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ics study on structure evolution of
monocarboxylic acid intercalated layered double
hydroxides

Xuhang Tong,a Phillip Choi,a Shuang Li,b Yixiang Shi*b and Hao Zhang*a

Hydrotalcite derived materials are considered to be promising candidates for solid sorbents for carbon

dioxide capture at intermediate temperatures (250–400 �C). The recently developed organically

intercalated layered double hydroxide (LDH) shows a great improvement in carbon dioxide adsorption

capacity compared to alternative sorbents. However, the molecular-scale structure of this new class of

materials is yet to be understood, hindering the further development of high-capacity carbon dioxide

adsorbents based on LDH. In the current study, classical molecular dynamics simulations were

conducted to investigate the atomistic structures of monocarboxylic acid intercalated LDHs containing

Mg and Al in the ratio 3 : 1. The replacement of carbonate anions by stearate anions (CH3(CH2)16COO�)

in LDH expanded the basal spacing from 7.8 Å to 19.6 Å. The presence of water molecules could further

increase the basal spacing to up to 33.5 Å. In addition, the basal spacing of LDH could be expanded by

other carboxylic anions (e.g., CH3(CH2)11COO�, CH3(CH2)5COO�), and the spacing was proportional to

the length of the carbon chains. Water molecules inside interlayer galleries tend to bond firstly with the

hydroxyl groups of hydroxide layers, and water molecules added subsequently then fill the gallery space.

For comparison, LDHs intercalated by CH3(CH2)16COO� and CH3(CH2)6COO� were prepared by the

acid-aided anion-exchange method and characterized by powder X-Ray Diffraction (XRD) analysis,

thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC). The basal spacing and XRD

patterns observed in the simulations are in good agreement with experimental observations. The

quantitative analyses in this work could provide guidelines for optimizing the lamellar structure of LDH to

improve its capacity for CO2 capture.
1 Introduction

Hydrotalcite is an abundant natural clay mineral and has been
considered as a promising solid sorbent for pre-combustion
carbon dioxide capture, which involves separating CO2 from
the hydrogen-rich shi gas from sweet/sour water–gas shi
reactors at intermediate temperatures (250–400 �C).1 Hydro-
talcite is a layered double hydroxide (LDH) with a crystal
structure similar to that of brucite.2 The general form of
hydrotalcite-like materials is [M1�x

2+Mx
3+(OH)2]

x+Ax/m
m�$nH2O,

where M2+ is a divalent metal cation (e.g., Mg, Fe, Co, Ga, etc.)
and M3+ is a trivalent metal cation (e.g., Al, Cr, Mn, etc.). The
replacement of divalent cations by trivalent cations makes the
LDH positively charged, which can be neutralized by the anion
Am� in the interlayer gallery. The interlayer anions can be
inorganic (e.g., CO3

2�, Cl�, CrO4
2�, etc.)3 or organic (stearate,4
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DNA,5 etc.), and can be incorporated by the anion-exchange
method.6

To derive a carbon dioxide adsorbent from hydrotalcite, the
divalent and trivalent cations are set as Mg2+ and Al3+ and
carbonate is used as the interlayer anion (referred to as the Mg–
Al–CO3

2� system). Calcination of hydrotalcite at temperatures
over 400–450 �C is usually applied to convert LDH into the
layered double oxide (LDO), which is the nal form for carbon
dioxide adsorption at intermediate temperatures (250–400 �C).
The capacity of the LDO derived fromMg–Al–CO3

2� ranges from
0.2–0.7 mmol g�1.1 Given the difficulties of carbon dioxide
capture at intermediate temperatures, this capacity is still lower
than those of other adsorbents that are used at different
temperature ranges. Great efforts have been made to improve
the capacity of hydrotalcite-like materials by tuning particle
size/shape, pore size, surface area, chemical components and
intercalation anions.7–11 The recent development of a stearate
anion intercalated LDH (Mg–Al–stearate system) shows
a promising capacity of 1.25 mmol g�1,4 which is 2.5 times
higher than that of the original Mg–Al–CO3

2� system. Further-
more, a potassium-promoted stearate-pillared LDH derived CO2

adsorbent shows a capacity of 1.93 mmol g�1.12 This class of
This journal is © The Royal Society of Chemistry 2016
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organically intercalated LDH materials offers a new direction
for the development of high temperature carbon dioxide
adsorbents.

