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ABSTRACT: A valence force field named LDHFF was
systematically developed for the layered double hydroxide
(LDH) materials. Its potential function was referred from the
polymer consistent force field (PCFF) by introducing a
double-well potential to describe the oxygen—metal—oxygen
(O—M-0) bending in the octahedral host sheets. The
bonded (intramolecular) parameters, including the bond
stretching constants, angle bending coefficients, as well as
cross terms, were obtained from density function theory
(DFT) calculations on the simplified but representative cluster
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models [M",M"™(OH,),(OH),J** and [M";(OH,)s(OH),]*" (M",M"™ = Mg,Al, Zn,Al, Co,Al, Ni,Al, Cu,Al, Mg,Fe, Zn,Fe,
Ni,Fe, Mg,Cr, Zn,Cr, Cu,Cr, Co,Cr; M™ = Al, Fe, Cr). In the case of nonbonded potential, the van der Waals parameters were
obtained by fitting them to the cluster models mentioned above. The partial charges used to calculate the Coulombic interactions
were assigned as Mulliken charge from density functional theory (DFT) calculation. To validate these potential parameters, a
series of molecular dynamics (MD) simulations were subsequently employed for 24 LDH models, and the resulting structures,
vibrational frequencies, as well as binding energies are in high accordance with the experimental findings. Using LDHFF, stable
octahedral host structures were maintained over 2 ns in molecular dynamics simulations. These results demonstrate that LDHFF
works effectively and accurately for MD studies of LDH materials, which provides a theoretical insight for understanding the
structural property and exploiting the fabrication of functional LDH and related materials.

1. INTRODUCTION

Layered double hydroxides, also known as anionic clays and
hydrotalcite-like materials (HTlcs), are a class of minerals and
synthetic materials represented by a general formula
M",_M"™ (OH),]*"(A"",,)-mH,0, where M" and M™ are
metal cations that occupy octahedral positions in hydroxide
layers; x is the molar ratio M"/(M"+M™); and A denotes
interlayer charge-compensating anions. The structure of layered
double hydroxides (LDHs) is based on a stacking of alternating
positively charged metal hydroxide (brucite-type) layers and
negatively charged anions and water molecules."* Frequently
observed M" and M™ species include Mg**, Zn**, Co*", Ni**,
Cu*, Ca¥, etc. and AP*, Fe*, and Cr*, etc,, respectively.”*
LDHs are one family of important layered materials which
represents a large versatility in terms of chemical composition
and capability to build up 2D-organized structures (stacking of
the host layers gives rise to an accessible interlayer space in the
nanometer scale).® Therefore, they have attracted considerable
attention in both fundamental investigations and technological
applications includin§ catalysis and adsorption,” gene and
molecular reservoir,” optical materials, functional hybrid
additives,*! and controlled drug-release systems.®®

Although LDH materials have been widely used in various
fields, detailed information and understanding of their
structures are rather insufficient owing to the limitation of
experimental techniques. This leads to difficulties in the design
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and fabrication of advanced functional LDH materials from the
viewpoint of structure—property correlation.””® With the
development of computational technologies, molecular dynam-
ics (MD) simulations have been increasingly employed to
understand the microstructure and property of LDHs
combined with experimental measurements in the past
decades.” The energy of a system in MD simulation is
calculated by a force field (FF, potential function), which
includes various parameters accounting for the interactions of
all atoms in a modeled system. The efficiency and accuracy of a
FF play a key role in the success of MD simulation.” A large
number of force fields, such as Dreiding force field,* universal
force field (UFF),"' Compass,'> and consistent force field
(CFE)," have been developed for different material systems.
As for LDH simulation, a modified Dreiding force field* and
ClayFF force field'*"® are mostly used. The former was
explored by Newman et al., who introduced a harmonic cosine
function into Dreiding to model angle bending terms in LDHs,
aiming at reducing the distortion of the hydroxide octahedral.*
However, the structural distortions were found to be inevitable
in their MD simulations, as a result of the deficiency of the
harmonic cosine function in presenting two minima when the
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angle of oxygen—metal—oxygen (O—M—O) in the host layer is
close to 90° and 180°, respectively. The latter (ClayFF) was
originally designed by Cygan et al.'* for modeling clay
materials, which relies basically on van der Waals and
Coulombic interactions instead of covalent bonds to maintain
the coordination configurations of central metal cations (either
tetrahedral or octahedral). Such a nonbonded model can be
directly embedded into other well-developed force fields and
shows high computational efficiency. However, Lin et al.
pointed out that central metal atoms might escape from the
coordination center with a nonbonded type force field in a
long-time dynamic simulation.'®® Additionally, the simulation
results of this nonbonded model are sensitive to the choice of
atomic charge models, which impacts the transferability and
compatibility.'**®

Recently, increasing attention has been paid to the LDH
materials containing various transition metal cations including
Cu, Fe, Co, Cr, etc., due to their excellent performances in
catalysis, environment, and energy fields.'”'® The force fields
mentioned above can not meet the requirement of the fast
evolution of LDH materials, because only few metal cations
(Mg?*, Zn*, and AP*)'”*° have been involved in the MD
simulation until now. Therefore, a force field including enough
parameters for various cations in the octahedral coordination of
LDHs is much needed. Adding appropriate parameters to the
force field of Newman or Cygan is a possible method, but this
approach may cause inevitable distortions owing to their
insufficiency of the potential functions. Teppen et al. designed a
“double-well” potential in 1997 to describe the octahedral
coordination configurations in minerals.>’ This potential has
two minima on its potential energy surface, which is essential
for modeling the O—M—O angles in the octahedral sheets of
LDHs. All of these inspire us to take the challenge of
developing a new force field for LDH systems, which shows
superiority in describing the octahedral host layers: including
enough parameters for various metal cations and maintaining
the structural stability in long-time MD simulation.

