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The [M,Al(OH,)o(OH)4]** clusters (M = divalent cation Mg?", Ca*", Mn?", Fe?*, Co*", Ni**, Cu**, Zn’",
or Cd?"), which include the basic information of layered double hydroxides (LDHs) lattice structure with the
most economical size, have been investigated by density functional theory (DFT) to shed light on the structural
properties and relative stability of M(II)—Al binary LDHs layers with a M?>*/AI** ratio of 2. The geometric
parameters (bond distance and bond angle), natural bond orbitals (NBO), stretching vibration frequencies of
three-centered bridging OH groups (v(O3-H)), as well as binding energy of the cluster model were
systematically studied. It was found that the geometries and the v(O3-H) frequency for the calculated clusters
are remarkably influenced by the electronic structure of the divalent cations, such as valence electronic
configuration, natural bond orbitals, natural charge transfer, and bond order. The calculated binding energies
are in good agreement with the relative stability of the experimental results for the corresponding LDHs. The
calculation results reveal that the 2Ni—Al cluster shows the highest stability among the open-shelled cation-
containing clusters, while the stability of the 2Cu—Al cluster is the weakest; the 2Mg—Al and 2Zn—Al clusters
are the most stable ones among the closed-shelled cation-containing clusters. These findings are in high
accordance with the experimental results. Therefore, this work provides a detailed understanding of how the
electronic structure of cations plays a more significant role in the structural properties and relative stability

of the corresponding LDHs layers rather than ionic size.

Introduction

Layered double hydroxides (LDHs), also called anionic clay
and hydrotalcite-like compounds, are host—guest layered ma-
terials with the general formula [M>*,_ M3*, (OH),[* (A" )"
mH,0, where M?*" and M3" are metal cations that occupy
octahedral positions in hydroxide layers; x is the molar ratio
M3t/(M?" 4 M*"); and A denotes interlayer charge-compensat-
ing anions.!™ A wide range of LDHs containing various
combinations of M2", M, and A"~ ions have been synthesized.
Observed M2t and M3 species include Mg?", Ni**, Co?*, Mn?*,
Cu?t, Cd**, Ca?t, Fe?', Zn?", etc. and AI’Y, Ga’*, Fe**, Crit,
etc., respectively.>* Furthermore, LDHs containing more than
two species of cations have been prepared.’ Besides the common
M2*—M3* LDHs, the MT—M?3* LDHs (Li—Al LDH is the only
known example)® and M*"—M*" (e.g., Ti*t, Zr**, or Sn*')
LDHs’* ¢ were also reported, although doubt has been cast on
the Zr*"- or Sn**-containing LDHs.” The versatile availability
in chemical composition allows LDH materials with a wide
variety of physiochemical properties. Recently, the lamellar
structure and the anion-exchange properties of LDHs make them
attractive for both fundamental investigations and technological
applications in the fields of catalysis,* gene and molecular
reservoir,® optical materials,* functional hybrid nanostructured
materials,® controlled drug-release system,® and thin films.%

Empirically, cations with an ionic radius not too different
from that of Mg?* (0.72 A)? can be accommodated in the center
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of the close-packed OH groups in the brucite-like layers to form
LDH materials. Nevertheless, there are still some discrepancies
which have not been understood thoroughly. The most apparent
examples are the cases of Ni®" and Cu®*. They have very close
jonic radii (0.69 and 0.73 A, respectively) to that of Mg2*;
however, Ni** is easy to be introduced into LDH layers, and
the Ni?"-containing LDHs have widely been studied,'® whereas
the Cu®?"-containing LDHs show a corrugation of the sheets or
should be diluted by other divalent cations.'! This is generally
explained by Jahn—Teller distortion, but the more detailed
structural information of LDH materials is limited, due to the
difficulty in probing the hydroxide matrix structure based on
experimental techniques.

With recent advances in computational software and hard-
ware, theoretical calculations are now able to extend the scope
of study of these materials beyond experimental observations.
A number of force-field based simulations'?> and quantum
chemical calculations'?™!5 were reported on the modeling of
LDHs to study some specific properties related to the interlayer
anions and the electronic structure inside LDH host layers.