The intercalation of organic anions into hydrotalcites, on
one hand, alters the crystal structures and hydrated states of
LDH, and on the other hand, determines the intrinsic structure
evolution during calcination, and consequently, the carbon
dioxide adsorption capacity of the LDO. Various experimental
studies have been carried out to investigate the particle sizes,
surface areas and basal spacings (d) of organically intercalated
LDHs. Wang et al.4 characterized the Mg3–Al1–stearate system
(where 3 and 1 refer to the atomic ratio of Mg to Al) by powder X-
ray diffraction (XRD) analysis and found that the interlayer
distance was expanded to 35.4 Å by stearate chains. Li et al.12

found that potassium-promoted Mg3–Al1–stearate has an
interlayer of 38.7 Å using a similar characterization method.
Kanoh et al.13 investigated the crystal structures of Mg3–Al1–
stearate systems and found that stearate chains inside the LDH
gallery have two interconvertible geometries, i.e., monolayer
and bilayer geometries, at different treatment temperatures.
The self-assembled bilayer geometry may expand the interlayer
distance of LDH to 52.6 Å, when the stearate chains are tilted to
around 61� from the hydroxide plane.14

However, it is still difficult to obtain molecular-scale insights
into the crystal structures of organically intercalated layered
minerals, and the distributions of carbon chains within inter-
layer galleries through currently available experimental tech-
nologies. Recent developments in molecular dynamics (MD)
simulations and proper force elds make it possible to simulate
clay–organic composites and investigate their atomic structures
and even dynamics. Kirkpatrick and colleagues investigated the
energy and structure of LDH intercalated with short chain
carboxylic acids using MD simulations.15,16 The hydrated inter-
layer galleries were found to be stabilized by an integrated
hydrogen-bonding network among the anions, water molecules
and hydroxyl groups of the LDH layers.17 Zhao and Burns
investigated single chain quaternary ammonium cations (QAC)
intercalated into montmorillonite using MD modelling and
proposed a model to predict the QAC–clay microstructures.18

These studies have demonstrated the utility of MD methods to
investigate the structure aspects of clay–organic composites and
provided signicant insights. However, to the authors' best
knowledge, no MD investigations of the crystal structure
evolution of stearate intercalated LDH exist.

In this study, MD simulations were employed to investigate
the crystal structure and hydrated states of stearate (CH3-
(CH2)16COO

�) intercalatedMg3–Al1 LDH. CH3(CH2)11COO
� and

CH3(CH2)6COO
� intercalated LDH models were also generated

to investigate the effect of carbon chain length on the LDH
crystal structure. Given the fact that most of the saturated fatty
acids found in nature (i.e., in animals and plants) are straight
hydrocarbon chains with an even number of carbon atoms, we
used such readily available materials in our experiments; the
use of them in our MD simulations was for comparison
purposes. It is also well known that there is an alternation of
melting points between fatty acids with odd and even numbers
of carbon atoms (due to different alkyl chain packings in the
This journal is © The Royal Society of Chemistry 2016
bulk). Therefore, we also examined one chain with an odd
number of carbon atoms to see whether such an alternation
effect also exists in the packing within the conned interlayer
galleries. For comparison, LDHs intercalated by CH3(CH2)16-
COO� and CH3(CH2)6COO

� were prepared by the acid-aided
method and characterized by XRD analysis, thermogravi-
metric analysis (TGA) and Differential Scanning Calorimetry
(DSC). The basal spacing and XRD patterns of Mg3–Al1–stearate
LDH obtained in MD simulations are in good agreement with
those found in experiments carried out in this work. Further
details of the carbon chains' orientations as well as the swelling
patterns of Mg3–Al1–stearate LDH in hydrated environments are
also provided in this study.
2 Methodology
2.1 Experimental