In the present work, we developed a force field for LDH
materials (denoted as LDHFF), which involves the parameters
of all the atoms in the host sheets of LDHs including metal
cations, bridging oxygen atoms, as well as hydroxyl hydrogen.
The potential function of the polymer consistent force
field*> > (PCFF) was employed in this study with the
introduction of a double-well potential to model O—M—-O
bendings, which exhibits excellent performance in reproducing
the octahedral coordination. The bonded (intramolecular)
parameters for modeling host sheets were derived from density
function theory (DFT) calculations on the simplified but
representative cluster models. The nonbonded parameters were
developed by fitting them to the cluster models and metal
hydroxides with brucite-like structure. The resulting force field,
LDHFF, was subsequently applied to simulate 24 LDH models
with different layer and interlayer composition, to check the
transferability of the force field. It was found that the simulated
3D lattice parameters, the calculated vibrational frequencies, as
well as the relative binding energies of different anions are in
accordance with the experimental results. Moreover, the
octahedral structure of the host sheets was observed to be
nicely maintained during a long time simulation. These results
demonstrate that LDHFF is accurate and efficient in calculating
the microstructures and frequencies of LDHs. Therefore, this
work provides a fundamental method for understanding the
microstructure of LDH materials beyond experimental
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techniques, which will give instructions in the exploitation
and investigation of functional LDHs and related materials.

2. METHODS

Potential Energy Functions. First of all, we intend to
develop a valence force field to avoid the defaults of nonbonded
potentials mentioned above. Since PCFF has a robust
functional form which has been demonstrated in MD
simulations for several kinds of materials,*"**™%7 its potential
function was employed in this study. This allows not only the
incorporation of double-well potential but also the availability
of the parameters in PCFF to model the interlayer species of
LDHs. The potential function of the PCFF force field is

Eota = Ep + E; + E; + Eoop + Epp + Ep, + Eyy

+ Ebt + Eat + Eaat + Evdw + ECoul (1)
where
4
E, = Z Z kb,n(b = by)"
b n=2 ()
E, =Y ) k(0 —0p)"
0 n=2 (3)
E =) Y V1 = cos(nd — ¢y)]
b n=1 )
Eoop = Z kx(X - X0)2
X (%)
Eyy = 2 D kyy(b = bo) (b — bp)
b b (6)
Epa = 2 D kyalb = bp)(6 — )
) (7)
Ey= Z Z kaa’(e - 90)(9’ - eb)
a a’ (8)
3
Ebt:ZZ(b_bO)an
b ¢ n=1
[1 = cos(nd — dy)] (©)
3
Eat=22(9—90) ZVn
0 ¢ n=1
[1 = cos(nd — ;)] (10)
Epe = 25 0 2 koorg(8 = 80)(68 — Bp)cos ¢
0 0 ¢ (11)
OV ()
Yy Y
Evdwzzeijz_l _3;

dx.doi.org/10.1021/jp211194w | J. Phys. Chem. C 2012, 116, 34213431



The Journal of Physical Chemistry C

and
qiqj

"ij (13)

The total energy is divided into three categories: (i)
contributions from each of the internal valence coordinates
(Ey, E, E, and E,,,), (ii) cross-coupling terms between internal
coordinates (E;;, E, Eaw Euw Es and E,,), and (iii)
nonbonded interactions (E,g, and Ec,). The valence energies
consist of bond stretching term E,, angle bending term E,
torsion term E, and out-of-plane bending term E,,. The
torsion term E, was neglected when simulating metal cations
because the torsion expression allows at most 3-fold periodicity,
but four minima are needed at octahedral centers (the dihedral
angle, oxygen—metal—oxygen—metal, has four minimum values
near 0°, 90°, 180°, and 270°, respectively). Three cross terms,
Ey, E,, and E,, involving torsion interactions were
consequently ignored in this study. Another cross term E,,
was also neglected because the double-well function was
employed to model angle bending terms, which actually
involves the coupling interactions between two neighbor O—
M-O angles. The out-of-plane bending term E,,, was not
necessary’ and thus neglected. The nonbonded energies are
subsequently divided into short-range van der Waals inter-
actions E 4, and long-range Coulombic interactions Ec, . A
Lennard-Jones (9-6) function®® was used to represent the van
der Waals ener;y with a sixth power combination between
((r® +7)/2)"¢ and &= (Sﬁ;)l/z[zria”?/(ris + 7';'6)]:
€, and ¢; are the empirical parameters obtained by fitting the
model to the observed structural and physical property data.
More detailed physical explanations of the parameters in eqs
1—-13 are described in the Supporting Information.

Consequently, the potential function of the force field,
LDHFF, can be described as

Ecoy = 3321 )

0_
ry =

wherer;, 7,

Etotal = Eb + Ea + Ebh + Eba + Evdw + ECoul (14)

It is noteworthy that the double-well angle bending potential
adopted for describing O—M—O angles (6) is as follow

2 2 4
T 3n 3n
E=-"0p lo=2) +r o=
“ 8 “’4( 4 ) “'4( 4 ) (15)

Equation 15 was derived from eq 3, which displays dual minima
at 90° and 180° to maintain the octahedral geometry.”"