In our previous work, a series of octahedral hexadydrated
metal cations have been studied by the density functional theory
method for the understanding of their template effects on the
construction of LDH layers.'® Whether a cation can be intro-
duced into an LDH layer stably has been discussed. The present
work was carried out to provide further understanding of the
structural properties and relative stability of LDH layers
containing different divalent cations. Since the structure of
the octahedra sheets of LDHs is dependent on a local
environment, the choice of a practical cluster model is a good
approach for the study. In the present work, a cluster model
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of the LDH layer containing three cations presented by the
formula [M,Al(OH,)o(OH)4]** was proposed since it includes
the basic information of the lattice structure of LDHs with the
most economical size. A series of [M,Al(OH,)o(OH),]*" clusters
M = Mg*", Ca*", Mn**, Fe**, Co?*, Ni?*, Cu®**, Zn?*, or
Cd?*"), containing At and the most commonly reported divalent
cations, have been studied by the density functional theory
method. Herein, the geometric parameters (bond distances and
bond angles), stretching vibration frequencies of three-centered
bridging OH groups, and binding energy of the cluster model
were systematically discussed. Furthermore, the valence elec-
tronic configurations of metal ions and Jahn—Teller effects,
which influence the structure of LDH sheets, have also been
studied. Natural bond orbital (NBO) analyses have been applied
to examine in detail the nature of M—O bonding and the
relationship between the M—O bonding and relative stability
of LDHs. It was found that the electronic structure of the
divalent cations plays a more significant role in the structural
properties and relative stability of the LDH layers rather than
the ion size. The results of theoretical calculation in this work
are in high accordance with the experimental findings.

Computational Details

Cluster Model of LDH Layers. To carry out the theoretical
study, it is necessary to choose an economical cluster model
which includes the basic information. According to our previous
study,'® the [Mg3(OH,)o(OH)4]*" cluster containing three Mg>*
cations is stable and thus proposed to be the most practical
model for the brucite-type layer.

On the basis of the intimate structural relationship between
LDHs and brucite, a cluster model containing three metal cations
was also used to carry out the calculation for the brucite-like
layer of LDHs in this work. It is known that the maximum
substitution of AI*" ions in a Mg?* hydroxide layer corresponds
to a Mg:Al ratio of 2:1,"3 and any larger substitution of AI** in
adjacent octahedral centers may thereby lead to nucleation of
an Al(OH); phase. As a result, we use the cluster formulated
as [MpAl(OH)o(OH), > (M = Mg**, Ca**, Mn?**, Fe**, Co**,
Ni**, Cu®*, Zn**, and Cd*"), which contains two divalent cations
and one trivalent cation, to study the structural properties of
M(II)—Al binary LDH layers with a M?>*/AI’" ratio of 2. This
is in accordance with the fact that all the hydroxides of the above
divalent cations or at least one modification of each hydroxide
crystallize in layered brucite-type lattices.!”

In this model, each bridging oxygen atom in M—O—M and
Al—0O—Al is set to be bonded to one hydrogen atom (OH
group), and the terminal oxygen atoms are set to be bonded to
two hydrogen atoms (OH, group), in avoidance of the appear-
ance of the unpaired electrons in the truncated ligands. Thus,
as displayed in Figure 1A, the model has one OH group at the
three-centered bridging position, three OH groups at the two-
centered bridging position, and nine OH, groups at terminal
edges. It has been proven by Sato et al. that the presence of the
three-centered bridging OH group is essential to stabilize a
cluster for creating a layered structure.' This also agrees with
the structure of the LDH crystal lattice in which each hydroxyl
group is bonded to three cations.

The transition cations with open-shelled configuration such
as Mn?*, Fe?™, Co*", Ni**, and Cu®" are calculated only in the
high-spin state since they are coordinated with the weak field
ligands (OH groups and OH, groups)'® in the LDH lattice.

Density Functional Calculations. Theoretical calculations
were carried out on the [M,Al(OH,)o(OH),]*" (M = divalent
metal cation) clusters. The geometrical optimization for the
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Figure 1. (A) Computational model of [M>Al(OH,)o(OH),** (M =
divalent metal cation) clusters. (B) One part of the cluster model
including the linkage around the three-centered bridging OH group
which is used to analyze the calculation data.

cluster model was performed by the density functional theory
(DFT) with the three-parameter hybrid functional (B3LYP)."”
The effective core potential (ECP), LANL2DZ,% is employed
to the divalent metal ions, and the full electron basis sets,
6-31G(d),?" are used for Al, O, and H, respectively. Mg and Ca
were also treated with 6-31G(d) basis sets besides LANL2DZ
ones. It was found that the calculation results by the two basis
sets are close to each other for the 2Mg—Al and 2Ca—Al
clusters (Table 1), verifying that the use of the LANL2DZ basis
sets is reliable. The calculations were performed with the
Gaussian 03 program suite.?