The acid-aided2,12,19 anion-exchange method was employed to
synthesize Mg–Al–carboxylic LDH from hydrotalcite. Since an
Mg/Al mole ratio of 3 is considered optimal for CO2 adsorption,4

PURAL MG70 with the Mg/Al mole ratio of 3 was used as the
starting hydrotalcite in this study. Two representative carboxylic
acids, CH3(CH2)16COO

� and CH3(CH2)6COO
�, were inserted

into the LDH interlayer galleries. Sodium carboxylic solution
was added to 100 mL of hydrotalcite suspension in a ask at 80
�C, and diluted hydrochloric acid was added dropwise to adjust
the pH of the mixed suspension to �4.0. The mixture was then
stirred under N2 protection for 4 hours at 80 �C to form Mg–Al–
carboxylic LDH. The aged and stirred mixture was ltered and
washed with deionized water at the same temperature until the
pH was stabilized at �7.0. The mixture was then dried in an
oven at 80 �C. Powder XRD was conducted on a Rigaku D-max
2500 X-ray diffractometer using Cu Ka radiation and a power
of 40 KV at 40 mA. Signals were recorded with a step size of
0.02�. In order to quantitatively determine the water content,
TG-DSC tests were performed using a TA Q600 thermal gravi-
metric analyzer. The CH3(CH2)11COO

� and CH3(CH2)6COO
�

intercalated PURAL MG70 powder samples were gradually
calcined from room temperature to 700 �C at a ramp rate of 5 K
min�1 in N2.
2.2 Simulation details

In this study, atomic interactions in LDH were described by the
CLAY force eld (CLAYFF),20 which is based on an ionic (non-
bonded) description of the metal–oxygen interactions and has
a exible framework which can be combined with other
potentials. CVFF21 was employed to simulate the organics
intercalated inside the hydrotalcite galleries. Since CVFF has
a similar framework to CLAYFF, these two force elds could be
conveniently combined in MD simulations. A exible single
point charge (SPC) potential for water20 was also integrated into
current models to simulate hydrated LDH. To evaluate the total
energy of the simulation models, non-bonded (van der Waals
and Coulombic) and bonded (bond, angle, torsion and
improper) interaction forces were evaluated. Detailed formula-
tions of each interaction force have been described
RSC Adv., 2016, 6, 98804–98811 | 98805
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previously.20,21 All MD simulations were conducted by
LAMMPS22 and visualized by Ovito23 and Materials Studio.

Hydrotalcite-like materials in general have a three-layer
rhombohedral structure. To simulate the structure of carbox-
ylic acid intercalated LDH, 3D orthogonal periodic models
containing 11 � 8 � 3 lattice units were generated. The Mg : Al
ratio was kept as 3 : 1 as this ratio is considered to be optimum
for carbon dioxide capture.4 The lattice parameters in the x- and
y-directions were initially set to be 3.05 Å, while the lattice
parameter in the z-direction was initially set to be able to
accommodate intercalated organic anions. The sizes of the
model in the x- and y-directions were around 35 Å and 22 Å,
respectively, while the size in the z-direction was controlled by
the isothermal-isobaric (NPT) ensemble. The ratio of metal
atoms to intercalated carboxyl anions was chosen to be 4 : 1 to
ensure a neutral charge for the whole system, i.e., there were 22
carboxyl anions in each interlayer gallery. Initially, the carboxyl
anions were positioned “vertically” to the basal plane and
distributed evenly in the x–y plane (35 Å � 22 Å) in each inter-
layer gallery. In addition, half of the interlayer anions had the
carboxylate anions closer to one side of gallery and the other
half of the interlayer anions had the carboxylate anions closer to
the other side of the interlayer gallery. In this study, three types
of carboxyl acid anions were intercalated into the hydrotalcite
materials, i.e., CH3(CH2)16COO

�, CH3(CH2)11COO
� and CH3

(CH2)6COO
�. To investigate the structure of the organically

intercalated hydrotalcites in their hydrated states, water mole-
cules were added into the interlayer galleries. The ratio of water
molecules to intercalated anions ranged from 0 to 20.