2.2. Cluster Models for Calculating Potential Param-
eters. The parameters of a force field can be derived from
either experimental data or quantum-mechanical calculations;
however, some experimental data of bonded interactions are
not available. As a result, DFT calculations on simplified
models have been chosen for the develo7pment of force fields in
the case of complicated systems'®***” since the results can
provide detailed information about the structural properties,
vibrational frequencies, and atomic charges, which are necessary
for parametrization. In this study, a cluster model was applied
to develop the local properties of LDHs, which is a key step in
parametrizing the potential: the cluster model should represent
the structural features as closely as possible and possess the
most economic computer time. Our previous studies have
testified that the cluster model with three metal cations
represented by [M',;M"'(OH,),(OH),]** or
[M™,(OH,),(OH),]*" is the most effective model which
includes the basic information of the octahedral coordinated
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cations inside the LDH layer.”® A total of 15 such clusters were
constructed (Figure 1) including

(b)

twelve

(a)

O M3+
Figure 1. Computational models of (a) [M",M"(OH,),(OH),]**

®o0

U H O w2+

(MS,M™ = Mg,Fe, Zn,Fe, Ni,Fe, Mg,Cr, Zn,Cr, Cu,Cr, Co,Cr)
clusters and (b) [M™,(OH,),(OH),]** (M = Al, Fe, Cr) clusters.
Only the linkages around the three-centered bridging OH group are
displayed for clarification.

M, M™(OH,),(OH),]** models (M",M"™ = Mg,Al, Zn,Al,
Co,Al, NjAl, Cu,Al, Mg,Fe, Zn,Fe, Ni,Fe, Mg,Cr, Zn,Cr,
Cu,Cr, Co,Cr) and three [M";(OH,)4(OH),]** models (M =
Al, Fe, Cr), so that different intramolecular packing environ-
ments for each metal cation can be taken into consideration.
The energy gradient, vibrational frequency, and charge
distribution for the parametrization of the force field for
LDHs were obtained by the DFT calculation of these clusters.
It should be noted that the calculation results of five clusters
(Mg,Al, Zn,Al, Co,Al, Ni,Al, and Cu,Al) were cited from our
previous investigation™ and the remaining 10 models were
calculated in this work.

2.3. Models for Molecular Simulations. Molecular
simulations were carried out on a series of models with
different compositions and structures (Figure 2) for the
purpose of validating the LDHFF. Thirteen supercell models
were constructed, which can be stoichiometrically expressed in
Table 1.

The models of M(OH), were established in accordance with
their crystal data (Figure 2a).”” The supercell models with
molar ratio MI/M™ = 2 were 6 X 6 X 1 in the a-, b-, and ¢-
direction, respectively, containing 24 divalent metals cations, 12
trivalent cations, and 72 OH groups in each octahedral layer
(Figure 2b and 2c). The supercell of Ni;Fe—CO;—LDH was
constructed as 4 X 4 X 1, which consists of 18 Ni atoms, 6 Fe
atoms, and 48 OH groups in each layer (Figure 2d). The layer
coordinates of Zn,Al-CO;—LDH were determined by
Merlino’s refinement of X-ray data with 2H polytype,®® and
the remaining models were constructed using coordinates from
the crystal data of the Mg,Al-CO;—LDH obtained by Allmann
and Jepsen®" with 3R polytype. Anions and water molecules are
intercalated into the interlayer galleries at random positions;
the content of the interlayer water in each model was regulated
as identically as possible to its given formula.

2.4. Computational Details. The geometries of the cluster
models were fully optimized with the DFT method of B3LYP.*?
The effective core potentials (ECPs) LanL2DZ were employed
for Fe, Cr, and the divalent metal ions, and the full electron
basis sets, 6-31+G(d),*> were used for Al, O, and H. No
constraints were imposed on the geometry in any of the DFT
computations. The attainment of the energy minimum of each
structure in full geometry optimization was tested by frequency
calculations. The calculations were performed with the
Gaussian 09 program.34
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Figure 2. Molecular simulation models of (a) M(OH), (M = Mg, Zn, Co, and Ni), (b) LDHs with 3R polytype, (c) LDHs with 2H polytype, and

(d) Ni;Fe—CO,—LDH.

Table 1. Molecular Formula and Corresponding
Abbreviations of the Models Used in Simulations

molecular formula abbreviation

M(OH), (M = Mg, Zn, Co, and Ni)
Mgo.s7Alo,33(OH)z.o(Coa)o.w(Hzo)o.s
Mgy 67Al533(0OH) 5, 0(NO3)33(H,0)0.22
Zng 678l5,33(OH),,0(CO3)0.17(Hy0)o.50
Zng ;Aly 33(OH),,0Clo 33(H,0) 067

C00.67A10.33(OH)z.o(Cos)0.17(H20)0.42
Cuyg67Cro.33(0H),0Cly 33(H,0) 067

Zn0.67cr0.33(OH)Z.OCID.33(HZO)O.67

C°0A67F90.33(OH)Z,O(CO3)0A17(Hzo)om
Nig 75Feq.25(OH)2,0(CO3)0.13(Hy0)o.50

Mg,Al-CO;~LDH
Mg,Al-NO,~LDH
Zn,Al-CO,~LDH
Zn,Al-Cl-LDH
Co,Al-CO;—~LDH
Cu,Cr—CI-LDH
Zn,Cr—CI-LDH
Co,Fe—CO;—LDH
Ni,;Fe—CO,~LDH