No constraints were imposed on the geometry in any of the
computations. The attainment of the energy minimum of each
structure in full geometry optimization was tested by frequency
calculations. The reported energies in this work were corrected
by zero-point energy (ZPE). The B3LYP/6-31G(d) scale factor
(0.9603) was applied to the calculated vibrational frequencies
due to a deficiency of the theory (such as an inadequate basis
set or neglect of correlation) as well as the anharmonicity of
the potential.?®

Natural Bond Orbital Analysis. Natural bond orbital (NBO)
analysis has been demonstrated as a useful tool to provide a
quantitative description of interatomic and intermolecular
interactions in accordance with the classical Lewis structure
concepts.?* In the present work, we use NBO analysis to describe
the charge distributions and the bonding interactions between
the metal ions and three-centered OH ligand in the
[M,AI(OH,)o(OH)4]*" model. The natural localized molecular
orbitals/natural population analysis (NLMO/NPA) was also
performed to indicate the strength of the M—O bond.

NBO analysis was carried out at the UB3LYP/LANL2DZ/
6-31G(d) level using the NBO 5.0 program and built-in NBO
3.1% subroutines of the Gaussian 03 program.

Results and Discussion

Geometry and Electronic Configuration. The optimized
structures of the [M,Al(OH,)o(OH)4]*" clusters display different
geometries with C1 symmetry, as shown in Figure S1 (Sup-
porting Information). In the following discussion, we concentrate
on the part of the cluster which is linked around the OH group
at the three-centered bridging position (Figure 1B). The
optimized geometries of the calculated clusters such as average
interatomic distance, bond lengths, and bond angles are listed
in Table 1, along with the experimental data.

It can be seen from Figure S1 (Supporting Information) that
the general geometry of these calculated clusters is close to that
of the octahedral layer of LDHs. Both the local geometry around
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TABLE 1: Optimized Geometries of [M,Al(OH,)o(OH)4]** (M = Divalent Metal Cation) Clusters along with the Experimental

Results (The Atomic Labels Are Shown in Figure 1B)

(A) Effective Ionic Radii r (in A)" for Divalent Cations in 6-Fold Coordination, Bond Lengths (in A), and Interatomic Distances (in A)

M-0 Al-03 Ml---M2 M---Al O3—H
M r calcd” exptl calcd calcd exptl calcd® exptl
Mg (3s°) 0.720 2.191 1.974—2.123%2 1.885 3.139 3.0462%60 3.037 1.979—2.097%% 0.968
2.202° 2.01326® 1.884° 3.150° 3.142¢:26¢ 3.042° 1.900—1.910¢26%° 0.968"
2.1020.2&
Ca (3d%s?) 1.000 2.505 2.344—2.474%4 1.877 3.743 3.583¢:26¢ 3.366 1.903—1.918%4 0.969
2.510° 2.363¢26¢ 1.874° 3.774° 3.365" 0.968"
Mn (3d%) 0.830 2.279 2.196°26f 1.891 3.315 3.322026f 3.1175 0.969
Fe (3d%) 0.780 2.227 1.955¢26¢ 1.888 3.234 3.262¢14 3.0705 0.969
Co (3d7) 0.745 2.229 2.070—2.100%" 1.882 3.158 3.080—3.120%h 3.055 0.969
2.097¢%1 3.173¢26
Ni (3d®) 0.690 2.118 2.136°26 1.915 3.129 3.114¢% 2.987 0.970
Cu (3d%) 0.730 2.241 1.948—1.972¢26k 1.894 3214 2.94776k 3.033 0.971
Zn (3d'%) 0.740 2.301 2.268¢2! 1.854 3.171 3.085%m 3.105 0.967
3.194¢20!
Cd (4d') 0.950 2.463 2.315¢%n 1.858 3.490 3.496¢20n 3.282 0.967
(B) Bond Angles (in degree)
0—-M-0 O0—AI-0
M caled / exptl calcd® exptl
Mg 76.81 81.67%%" 86.36
76.70° 83.30¢26¢ 86.56"
Ca 71.85 64.66—117.452% 90.34 95.09—95.42%4
71.81° 90.54¢:26¢ 90.43°
Mn 72.42 81.72¢:26f 88.99
Fe 75.52 87.25
Co 76.14 81.682 85.83
Ni 78.14 86.4320 88.44
Cu 77.92 81.97¢26k 85.82
Zn 75.10 86.43¢21 86.39
Cd 72.42 81.92¢:26n 88.99

@ Average value of M1—03 and M2—03 (Figure 1B).  All-electron 6-31G(d) basis sets. © Data of metal hydroxide. ¢ Data of iron fluoride
tetrahydrate. ¢ Average value of M1++-Al and M2-++Al /Average value of O1-M1—03, 04—M1-03, 02—M2-03, and 04—M2-03.