Aer initial construction of themodels, energy minimization
using a conjugate gradient algorithm was conducted until the
energy variance of the whole system was below 10 � 10�9 kcal
mol�1. An NPT ensemble with a Nose–Hoover thermostat and
barostat24,25 was then applied to the whole system. The
temperature was xed at 300 K and the pressure of the simu-
lation box was xed at 1 atm. The time step of MD simulations
in this study was 0.5 femtoseconds (fs). These organic–inor-
ganic systems all reached their energetic equilibrium states
Fig. 1 (a) Atomic configuration of the hydrotalcite system intercalated by
in stick mode; green is used for Mg, purple for Al, red for oxygen, white fo
number of carbon atoms in the anions and the basal spacing of the hyd

98806 | RSC Adv., 2016, 6, 98804–98811
aer around 200 picoseconds (ps). The basal spacing of each
system was recorded and averaged from 400 ps to 1 nanosecond
(ns). System congurations were recorded aer 1 ns for carbon
chain geometry analysis and powder XRD pattern simulation.
The REFLEX module in Materials Studio was employed to
simulate the powder XRD pattern of system congurations ob-
tained in the MD simulations.

3 Results
3.1 Effect of carbon chain length

The organically intercalated systems show stable layered
structures in the current study and the layered structure and
hexagonal symmetry of hydrotalcite were well reproduced. The
a- and b- unit cell dimensions in the current MD simulation are
3.19 Å, which are in good agreement with experimental data
(3.14 Å).2 Fig. 1(a) shows the atomic conguration of stearate
intercalated LDH aer 1 ns with the NPT ensemble. As expected,
the stearate intercalated into the interlayer gallery expanded the
basal spacing from the 7.8 Å of the original Mg–Al–CO3

2�

system to 19.6 Å. The stearate chains inside the gallery are
neither perpendicular nor parallel to the hydroxide layer plane
upon equilibration, even though initially the carboxylic chains
were placed perpendicular to the hydroxide layer planes. The
stearate carbon chains tilt in the gallery space with an average
angle of 29.0� � 4.8 with respect to the basal planes, as shown in
Table 1. Recently, Naik et al.26 reported the MD simulation of
dodecyl sulfate (DDS) surfactant chains intercalated in an Mg–
Al LDH, where a transition frommonolayer surfactant chains to
bilayer chains was observed, depending on the DDS density and
the Al/Mg ratio. In that work,26 a different ensemble was applied
to obtain the equilibrium basal spacing, i.e., the NVT ensemble
was performed when two single Mg–Al LDH sheets with
anchored surfactant chains were brought closer together from
innite separation in incremental steps, and the LDH layers
were kept rigid along all three directions. Therefore, a direct
comparison between the current work and the results reported
by Naik et al. is difficult to establish.
stearate after running the NPT ensemble for 1 ns. Atoms are displayed
r hydrogen and grey for carbon atoms. (b) The relationship between the
rotalcites at room temperature without water molecules.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Space angles of monocarboxylic acids intercalated in LDH with different water/anion ratios

Water/anion ratio

CH3(CH2)6COO
� (C8) CH3(CH2)11COO

� (C13) CH3(CH2)16COO
� (C18)

Space angle (�) Std. dev. Space angle (�) Std. dev. Space angle (�) Std. dev.