In molecular simulations, the single-point charge (SPC)
water model,* which has been successfully used in other
molecular simulations, was used to represent the interlayer
water.'*3® To maintain the electric neutrality of LDHs, the total
charges of interlayer anions were set to be their formula
charges, and the partial charge of each atom was derived from
Mulliken population analysis of the above-mentioned DFT
calculation. The force field parameters for anions originate from
the PCFF. The long-range Coulombic interactions among
partial charges were computed by the Ewald summation®’
technique, and a “spline cutoff” method was used to calculate
van der Waals interaction. MD simulations were performed in
isothermal—isobaric (NPT) ensemble with the temperature of
298 K and the pressure of 0.1 MPa. The Andersen method*®
and Parrinello—Rahman® method were used for controlling
temperature and pressure, respectively. The simulation time
step was 1 fs, and the total simulation time was 60 ps for each
model. The results showed that the system reached equilibrium
with lattice parameters and total potential energy fluctuating
around a constant value within the first 20 ps (Figure S3,
Supporting Information). So dynamic trajectories during the
remaining 40 ps were recorded every 10 fs to analyze the
ensemble average values, such as the lattice parameters, lengths
of metal—oxygen bonds, and interlayer orientations. The 2 ns
dynamic simulations were carried out for the Mg,AI-NO;—
LDH model to test the validity of the force field in maintaining
the octahedral coordination in long-time MD simulations. All
of the molecular simulations were performed using the Forcite
module in the Material Studio version 5.5 software package
(Accelrys Software, Inc.).
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3. RESULTS AND DISCUSSION

3.1. Parameterization. To derive parameters for the
potential function, the following terms were developed: the
stretching constants ky, ,, k;, 3, and k;, , and reference bond length
by for the M—O bond; the bending constants k,,, k3, k,4 and
reference angle 6, for the O—M—-0, M—O—M, and M—O—-H
angles; the coupling constants k;;, and k;, for cross terms; the
well depth &; van der Waals radii r; and partial charge g; for
metal cations.

3.1.1. Parameterization of Bonded Parameters. On the
basis of the optimized models, the harmonic parameters k,,,
k,,, and the coupling constants k;; and k;,, were derived from
the Hessian matrix in Cartesian coordinates (CART). Semi-
nario’s method was used to calculate the harmonic force
constants k,, and k,, for internal coordinates.'®***" This
method has been successfully employed in many previous
reports.16’42 k,, and k,,were obtained from coordinate
translations (Supporting Information: Seminario’s method
and matrix translations). The force field parameters for H-O,
Al-0O, and O—-AI-O were referred from the reported
work 21264344

Cubic and quartic terms were introduced into the force field
to reproduce the anharmonic property of a true bond stretching
potential.” Distortions of the equilibrium geometry along
internal coordinates were built to fit such anharmonic constants
with the least-squares method. The SCF energies, the atom
charges, as well as the SCF gradients were calculated. Thirty
distorted structures were considered for each cluster models
(typically +0.1 A for bond lengths and +2°for bond angles) to
fit the energy variation surface. The stretching potential of a
true bond rises more quickly as the bond length shrinks from its
equilibrium position than that as it expands. This implies that
the average value of bond lengths in a vibrating molecule is
larger than the equilibrium value, according to the Boltzmann
distribution. The reference bond lengths b, were optimized,
which were slightly larger than their equilibrium values in DFT-
optimized structures by 0.1—0.2 A. These bonded parameters
were optimized by the pattern search method.***~° The cluster
models and the M(OH), (M = Mg, Ni, Zn, and Co) models
were employed to obtain the physical intensities (e.g., the bond
lengths of metal—oxygen) used in the optimization. The final
intramolecular force field parameters are listed in Table 2.

3.1.2. Parameterization of Nonbonded Parameters. The
intermolecular interaction including the van der Waals and
Coulombic terms plays a key role in determining the
orientation and arrangement of the interlayer species. The
parametrization of such nonbonded terms should be performed

dx.doi.org/10.1021/jp211194w | J. Phys. Chem. C 2012, 116, 34213431
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Table 2. Developed Bonded Force Field Parameters of LDHFF

bond stretching: Ey,; = ky,(b — bo)* + ky3(b — bo)® + kyu(b — by)*

b, (A) ky, (keal-mol -A%) ky3 (keal-mol -A%) ky4 (keal-mol -A*)