8 Average value of O1—Al—03 and O2—Al—-03.

the metal and the close packing of the hydroxyl anions are
significantly distorted away from their idealized arrangements,
which leads to the increase in the O+++O and M+-+M distance
from those of the ideal O;, geometry, with the O—M—O bond
angle distorted considerably (typically by 7—8°) rather than a
regular 90°. Each M—O3 (atomic label shown in Figure 1B,
the same in the following text) bond length and O—M—O bond
angle of all the calculated clusters show a very close value
except for the 2Cu—Al cluster which exhibits the most serious
distortion. This is related to the well-known tendency for Cu®>* to
occupy octahedral coordination with a strong tetragonal (4 + 2)-
distortion, usually explained in terms of a static Jahn—Teller
effect.!8

As shown in Table 1, in general, good accordance was found
between the theoretically calculated M—O or Al—O3 bond
length and the experimental value. In most cases, calculated
M—0 bond lengths and M+++M interatomic distances are slightly
longer than the experimental ones except for the case of the
2Cu—Al cluster, while the Al1—03 bond lengths are slightly
shorter than the experimental values. This is because the
experimental values derive from LDHs or metal hydroxide
crystal data, in which the interaction between adjacent layers
does exist. However, the calculated cluster only presents
the basic information of a single layer. In the exception case
of the 2Cu—Al cluster, serious discrepancy was found between
the calculated bond length and the experimental one. This is
due to the large distortions in the calculated geometry as well

as the experimental data which come from the specific lattice
of copper hydroxide. In fact, the copper hydroxide forms a
different lattice from brucite but closely related to the structure
of y-FeOOH.?** Only small differences are found for the O—H
bond length of these clusters. In the 2Mg—Al cluster, the
calculated O—H bond length (0.968 A) is very close to the
experimental value for brucite (0.958 A),”” and the calculated
values of Mg—O, Al—03, and O—H (2.191, 1.885, and 0.968
A, respectively) are very close to those obtained previously from
the periodic ab initio method in ref 13b (2.193, 1.890, and 0.969
A, respectively). This demonstrates that the cluster model in
this work gives comparable results to those of the periodic ab
initio method. On the other hand, all the average O—M—0 and
O—AI—-O angles in the calculated clusters are smaller than the
experimental values, due to the absence of the interaction
between adjacent LDH layers.

The bond length, interatomic distance, or bond angle of
[M,Al(OH,)o(OH),]*" clusters as a function of the atomic
number of M** are shown in Figure 2. The closed-shelled
cations and the open-shelled ones are linked by dashes. As
shown in Figure 2A and 2B, the bond lengths, interatomic
distances, and bond angles related to the closed-shelled divalent
cations (Mg?*, Ca**, Zn*>*, Cd*") in the clusters monotonically
increase from Mg*" to Ca?* and from Zn?* to Cd** with the
increase of the period number, respectively. On the contrary,
both the Al1—03 length and O—AIl—O angle decrease with the
increase of the period number, due to the smaller ionic radius
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Figure 2. (A) Bond length, interatomic distance, and (B) bond angle of [M,Al(OH,)o(OH),]** (M = divalent metal cation) clusters as a function
of atomic number of M?". The atomic labels are shown in Figure 1B. M—O is the average value of M1—03 and M2—03; M++-Al is the average

value of M1+-*
average value of O1—Al—03 and 02—Al-03.

of AP (0.535 A) than that of the divalent cations. However,
in the case of the clusters including the open-shelled transition
divalent cations from Mn?>" to Cu?*, the changes of the bond
length, interatomic distance, and bond angle are not monotonic.
The tendencies of the distances of M1++-M2, M--+Al, and
M—O length are similar to that of the ionic radius of these
transition cations,'® reaching a minimum at Ni?*. This is related
closely to their electronic configuration. Since in the crystal-
field model, the d® electrons of Ni** occupy all the 1, state,
leading to a minimum of the radius. The radius for d° of Cu**
is, however, larger than that of d® because the additional electron
occupies the e, state. This ligand field effect results in the similar
changes in the calculated distances of M1++-M2, M-+ Al, and
M—O length which are related to the ionic radius of the
corresponding divalent cations. Actually, the unit cell volume
of the different hydroxides from Ca to Zn as a function of their
respective number of 3d-electron also shows the similar
tendency.!” The resulting diagram reflects the expectations
satisfactorily by taking into account the ligand field stabilization
energies (LFSEs) for octahedral coordinated high-spin ions.'®
However, the A1—03 length and O—M—O0O angle display the
opposite tendency to that of the ionic radius, reaching a
maximum at Ni**. For the O—Al—O bond angle, although it
decreases from Mn*" to Co?", it also reaches a maximum at
Ni?". This result reveals that the 2Ni—Al cluster possesses the
most stable geometry, which agrees well with the experimental
fact that Ni** is much easier to be introduced into the LDH
layers than the other transition cations.!®

On the basis of the discussion above, it can be concluded
that different electron configurations of the divalent cations lead
to different geometries of the calculated clusters containing the
corresponding cations and also result in a significant influence
on the structural properties of the LDH layers.