0 19.6 10.0 28.3 12.7 29.0 4.8
3 34.7 11.4 34.6 4.4 32.2 3.0
8 50.1 12.5 45.4 10.4 40.1 8.9
15 55.9 21.4 69.0 6.8 50.9 7.8
20 — — — — 65.8 8.5
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In addition to stearate carbon chains, CH3(CH2)11COO
�

and CH3(CH2)6COO
� were inserted into the LDH system to

investigate the effect of carbon chain length on the basal
spacing of hydrotalcites. The basal spacings of CH3(CH2)11-
COO� and CH3(CH2)6COO

� intercalated hydrotalcite are 16.2
and 12.7 Å, respectively. Combined with previous results
from the literature,15 it is clear that the basal spacing of
hydrotalcites is proportional to the length of the intercalated
carbon chains, as shown in Fig. 1(b). The averaged space
angles (the angles between the carbon chains and hydroxide
layers) of CH3(CH2)11COO

� and CH3(CH2)6COO
� in the

interlayer galleries are 28.3� � 12.7 and 19.6� � 10.0 respec-
tively, as shown in Table 1. In addition, the standard devia-
tion of the space angle of CH3(CH2)6COO

� is larger than that
of CH3(CH2)16COO

�, which indicates a more disordered
distribution when the shorter carbon chains are intercalated
in LDH.
Fig. 2 The correlation between the amount of water and both the
basal spacing and the angle between the stearate chain (CH3-
(CH2)16COO�) and basal plane in stearate intercalated hydrotalcite.
3.2 Effect of the presence of water on the basal spacing

Water molecules are usually present in LDH interlayer galleries
since anion exchanges are conducted in aqueous suspensions
and carboxylic intercalated LDH has a strong tendency to
adsorb water. To further investigate the swelling patterns of
carboxylic intercalated LDH, water molecules were added into
the interlayer galleries in the MD simulations. The ratio of water
molecules to anions was varied from 0 to 20. The procedure
used for investigating the hydrated states of carboxylic inter-
calated LDH was similar to that used for the system without
water, as described in Section 2.2.

Taking stearate intercalated LDH as an example, the basal
spacing was increased from 19.6 Å (without water) to 21.7 Å
when the water/anion ratio was 3. In each system, aer running
NPT for 1 ns, the angles of all 66 stearate chains to the
hydroxide plane were used to calculate the average of the space
angles. The space angle between the stearate chain and
hydroxide plane increased to 32.2� � 3.0 with a water/anion
ratio equal to 3. Further addition of water molecules
continued the same trend, i.e., water molecules increased the
basal spacing of LDH as well as the average angle between the
stearate chains and hydroxide planes, as shown in Fig. 2. When
the water/anion ratio reached 20, the basal spacing of LDH was
33.5 Å and the stearates' space angle was 65.8� � 8.5. The
averaged space angles of stearate chains with different amounts
of water are listed in Table 1.
This journal is © The Royal Society of Chemistry 2016
Water molecules were also inserted into the CH3(CH2)11-
COO� (C13) and CH3(CH2)6COO

� (C8) intercalated LDH
systems. The congurations aer equilibration were similar to
that of stearate intercalated LDH. As shown in Fig. 3, the LDH
systems intercalated with relatively shorter carbon chains
showed the same swelling pattern in their hydrated states as the
stearate, i.e., more water molecules inside the interlayer
galleries resulted in larger basal spacings. The trend observed in
this study is consistent with previous computational work on
short chain carboxylic acid intercalated hydrotalcites.15 Fig. 3
also suggests that the layered structures could be delaminated
in suspensions. For C8 carbon chains, the averaged space angle
increased from 19.6� � 10.0 (without water) to 55.9� � 21.4
(water/anion ratio ¼ 15), as shown in Table 1. The presence of
water molecules could increase the space angle as well as the
randomness of the intercalated carbon chains.