Mg-O 2.340 61.3 —169.3 187.6

Al-O 2.035 328.7 —-341.0 2189.0

Cr-0 1.995 115.0 —183.9 77.0

Fe—-O 2.080 94.4 —=225.1 187.8

Co-0O 2.280 63.0 —162.8 121.5

Ni—-O 2.310 71.6 —150.6 141.2

Cu-0O 2.340 62.7 —145.6 99.0

Zn—0 2.360 60.2 —354.7 137.1

O-H 0.965 532.5 —1282.0 2004.0

angle bending: E, ;. = k,,(0 — 6p)* + k,3(0 — 6p)° + k,4(0 — 6,)*
0, (degree) k,, (kcal-mol " rad™?) k, 3 (keal-mol "-rad™?) k, 4 (kcal-mol rad™*)
Al-O-Al 1040 195.5 489 185.1
Ni—O—Ni 102.0 83.9 ~113.1 0.0
Zn—0—Zn 107.0 822 ~1013 0.0
Mg—O—Mg 107.0 83.9 ~94.4 0.0
Co—0—-Co 102.0 49.5 —50.0 0.0
Fe—O—Fe 102.0 139.0 —269.0 0.0
Cu—O—-Cu 108.0 107.3 —245.6 267.7
Cr—0O—-Cr 107.0 210.2 —338.9 0.0
0—-Al-0 135.0 —40.0 0.0 324
O—-Ni—-O 135.0 —42.2 0.0 342
O0-Zn-0 135.0 —39.5 0.0 32.1
0-Mg-0 135.0 —374 0.0 30.3
0—-Co-0 135.0 —42.7 0.0 34.7
0—-Cr-0O 135.0 —-234 0.0 18.9
O—-Cu-0 135.0 —-25.1 0.0 20.4
O—Fe-0O 135.0 —44.7 0.0 36.2
Al-O-H 121.54 18.0 —-14.9 14.7
Ni—-O-H 120.0 14.9 —25.6 43.5
Zn—0O-H 123.3 42 -21.1 612
Mg—-O-H 121.5 10.6 —-11.3 =219
Co—O—-H 127.0 S.1 —-23.8 10.5
Fe—O—-H 119.1 12.8 —-4.9 0.2
Cu—O-H 125.3 7.2 S5.2 15.8
Cr—O-H 119.8 189 —29.6 41.8
cross term E,, = E,, (r — ro)(r' — 1)
bond—bond bond—angle
Ky (keal-mol -A72) ky, (kcal-mol A% rad™") ky, (kecal-mol A %rad ™)

Al-O-Al 2094 -1328

Ni—O—-Ni 12.25 —2.560

Zn—0—Zn 18.55 —-1.675

Mg—0-Mg 1022 ~2.904

Co—0—-Co 14.88 —4.131

Fe—O—Fe 15.44 0.000

Cu—0-Cu 19.29 —2.101

Cr—O-Cr 18.13 —1.543

0—-AlI-0 15.64 —1.328

O—-Ni—-O 20.25 —=3.255

O—Zn-0 15.19 0.469

0-Mg—0 13.80 —0227

0—-Co-0 20.63 —3.347

O-Cr-0O 20.65 —1.543

O—Cu-0O 18.04 —1.209

O—Fe—-0O 27.63 —-1.712

Al-O-H 5.48 1.224 0.5629

Ni—-O-H 2.90 1.550 0.1940

Zn—0O—-H 4.59 0.000 0.2859

Mg—-O-H 231 1.47S 0.514S
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Table 2. continued

cross term E,, = E,. (r — ro)(r' — 1)

bond—bond bond—angle
Ky (keal-mol -A72) kp, (keal-mol A% rad™") Ky, (kecal-mol A rad ™)
Co—O-H 3.05 0.007 —0.1097
Fe—O—-H 3.06 0.430 0.4413
Cu—O-H 5.80 4.500 0.9331

carefully so that the force field parameters of the host atoms
can be compatible with those of the guest species which has
been independently developed in PCFF. In this study, partial
charges of layer atoms were assigned on the basis of Mulliken
population analysis for the optimized cluster models
[M112M111(0H2)9(OH)4]3+ and [MIH3(OH2)9(OH)4]5+ since
Mulliken charges have been chosen as the partial charges in
many previous reports on MD simulations for LDH
materials."***?  Furthermore, a comparison study between
Mulliken charges and RESP charges was also performed, and
the results show that Mulliken charges exhibit a better
performance (not shown here). We set the partial charge of
hydroxyl hydrogen as 0.46 e (average value of different
clusters). To keep the electric neutrality, the charge of the
bridging oxygen atom was set ranging from —0.80 to —0.70 e.
The required Lennard-Jones 9-6 parameters for metal cations
were initially set to be the values of octahedral magnesium
developed by Cygan.'* Subsequently, the distance parameter r,
and energy parameter &, were optimized together with the
bonded parameters using the pattern search method, until they
reproduce the structures of clusters (DFT calculation) and
hydroxides (experimental results). During the refinements, the
parameters of the oxygen and hydrogen atoms were referred
from the original PCFF. This made the obtained parameters
harmonize with the original PCFF to give effective and accurate
simulation for the LDH systems. The final force field
parameters for modeling nonbonded interactions are tabulated
in Table 3.

Table 3. Developed Nonbonded Force Field Parameters of
LDHFF

nonbonded terms: E = £,[2(r)/r;)° — 3(r)/r,)°] + 332.1(q,9,/r;)

r; (A) & (kcal/mol) q; (e)
Mg 6.300 0.035 0.845
Al 6.200 0.020 1.200
Cr 5.900 0.010 1.250
Fe 6.100 0.300 1.200
Co 6.235 0.028 0.830
Ni 6.010 0.036 0.730
Cu 6.380 0.025 0.700
Zn 6.280 0.020 1.070
Al 3.535 0.240 variable”
H 1.098 0.013 0.460

“The partial charge of the oxygen atoms is ranging from —0.8 to —0.7
e

3.2. Validation. 3.2.1. Structures. To test whether the
LDHFF parameters developed for metal cations can be
successfully employed in conjunction with the original
parameters in PCFF, a series of MD simulations for LDH
materials were performed. The common interlayer anions

(CO,*, CI, and NO;™) were chosen in simulation.