Natural Bond Orbital Analysis. The NBO analysis provides
information about the Lewis and the non-Lewis (Rydberg)
structure.?® The analyses of the individual electron densities were
carried out separately for o (spin-up) and S (spin-down)
orientations for the open-shelled systems, reflecting the two
different opportunities by which a single electron can occupy a
metal orbital in terms of the spin direction.?*

In all studied clusters, the interaction between the divalent
metal atom and the oxygen atom is to be considered as an

Al and M2-++Al; O—M—O is the average value of O1—-M1—03, 04—M1—-03, 02—M2—-03, and 04—M2—-03; O—Al—O is the

electronic delocalization from O hybrid orbitals containing s
character and p character to metal pure (n + 1)s or d orbitals.
On the other hand, formal A1—03 and O3—H bonding orbitals
exist in these studied systems, and the most significant interac-
tion is the delocalization from the A1—03 o-bonding orbital to
the AlI—03 o-antibonding orbital.

The percentages of the “natural Lewis structure” NLMO/NPA
bond orders between metal cation and the three-centered
bridging oxygen atom (O3) as well as those of between the O3
atom and the hydrogen atom (H) are listed in Table S1A
(Supporting Information) and plotted in Figure 3. All the clusters
present more than 98% natural Lewis structure (Figure 3A),
suggesting the dominance of the Lewis-type component of the
bonding. The clusters including closed-shelled main-group
cations (Mg?", Ca?") show a stronger Lewis-type bond (>99.20%)
than those of the clusters including closed-shelled transition
cations (Zn**, Cd*") (>99.03% for both o and /3 spin) and open-
shelled transition cations (Mn?*, Fe?*, Co?", Ni?t, Cu®") (98.60
~ 99.60% for o spin and 98.30 ~ 98.70% for f3 spin,
respectively). In both o and S spin states for the open-shelled
cations, the Lewis-type bond component in the studied
[M,AI(OH,)o(OH),]*" clusters was found to reach a minimum
at M = Cu and a maximum at M = Ni, implying the strongest
Lewis-type bond in the 2Ni—Al cluster and the weakest one in
the 2Cu—Al cluster. This accounts for the referred fact above
that the Ni—Al—LDH is quite easy to be synthesized, while
the Cu—Al—LDH is not.

The natural localized molecular orbitals/natural population
analysis (NLMO/NPA) bond orders® in Table S1A (Supporting
Information) indicate the interaction of the M—QO3, A1—03, and
O3—H bonding. It is well-known that the larger the bond order
is, the stronger the bond strength is. As shown in Figure 3B,
the clusters including closed-shelled cations represent the very
close bond orders between M1—03 and M2—03, indicating
the close strength of each M—O3 bond. It can be expected that
distortion will occur if the bond strength of M1—03 and
M2—03 shows different values. Therefore, the exhibition of
the different M—O3 bond orders in the 2Cu—Al cluster implies
its Jahn—Teller distorted geometry. By comparing Figure 2A
with Figure 3B, it can be found that the shorter bond length
results in the stronger bond order. Therefore, the strongest and
the weakest M—O3 bond orders exist in the 2M—Al cluster
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Figure 3. (A) Percentage of the “Natural Lewis Structure” and (B) NLMO/NPA bond orders between metal cation and the three-centered oxygen
atom in [M,Al(OH,)o(OH),]*" clusters as a function of the atomic number of M>*.
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Figure 4. (A) Charge transfer (Ag) of metal cations and O, H ions and (B) the component of the charge transfer of [MyAl(OH,)o(OH)4*t (M =
divalent metal cation) clusters as a function of the atomic number of M>*.

when M = Ni and Cu, respectively. This also indicates the
stabilities of these two clusters and agrees with the experimental
results of LDHs referred above.