To validate the molecular-level crystal structures, an experi-
mental study was carried out with the synthesis methods
described in Section 2.1 to obtain powder XRD patterns of C8
and C18 intercalated LDH at room temperature. For stearate
intercalated LDH, the stearate anions (with a length of 22.0 Å)
expanded the basal spacing from the 7.7 Å of the original MG70
hydrotalcite to 34.0 Å, which is indicated by the (003) peak in
the XRD pattern. Both experimental and computational XRD
RSC Adv., 2016, 6, 98804–98811 | 98807
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Fig. 3 Basal spacing of carboxylic acid intercalated hydrotalcites as
functions of carbon chain length and water molecule amount.
Carboxylic anions are referenced by their total carbon numbers, e.g.,
C8 refers to CH3(CH2)6COO�, C13 refers to CH3(CH2)11COO� and C18
refers to CH3(CH2)16COO�.
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patterns show similar peak features for stearate intercalated
LDH (see Fig. 4). We may observe that the peaks in the simu-
lated XRD patterns shi slightly to the right compared to the
experimental XRD patterns. The calculated basal spacing in the
MD simulation (33.5 Å; water/anion ratio ¼ 20) is about 1.25%
smaller than that obtained from experiments (34.0 Å). It should
be noted that the brucite-like layers in hydrotalcite occupy
a thickness of about 4.8 Å and the stearate chain has a length of
22.0 Å. Clearly, the relatively large basal spacing observed in
experiments (34.0 Å) is not simply due to the stearate chains
vertically pillaring the interlayer galleries. One possible expla-
nation is that during the anion-exchange process, an
Fig. 4 Experimental (green) and simulated (black) PXRD patterns of
stearate intercalated LDH.

98808 | RSC Adv., 2016, 6, 98804–98811
introduction of excess water in the interlayer gallery may
physically expand the basal spacing and facilitate the formation
of a complex long carbon chain network inside the gallery. The
complex long carbon chain networkmay not collapse during the
80 �C drying step, leaving a relatively larger basal spacing. In
addition, the uncertain amount of water in the experimentally
synthesized Mg–Al–stearate LDH may contribute to the differ-
ence between experiments and simulations. Even though the
Mg–Al–stearate LDH was dried in an oven at 80 �C, studies have
demonstrated that interlayer water in hydrotalcite could remain
in the galleries at temperature up to 190 �C as the interlayer
water is “loosely held” by hydroxyl groups.27 In the region 30–
140 �C, the basal spacing remained relatively stable and there
were still water molecules in the interlayer galleries. In order to
quantitatively determine the water content, we performed TG-
DSC tests. The CH3(CH2)11COO

� and CH3(CH2)6COO
� interca-

lated PURAL MG70 powder samples were gradually calcined
from room temperature to 700 �C at a ramp rate of 5 K min�1 in
nitrogen. Fig. 5 shows the TG-DSC curves of both these samples.
The remaining weight percentages of CH3(CH2)11COO

� and
Fig. 5 TG-DSC curves of (a) CH3(CH2)6COO� (C8 LDH) and (b)
CH3(CH2)11COO� (C18 LDH).

This journal is © The Royal Society of Chemistry 2016
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CH3(CH2)6COO
� were 27.9% and 37.9%, respectively. As shown

in Fig. 5, two stages (from room temperature to about 250 �C,
and from 250 �C to 450 �C) of weight loss were observed. A
previous study27 of Mg–Al–CO3 LDH suggested that the rst
stage of weight loss is related to water loss and partial dehy-
droxylation while the second stage is caused by complete
dehydroxylation. Since there is no evidence to show the
decomposition temperature of intercalated anions, we assume
that anion decomposition occurs throughout the calcination
process. From the analysis above, it is conrmed that the rst
stage of weight loss will denitely include the separation of
water molecules from LDH crystals (including surface adsorbed
water molecules and interlayer crystal-bound water molecules),
as well as the partial decomposition of OH� and CH3(CH2)11-
COO� or CH3(CH2)6COO

� anions.
The amount of water in organically intercalated LDH struc-

tures is usually determined by the synthesis methods and
drying temperature. The basal spacing of hydrotalcite was re-
ported to decrease from 7.8 Å to 7.2 Å aer heating at 200 �C.28

Considering that the thickness of one layer of hydroxide is 4.8 Å,
the space of the interlayer gallery has been decreased from 3.0 Å
to 2.4 Å.28 A similar trend was observed in the study by Yang
et al., in which the interlayer distance was decreased from 2.8 Å
to 1.8 Å upon heating at 190 �C.27 Since the layered structure of
LDH remains stable during heating up to 200 �C, it is actually
the removal of water molecules that contributes to the differ-
ence in basal spacing. In a reaction to intercalate diphospho-
nates with aromatic bridging groups, [O3P–(C6H4)n–PO3]