3426

As shown in Table 4, each of the calculated supercell
parameters, @, 5, and y, was quite close to 90°, 90°, and 120°,
respectively, although they were fully relaxed during the
simulations with P1 symmetry. The average values of the
identical a- and b-axis length of the unit cell are in good
agreement with the experimental data from XRD. Compared
with the results simulated by ClayFF'* or the modified
Dreiding force field,'" LDHFF largely improves the accuracy
of structural properties of LDHs. Taking the interlayer distance
(dgo;) as an example (Table 4), the calculated values using
LDHFF show a remarkably smaller deviation from the
experimental ones than those estimated by Dreiding or ClayFF.
The experimental values of the unit cell parameter (a or b) of
LDHs increase in the order: Mg,Al— < Co,Al— < Zn)Al— <
NiyFe— < Zn,Cr— < Cu,Cr— < Co,Fe—LDHs (Table 4). Our
calculation generally reproduces this trend except for Zn,Cr—
and Cu,Cr—LDH, which show a rather close experimental cell
parameter (a or b) to each other. In fact, Zn*" has a larger
radius than that of Cu®",* but the experimentally observed
parameter a of Zn,Cr—Cl—LDH is slightly smaller than that of
Cu,Cr—CI-LDH. This suggests that the average value of the
O—-M-0O angle in Zn,Cr—CI-LDH is larger than that in
Cu,Cr—CI-LDH, which was verified by our calculations
(Figure S4, Supporting Information).

CO;*™ and NO; have similar trigonal structure and
molecular size: the central atom (C or N) is bonded to three
O atoms through sp” hybrid type, and the ionic radius is around
1.3 A. However, they produce rather different interlayer
distance (7.60 A for CO,>~ and 8.95 A for NO;™) in Mg,Al—
LDH according to the powder XRD data.”®*** Xu and Zheng
experimentally proposed three possible conformations con-
cerning distributions of CO;*~ and NO;™ in the LDH gallery,
the flat-lying model, the tilt-lying model, and the stick-lying
model,*** but the exact intercalated styles remain unclear. Here,
we studied their intercalated styles by using LDHFF. The
results (Table 4) show that the calculated interlayer distances of
Mg,Al-LDH containing CO,>~ and NOj" are 7.72 and 8.93 A,
respectively, in accordance with the experimental ones. Figure
3a and 3b are random snapshots from MD simulations of
MgAl-CO;—LDH and MgAI-NO;—LDH after 20 ps, from
which it can be visually observed that the interlayer CO,*~
presents a flat-lying style while NO;~ displays a tilt-lying style.
This relates with their different density in the gallery owing to
their different charges. The number of interlayer nitrate is twice
that of carbonate; as a result, the repulsion between NO;~
anions is more prominent. NO;~ thus favors to display a tilt-
lying style to minimize the repulsive force and optimize the
distribution. The stick-lying style, in which the interlayer anions
lay parallel to the host sheets with a double-layer arrangement,
was not observed in our simulation. This is reasonable because
the interlayer water molecules destroy the hydrogen bonds
between oxygen atoms in CO;*~ or NO; and the host layer.

To further validate the transferability of LDHFF, the MgAl—
NO,;—LDH models with Mg**/AI** molar ratio ranging from
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Table 4. Simulated Structures Using LDHFF in Comparison with Experimental Results

a (deg) p(deg) 7 (deg) a, b (A) ¢ (A) interlayer spacing (A)
calc calc calc calc exptl calc exptl calc calc® exptl rms® (A)
Mg(OH), 90.00 90.00 120.00 18.82 18.88% 475 4777 4.75 4.59° 4.77% 0.05
p-Co(OH), 90.00 90.00 120.00 18.98 19.1247 4.65 4,657 4.65 4,657 0.11
S-Ni(OH), 90.00 90.00 120.00 18.69 18.68%7 4.62 4.62%7° 4.62 4.59° 4.6247° 0.01
p-Zn(OH), 90.00 90.00 120.00 19.04 19.16"7¢ 474 4.71%7¢ 474 4.71%7¢ 0.10
Mg,Al-CO, 90.02 89.99 12002 1824 18327 2317 2281 7.72 730%*  7.60° 0.10
Mg,AlI-NO, 89.82 89.38 120.00 1827 1825%* 2678  26.86™ 8.93 8.67" 8.95* 0.02
Mg,Al-NO, 89.40 89.80 120.05 12.26 12.22%% 25.41 25.47%2 8.47 8.615% 8.49%% 0.03
Zn,Al-Cl 89.67 90.36 119.99 1839 18.45% 2269  23.15% 7.56 7.50" 7.72% 0.10
Zn,Al-CO, 90.00 90.00 120.00 18.42 18.44%° 15.08 15.11%° 7.54 7.56>° 0.02
Zn,Cr—Cl 89.97 89.97 120.07 18.67 18.63%° 2323 22,64 7.74 7.55%0 0.11
Co,Al-CO, 89.98 89.96 119.97 18.28 18.41%%¢ 22.39 22.61%¢ 7.46 7.54%8¢ 0.12
Co,Fe—CO, 90.03 90.00 119.95 1873 18724 2256 2278 7.52 7.59%% 0.04
Cu,Cr—Cl 90.05 89.74 119.99 18.52 18.66* 23.13 23.15% 7.71 7.7240 0.11
Ni;Fe—CO; 89.89 89.81 119.96 12.40 12.32%% 2295 23.27%¢ 7.65 7.76%¢ 0.09

“Calculated value using the ClayFF or Dreding force field. bCalculated value with the ClayFF force field. “Data from ref 45, calculated by modified
CFF91. “Data of Mg;Al(OH)4(CO3)o5(H,0), from ref 4, calculated by the Dreiding force field. “Data of Mg;Al(OH)sNO5(H,0), from ref 4,
calculated by the Dreiding force field. /Data from ref 46, calculated by the ClayFF force field. $Experimental results were chosen as the reference
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Figure 3. Snapshots of the NPT (298.0 K and 0.1 MPa) MD
simulations of (a) Mg,Al-CO;—LDH and (b) Mg,AlI-NO;—LDH.
The interlayer CO5>~ presents a flat-lying style, and NO;~ displays a
tilt-lying style.