The contributions of nd interaction and (n+1)s o-interaction
to natural charge transfer in the calculated clusters in electrons
are reported in Table S1B (Supporting Information) and Figure
4. The calculated natural population analysis (NPA) for these
clusters shows that there is a net transfer of electron density
from each of the O ligands to the metal ions (Table S1B,
Supporting Information). The transfer of electron density shows
no remarkable variation for Al and H atoms but displays an
obvious change for different divalent cations, suggesting that
the electronic structure of the divalent cations imposes significant
influence on the structural properties of the studied clusters. The
charge transfer of the closed-shelled divalent cations decreases
with the increase of the period number (Figure 4A; Table S1B,
Supporting Information). The decrease from Mg to Ca (from
0.289¢ to 0.183e) is more significant than that from Zn to Cd
(from 0.291e to 0.289e). However, in the case of the open-
shelled cations, the transfer of density increases from M = Mn
to Cu (from 0.452¢ to 0.887e for M1). The increase is not
significant from M = Mn to Ni (from 0.452e to 0.598e) but
quite remarkable from Ni to Cu (from 0.598e to 0.887¢),
implying a non-negligible covalent character of the metal —OH
bonds in the 2Cu—Al cluster which is not obvious in the other
clusters. On the other hand, since the electron density is
transferred from the OH ligands to each metal cation, it leads
to the change in the natural charge of the OH ligand and thus
affects its bond strength, as shown by the smallest natural charge
of the oxygen atom and O3—H bond order for the 2Cu—Al
cluster in Figure 3B and Figure 4A, respectively.

The electron density shifted from the oxygen donor lone pairs
(LPs) to the metal ions was judged by means of occupation
numbers of the formally unoccupied nd and (n+1)s orbitals on
the NBO basis. Applications of this method in the analysis of
electronic structure of 3d [M(H,0)g]** ions have been reported
recently.” As can be seen in Table S1B (Supporting Informa-
tion), the total charge transfer obtained in this way is virtually
identical to the occupancy of nd and (n+1)s orbitals of natural
electron configuration obtained via natural population analysis
(NPA). This agreement shows the delocalization of metal
electrons into empty antibonding orbitals of the ligands, and
np metal orbitals do not contribute significantly to the M—OH
interaction in these cases. In addition, the clusters including
closed-shelled cations show strong o-interaction (>77.00%) and
weak d interaction (<12.00%); the clusters including open-
shelled cations exhibit close o-interaction and d interaction (both
about 43.00 ~ 51.00%) except for the 2Cu—Al cluster with
much stronger o-interaction (~67.00%) than d interaction
(~27.50%). Figure 4B reveals that o-interaction becomes
weaker, whereas d interaction turns stronger with the increase
of the period number for the clusters including closed-shelled
cations. However, in the case of the open-shelled cation-
containing clusters, an inflection is found at M = Ni for each
curve in Figure 4B, suggesting the strongest or weakest d
interaction in the 2Ni—Al or 2Cu—Al cluster, respectively. From
this point of view, the 2Ni—Al cluster possesses the strongest
stability among the open-shelled cation-containing clusters,
while the stability of the 2Cu—Al cluster is the weakest. This
is also in accordance with the result obtained above and in good
agreement with the experimental findings for LDHs.
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TABLE 2: Scaled Stretching Vibration Frequencies of the
Three-Centered Bridging OH Group v(O3—H) (in cm™') and
Zero-Point Corrected Binding Energies (ZPE) AE,, (in
kcal-mol ') for the Optimized [M,Al(OH,)o(OH)4]**
Clusters, along with the Experimental Results

v(03—H)
M calcd” exptl AE,
Mg 3657 (83) 350030 3972.20
3659 (83)" 368930
Ca 3649 (52) 3400—36003% 3708.45
3650 (28)° 3640—36443% 3784.47"
Mn 3646 (167) 2800—36003 3930.69
Fe 3643 (109) 362830 3981.58
Co 3642 (87) 350030 4027.64
3629, 362430
Ni 3628 (110) 3460°" 4040.50
3620—3650°3%
Cu 3618 (75) 3300—3600%2 4054.08
Zn 3670 (113) 3440—34703" 3991.86
Cd 3660 (160) ~3400% 3891.39

3605—3620°%

“Intensity values in brackets. ® All-electron 6-31G(d) basis sets.
¢ Data of metal hydroxide.

Stretching Vibration of the Three-Centered Bridging OH
Groups. The hydroxyl groups play a major role in the catalytic
activity of LDHs materials. In our cluster model, there is one OH
group at the three-centered bridging position (O3-H, Figure 1B)
which agrees with the lattice of LDHs. Therefore, the vibrational
properties of these OH groups depend on the nature of the cations
attached directly to them.'® The calculated scaled frequencies (by
the scale factor 0.9603)* and relative intensities of the stretching
vibrations for the O3—H group (»(O3—H)) in the clusters are
tabulated in Table 2 along with experimental data.