4�, into
hydrotalcite (Mg/Al ratio ¼ 2), the temperature could affect the
d-spacing values.29 At a reaction temperature of 0 �C, the
organically intercalated LDH has a basal spacing of 14.7 Å,
while with a reaction temperature of 100–200 �C, the produced
LDH has a basal spacing of 9.6 Å, which is 35% smaller. The
difference between the basal spacings are attributed to the
removal of water molecules in the interlayer galleries and of
OH– groups connecting to the metal cations. Simulation results
in this study have quantitatively demonstrated the different
basal spacings of organically intercalated LDH in different
hydration states.

For C8 intercalated LDH, the carbon chains expand the basal
spacing to 21.2 Å as observed in XRD patterns. The experimental
result matches well with simulated results (d ¼ 23.2 Å with
a water/anion ratio ¼ 15).

The arrangement of organic anions in intercalated LDH has
attracted great interest recently. A study by Iyi et al.30 investigated
the orientation of an anionic azobenzene derivative (AzAA)
inside Mg–Al–LDH. Based on TEM and XRD results, they
concluded that AzAA has horizontal orientation at low AzAA/
LDH ratios and vertical orientation at higher ratios, while LDH
with a horizontal orientation has a basal spacing of 8 Å and LDH
with a vertical orientation has a basal spacing of 23 Å. The
combination of horizontal and vertical orientation arrange-
ments could possibly increase the basal spacing. For instance,
the one-layer vertical one-layer horizontal stacking order may
appear to form (003) peaks in XRD representing a larger basal
spacing, i.e., 31 Å. Stearate-intercalated LDH composites have
also been investigated by Li et al.,12 and the orientation of the
This journal is © The Royal Society of Chemistry 2016
stearate chains was claimed to be vertical to the layered
hydroxide planes, which was concluded from the relatively large
basal spacing (34.0 Å). Itoh et al.14 proposed that stearate chains
were neither vertically nor horizontally oriented. Instead, the
carbon chains were tilted�61� from the hydroxide planes inside
the interlayer galleries. The relatively large basal spacing in
Itoh's study (53.7 Å) was attributed to the self-assembly behavior
of intercalated stearate chains. In our current MD simulations,
a highly ordered distribution of intercalated carbon chains was
not observed, i.e., the carbon chains were neither vertical nor
horizontal. Instead, the stearate chains were tilted inside the
interlayer galleries, while the tilting angles were strongly corre-
lated to the amount of water in the galleries. The tilting angle of
65.8� from LDH planes at the water/anion ratio of 20 in this
study matches well with the experimental observations in Itoh's
work.14 However, it should be noted that organics intercalated in
LDH might have different geometries due to the different
synthesis methods. The observation in the current study does
not exclude the possibility of other distribution geometries.
3.3 Distribution of water molecules

We further investigated the water molecule distributions inside
the interlayer gallery. Here, we illustrate the Mg3–Al1–stearate
LDH as an example. The rst row of Fig. 6 shows the atomic
congurations of stearate intercalated LDH with water/anion
ratios of 3, 8 and 15, while the second row shows the same
congurations but with the stearate chains removed for clarity.
To quantitatively characterize the water molecule distributions,
a water count prole was performed through the interlayer
gallery, as shown in Fig. 6g–i. When a small amount of water,
(e.g., a water/anion ratio of 3) was added into the hydrotalcite,
the formation of thin water layers bonded to the hydroxide
layers may result, because water molecules can bond with the
hydroxyl groups of LDH by forming hydrogen bonds.16 Aer the
hydrogen bonding sites close to the hydroxide layers are satu-
rated, further water added into the layer (i.e., when the water/
anion ratio increases to 8 and 15) will be distributed in the
interlayer gallery space. In this study, a longer simulation time
(up to 2 ns) yielded a similar trend for water molecule distri-
butions in the interlayer gallery.