4/2 to 9/2 were calculated, and it was found that the value and
the change of simulated interlayer distances agree well with the
experimental values (Figure 4).*** As the Mg?*/A* ratio
increases, the interlayer distance decreases gradually until the
ratio reaches 7/2 and then rises slightly (Figure 4). The initial
decrease of the interlayer spacing is largely attributed to the
reduction of the density of interlayer NO; . Upon further
increasing Mg2+/Al3Jr molar ratio from 7/2 to 9/2, the content
of interlayer water molecule enhances, which leads to a slightly
larger interlayer distance. For comparison, simulations using the
nonbonded force field were also carried out for the same
system (the force field parameters come mainly from ClayFF,
Table S2, Supporting Information). As shown in Figure 4, a
relatively large deviation was observed between the simulated
interlayer distance and the experimental data for the non-
bonded model, especially a serious underestimation by more
than 2.0 A with molar ratio Mg**/AI** = 3. These results reflect
that LDHFF is better than the nonbonded model in the MD
studies of LDHs.
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Mg**/A** ratios by LDHFF (blue line) and nonbonded force field
(green line). Experimental results (red line) are also displayed for
comparison.

3.2.2. Vibrational Frequencies. We also calculated the
vibrational properties of the M(OH), models to validate
LDHFE. Vibrational frequencies are obtained from the
minimized models using the Hessian matrix.** The possible
vibrational modes of a regular crystalline solid can be analyzed
using the technique of factor group analysis.”">> For brucite
and metal hydroxides with brucite-like structure, the factor
group is D,;°%% The vibrational modes of M(OH), are
described in Table S4 (Supporting Information), and the
calculated vibrational frequencies of M(OH), compared with
experimental results are shown in Table 5. Overall, the
calculated vibrational frequencies are in agreement with the
experimental results. The largest discrepancy was found in the
A,, mode of brucite (455 co™! for experiment and 648 cm™! for
calculation). This mode corresponds to the lattice vibrations, in
which both the metal cations and the OH groups vibrate along
the c-direction. Since most of the force field parameters were
derived from the DFT calculation of cluster models, it is
reasonable that the lattice vibrational frequencies predicted by
force field present hypsochromic (or bathochromic) shifts
compared with the experimental results. On the other hand, the
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Table 5. Calculated Vibrational Frequencies (in cm ') of M(OH), in Comparison with Experimental Results

mode Mg(OH), Co(OH), Ni(OH),
representation group motion calc exptl®* calc exptl®® calc exptl®®

Ay OH stretch 3609 3652 3600 3559 3590 3580
Ay, OH stretch 3629 3688 3632 3630 3635 3639
E, OH rotation 703 725 748 710
E, OH rotation 387 415 450 433 442 452
Agg OH translation 492 443 522 S13 449
A,, OH translation 648 4SS 563 510 552 530
E, OH translation 361 280 243 301 318
E, cell translation 471 361 303 314 362 350

calculated vibrational frequencies of OH stretching (A, + A - -

onat req g (A + Aau) Up(A"") = [ U(A'"~Mg,Al-LDHs)

and MOH bending (Eg + E,) are rather close to those of 2

experiments. This indicates that the clus‘ter mo.dels used to — U(NO; —Mg Al-LDHs)

develop the force field parameters can satisfactorily reproduce 2

the local properties of crystals. — NyarerU(H,0) — Ny U( A)] /Ny (16)

Furthermore, the vibrational properties of the interlayer
anions were calculated with LDHFFE. The model of Zn,Al—
CO;—LDH was employed because its vibration properties have
been fully studied in reported experimental work.*® Table 6 lists

Table 6. Calculated Vibrational Frequencies (in cm™") of
Interlayer Carbonate Compared with Experimental Results

exptl®® calc
vibrational mode solution LDHs free LDHs
Va0 1415 1416, 1313 1659 1715, 1690
Vec—o 1012 1092 1122
Yo—co 880 870 918 896
So-co 680 670 746 678,781

the simulated results accompanied with the experimental ones.
According to the experiments,s'4 the free carbonate anion has
Ds;, point group symmetry, and its infrared spectra present
three bands: the antisymmetric C—O stretching of E' symmetry
(Vasc—o0) at 1415 cm™', the out-of-plane O—C—O bend of A,”
symmetry (Yo_c_o) at 880 cm™, and the 5o_c_o (E’) at 680
cm™! associated with the in-plane O—C—O bending. When the
carbonate is intercalated into LDHs, the mode v,c o (A;)
related to symmetric C—O stretching becomes IR active at
1012 cm™, and the v,,c_o mode splits into two bands at 1416
and 1313 cm™'>* which indicates a low symmetry of the
interlayer CO5>". It can be seen that the calculated results are
generally in accordance with the experimentally observed
results except for the v, c_o mode with a hypsochromic shift.
We also employed PCFF to calculate the vibration of a free
carbonate and found that the v, c_o mode mainly occurs at
1659 cm™!. This overestimation may be due to the absence of
cross terms in PCFF to describe the carbonate.