It can be seen from Table 2 that the scaled »(O3—H) bands
of the computation clusters appear at slightly higher frequencies
than those of experiments. This can be explained by the
existence of a hydrogen bond in the LDHs structure between
the bridging OH group and interlayer anion or water molecule,’
which is not involved in our computational model. Furthermore,
the calculated »(O3—H) values are much closer to those of the
divalent hydroxides than to those of LDHs, due to the absence
of a hydrogen bond in the divalent hydroxides such as Mg(OH),,
Ni(OH),, etc."”

It is known that the »(O3—H) frequency depends on the
03—H bond strength (koy) and the reduced mass of the vibration
system w)SObﬁl

v = L kO—H €))
2mc’\ pon

It can be seen from Table 2 that in the case of either closed-
shelled cation-containing clusters or open-shelled cation-
containing ones, the ¥(O3—H) value decreases with the increase
of atomic number from M = Mg to Ca and from Zn to Cd or
from M = Mn to Cu. The results clearly show the dependence
of ¥(O3—H) on the mass of the associated cations that the more
the mass sum of the system is, the less the ¥(O3—H) value is.
However, it is beyond expectation that the ¥(O3—H) values of
the 2Zn—Al and 2Cd—Al cluster become much larger (3670
cm™! for Zn and 3660 cm™! for Cd) than that of the 2Cu—Al
cluster (3618 cm™!), although the decline tendency exists from
Zn to Cd. This fact is probably attributed to the different spin
states between Zn, Cd, and other studied divalent transition
cations in the calculation.
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Figure 5. Scaled stretching vibration frequency of the three-centered
bridging OH group (v(O3—H)) in the cluster model plotted against the

natural charge of the divalent cations by natural population analysis
(NPA).

Vedder has correlated the k value with the valence of cations
bonded to OH groups®' because the O—H bond will be stronger
by decreasing the common charge for both atoms. Accordingly,
the »(O3—H) frequency would decrease upon increasing the
sum of valence of the corresponding cations. However, the
opposite effect has also been reported.*? Herein both the NPA
natural charge of the divalent cations (Table S1B, Supporting
Information) and the NLMO/NPA bond order of O3—H bond,
which indicate the atomic valence and O3—H bond strength,
respectively, were used to investigate the effect of the k value
on the ¥(O3—H) frequency. It was found in this work that the
Vedder’s model is applicable to some extent, in consistent with
ref 33. For the closed-shelled cation-containing clusters, the
v(O3—H) frequency increases with the decrease of natural
charges of the divalent cations, in good agreement with Vedder’s
model. However, the opposite tendency was found in the case
of the open-shelled cation-containing clusters (see Figure 5).
Comparing Figure 4A with Figure 3B, it can be seen that for
the open-shelled cation-containing clusters the decrease in
natural charge of the divalent cations leads to the augment of
the charge transfer for the O3 atom and thus results in the weaker
0O3—H bond (smaller k value) and lower v(O3—H) frequency.
This might be due to the fact that Vedder’s model follows the
classical concept of the valence corresponding to ionic solids.
However, for LDH materials, the bonds are not completely ionic
but polarized covalent, which can be clearly explained by the
percentage of the natural Lewis structure in Figure 3A. The
clusters including closed-shelled cations show a stronger Lewis-
type bond than that of clusters including open-shelled transition
cations, suggesting the more ionic property of the former than
the latter. Therefore, only the correlation between the v(O3—H)
frequency in the closed-shelled cation-containing clusters and
the natural charges of divalent cations obeys Vedder’s model.

In summary, the v(O3—H) frequency is influenced by both
the mass sum and the natural charge of divalent cations in the
cluster. The mass sum plays a more significant role in determin-
ing the v(O3—H) frequency for the clusters including closed-
shelled cations. In the cases of the open-shelled transition-cation-
containing clusters, however, the natural charge of the divalent
cations is the predominant factor.

Binding Energy. Binding energy of a system is usually used
to be a criterion for the ability of the metal ions combining with
the ligands. The binding energy of the [M,Al(OH,)(OH),**



M(I)—Al Layered Double Hydroxides

4100 -

4050 _u

—_ ] —
g 4000 - / \.
1 | |
= 3950 /
Q
g ]
o° 3990 : .
a ]
3850 -
3800 -
] n
IS0 4+——7—+7—+7 7T T T T T T T T T
MgCa -- -- -- -- Mn Fe Co Ni Cu Zn Cd
3s° 3d° 3d° 3d° 3d” 3d°3d°3d"°4d"°

divalent cation

Figure 6. Relationship between zero-point corrected binding energy
(ZPE) AE, of the [M,Al(OH,)o(OH),]*" (M = divalent metal cation)
clusters and the atomic number of M>*.

clusters, which corresponds to a gas-phase reaction at 0 K, can
be obtained based on the equation

