational adjustments of anions and water reflect
variations of the coordination structure, while the layer-stacking
way accounts for the long-ranged Coulombic interactions. The
coordination structure and long-ranged Coulombic interactions
collectively determine polytypism of LDHs intercalated with
different anions. The stability of LDHs in the environment is
relevant to the polytype structure, which depends on cation
ratio, anion type, and water content. In addition, the
coordination structure influences the diffusion way of
intercalated anions and water, as shown in our previous
studies.””> How anions are transported in the interlayer
galleries is relevant to the application of LDHs as electrode or
electrolyte materials.*”''® Studying how anion movement is
determined by breakage and formation of HBs should be
performed in the future.
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