LDHs intercalated with inorganic anions were found to have
energetically favored hydration states due to local minima for
hydration energy.3,31 However, previous studies have demon-
strated that LDH intercalated with carboxylate anions do not
have energetically well-dened structural states at specic water
contents.16 Instead, LDH intercalated with carboxylate anions
prefer to adsorb water continuously in water-rich environments
such as aqueous solutions and high relative humidity (R.H.)
conditions.16 This behavior may lead to increased basal spacing
or even delamination of the hydroxide layers. Li and Kirkpa-
trick32 have shown that citrate intercalated LDH has different
basal spacings at different R.H. conditions. The basal spacing of
citrate intercalated LDH changes from 8.9 Å at R.H. ¼ 0% to
11.3 Å at R.H. ¼ 75%, to 18.9 Å at 100% R.H., as shown by the
XRD patterns. Fig. 6 also demonstrates the re-orientation of
stearate chains from low water content to high water content.
RSC Adv., 2016, 6, 98804–98811 | 98809
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Fig. 6 Distributions of water molecules in stearate intercalated hydrotalcites. Columns 1, 2 and 3 show the water distribution when the water/
anion ratios are 3, 8 and 15, respectively. The first row shows the system atomic configurations (a–c); the second row shows the configurations
without displaying the stearate anions (d–f); and the third row shows the water count profiling across the interlayer gallery (g–i). Atoms are
displayed as spheres; purple spheres are used for Al, red spheres for Mg, blue spheres for oxygen, yellow spheres for hydrogen and grey spheres
for carbon atoms.
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Accurate molecular models are desirable to predict the
structures and dynamics of LDH intercalated with organic and
other mineral materials. The MD simulation and experimental
characterization in the current study has demonstrated the
feasibility of studying the structure of organic–clay composites
by a computational approach. However, for a better under-
standing of the results, the limitations of MD simulations
should be fully appreciated. First of all, accurate representa-
tions of atomic interactions in organic–clay composites are
essential to obtain reasonable results. Secondly, the crystal
structure and dynamics depend on the initial model construc-
tion for the MD simulation. For instance, different initial
geometries of stearate-intercalated LDH could lead to slightly
different basal spacings. In addition, MD simulations have
limited time scales compared with experimental approaches. A
typical simulation time is in the order of ns, while experimental
synthesis of organic–clay composites may take hours or days.
98810 | RSC Adv., 2016, 6, 98804–98811
The energy minima reached within ns in MD simulations were
interpreted as stable states of the organic–clay composites.
However, we should not exclude the possibility of other stearate
intercalated LDH crystal structures that may be reached during
the synthesis process in experiments, over a much longer time
scale. In experiments, the anion-exchange processes between
stearate chains and carbonate anions in aqueous environments
may determine the nal crystal structures of organic–LDH
composites.
4 Conclusions

In summary, MD simulations were conducted to investigate the
structures of monocarboxylic acid intercalated LDHs. Stearate
intercalated LDH without water molecules shows a basal
spacing of around 19.7 Å. The stearate carbon chains inside
hydrotalcite are tilted, with an average angle between the
This journal is © The Royal Society of Chemistry 2016
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carbon chains and hydroxide layers of 29.0� � 4.8. The basal
spacings of carboxylic anion intercalated hydrotalcites have
a linear relationship with the carbon chain length of the inter-
calated anions.

The presence of water molecules in the interlayer galleries
increases the basal spacing. For instance, the basal spacing
reaches 33.5 Å when the water/anion ratio is increased to 20 in
the stearate intercalated system. The water molecules inside
hydrotalcite rstly bond with the hydroxyl groups of hydroxide
layers, forming water layers close to the LDH. Further addition
of water lls the gallery space. An increased amount of water
also facilitates the reorientation of the stearate chains and
increases their tilt angle to around 65.8� � 8.5. This trend is
applicable to hydrotalcite intercalated with other carboxylic
acids. Simulated powder XRD patterns show similar peaks
positions to those obtained experimentally, which validates the
effectiveness of the current models.
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