3.2.3. Exchange Priority of Interlayer Anions. LDHs
containing a variety of anions are generally synthesized by
the ion exchange method. It is therefore important to predict
the capability of anions to bind with the metal hydroxide layers.
In the present work, CO,*~, OH, NO; , CI', and Br
intercalated MgAl-LDHs were chosen to test whether
LDHEFF is competent to achieve this prediction. The relative
binding energies of these models (the potential energy of NO;~
intercalated MgAI-LDHs is taken as a reference, Supporting
Information, Table SS), which can be used to indicate the
relative affinity order of the exchange anions, were calculated as
below
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where U is the potential energy of the model, and N, and Ny
are the number of water molecules and anions, respectively.
The result shows that the relative binding energy of the
interlayer anion decreases in the order: NO;~ > Br > CI” >
OH > CO;*" (Figure S). This is consistent with the ion-

NO.
s 04 a_
5 \- Br or
© OH
<
= -100-
>
>
[
c
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._g -200+
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m
-300

Figure S. Calculated relative binding energies of different interlayer
anions in MgAl-LDHs with LDHFF.

exchange capability of these anions reported b}r experimental
method: CO,>~ > OH™ > CI” > Br > NO;~.***” The results
show that LDHFF can predict the exchange priority of the
interlayer anions as expected.

3.3. Long Time MD Simulations on LDHs. When the
MD method is used to investigate complicated materials, the
simulation must be sufficiently long so that the model can be
fully relaxed to its stable structure and displays the most
reasonable results. To test the stability of LDHFF in long time
MD simulations, we performed a 2 ns dynamic simulation on
the Mg,AlI-NO;—LDH model using LDHFF. Root-mean-
square-deviation (rmsd) values of the coordinated metal cations
were monitored along the MD trajectory. The results obtained
from LDHFF were compared with those of the nonbonded
model (the force field parameters are referred to ClayFF; see
Table S2, Supporting Information). As displayed in Figure 6a,
the MD simulation of the nonbonded model is observed to be
structure-broken with sharply increasing rmsd values along its
MD trajectory, and six metal cations escaped from their
coordination centers in the final structure (Figure 6¢c). The
results show that the nonbonded model does not maintain its
structure in the 2 ns simulation, as a result of the substantial
attraction between the metal cations and the interlayer anions.
In the case of the calculation results by LDHFF, the octahedral
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Figure 6. rmsd values of the metal cations in the Mg,Al-NO;—LDH models monitored along MD trajectory of (a) the nonbonded FF and (b)
LDHFF,; the last snapshot of each simulation of (c) the nonbonded FF and (d) LDHFF. The initial structures (Figure SS, Supporting Information)

are used as the references.

coordinations in the host layers are nicely maintained during
the whole simulation (Figure 6b and 6d). Particularly, the
average rmsd value produced by LDHFF is as small as ~0.3 A.
In the last snapshot on the MD trajectory of LDHFF, the
octahedral coordination in the host layers is still maintained.
This clearly demonstrates that the LDHFF can produce a more
stable structure in long time simulations than the nonbonded
potential does, owing to the involvement of both the covalent
interaction between M" and OH as well as the double-well
potential to describe the O—M—O bendings. Therefore,
LDHFF can be effectively applied to investigate LDH materials
containing functional interlayer species for the purpose of
rational design and theoretical instruction for their fabrication.

4. CONCLUSIONS

A valence force field for LDHs, LDHFF, was systematically
developed on the basis of the parametrization of potentials for
different kinds of octahedrally coordinated metal cations in the
LDH host sheets. The potential function of PCFF was adopted,
and the “double-well” potential was introduced for modeling
O—M—-O bending. A total number of 15 cluster models
containing various octahedral coordinated metal cations
([M;(OH,)4(OH),]"™") were computed at the B3LYP/6-
31+G(d)/LanL2DZ level to obtain the desired bonded force
field parameters for octahedral Mg**, Zn*", Co®**, Ni*', Cu*',
AI**, Fe**, and Cr**, which are commonly observed for LDHs.
In the case of nonbonded potential, the van der Waals
parameters were obtained by fitting them to the cluster models
and metal hydroxides with brucite-like structure. The partial
charges used to calculate the Coulombic interactions were
assigned as Mulliken charge from DFT calculation. The refined
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parameters were applied in MD simulations to validate LDHFF
in terms of structural properties (lattice parameters, interlayer
arrangements, M"/M" molar ratio), vibrational frequencies,
binding energies, and stability. It was found that the simulated
3D lattice parameters and calculated vibrational frequencies of
the LDH crystals are close to the experimental values; the
relative binding energies of different anions are in accordance
with their exchange priority. In addition, LDHFF can keep the
octahedral structure of the host sheets nicely during long time
simulations. This work provides a successful theoretical method
which works effectively and accurately for the structural
understanding and investigation of LDH-based materials. It is
expected that the approach for developing LDHFF can be
extended to the development of force fields for other organic—
inorganic composite materials based on octahedrally coordi-
nated metals.

B ASSOCIATED CONTENT

© Supporting Information

The optimized geometries, Cartesian coordinates, and total
energies of cluster models (Figure S1, Table S1); some
geometrical and energetic properties of LDH models in MD
simulations by using LDHFF (Figures S2—S5, Tables $2—S5);
the seminario’s method and matrix translations. This material is
available free of charge via the Internet at http://pubs.acs.org.
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