AE, = 2E\p, + Eqpe + 9Ey o + 4Eqy. —
E‘[MZAI(OHZ)Q(OH)“]3Jr (2)

where AE, denotes the total binding energy; Eyp2+ and Eap+
denote the calculated total energy of the ground state M>* and
AP ion; Epo = —76.4090 au; Ey,o(ZPE) = —76.3878 au
computed with 6-31G(d) basis sets (1 au = 627.51 kcal mol™!);
and  Ep,aiomy),on),*+ represents the total energy of the
[M>AI(OH,)o(OH),]** cluster. The binding energies listed in
Table 2 were corrected by zero-point energy (ZPE) (the detailed
results of each term in eq 2 are given in Supporting Information,
Table S2).

The binding energy of the studied clusters as a function of
the atomic number of M>* is plotted in Figure 6. In principle,
the correlation is opposite to that of the M—O length discussed
above (Figure 2A), with the difference that the maximum of
the binding energy was obtained for the 2Cu—Al cluster rather
than the 2Ni—Al one. This trend is consistent with the lattice
energy of the metal hydroxide!” and metallic halogenides.'®
Since in the case of Cu®*" an additional stabilization from
Jahn—Teller distortion arises for octahedral coordination, as a
result the ligand field stabilization contributions cannot be used
directly for the more accurate consideration of the d’ complex.
The particular behavior of the 2Cu—Al cluster is in accordance
with the experimental findings that Cu(OH), crystallizes in a
different structure type with distorted octahedral coordination
around Cu®* ions!'” and that Cu®*-containing LDHs show a
corrugation of the sheets or being diluted by other cations.!!

Moreover, the plot of the binding energy of the studied
clusters against the atomic number of M?* implies the influence
of the electronic structure of the divalent cation on the relative
stability of the corresponding cluster. The binding energies of
the clusters including both the main and 2B group closed-shell
cations (Mg?*, Ca?*, Zn>*, and Cd*") decrease with the increase
of the period number (Figure 6). This indicates the higher
stability of the 2Mg—Al and 2Zn—Al clusters than that of the
2Ca—Al and 2Cd—Al ones, which agrees well with the
experimental results that Mg—Al and Zn—Al LDHs are the most
commonly natural and synthesized LDHs.!** As for Ca®* and
Cd** with much larger ionic radius than that of Mg?", they have
also been reported to be incorporated into LDH layers to form
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a stable structure.>*> Our previous work'® showed that their
7-fold coordination is more stable than 6-fold coordination. This
fact is not only due to their large size but also due to a less
rigid structure of the 7-fold coordination in which the most stable
angles could be more easily reached.

On the other hand, in the cases of the clusters including open-
shelled transition cations (Mn?>*, Fe?*, Co?*, Ni**, and Cu?®"),
the binding energy increases upon increasing the number of their
3d-electrons, as shown in Figure 6. The particular behavior of
the 2Cu—Al cluster has been explained above. Therefore, the
2Ni—Al cluster should be the most stable regular brucite-like
structure. This is consistent with the fact that Ni*" is easy to be
introduced into the LDH layers,'” and Ni—Al hydrotalcite, called
takovite, is a pyroaurite-like mineral related to hydrotalcite.*
Moreover, the binding energies of other trasition-divalent-
containing clusters increase in the order Mn’*< Fe’t< Co**,
which is also in accordance with the experimental results. In
fact, LDHs containing Mn>* as the only divalent component in
the brucite-like layer are unusual due to its redox property. The
existence of “desautelsite”, a naturally occurring Mg—Mn—LDH,
was described by Dunn et al.’’* The studies of synthesized binary
and ternary LDHs containing manganese show that most of the
Mn?" were oxidized to Mn** during the synthesis process.>”*
Experimentally, Fe?>* and Co*" are also difficult to be introduced
into LDH layers as the only divalent component because the
large octahedral CFSE of high spin d° of Fe3* and low spin d®
configuration of Co*" facilitate the easy oxidation of Fe** to
Fe** and Co*" to Co*". As a result, three-component LDHs
containing one element with different valence such as
Co—Fe?*—Fe*" LDH and Mg—Co?*—Co*" LDH have been
reported by controlling preparation conditions.*® More recently,
monometallic Fe?™—Fe*" LDH (green rust)*** and Co**—Co*"
LDH*" have been successfully prepared, and Co’>*—Fe*" binary
LDH has also been synthesized by an innovative topochemical
approach.** Furthermore, with the development of a synthesis
technique, the binary-component M?*—Al and ternary-compo-
nent M>*—M’>*"—Al LDHs (M>" and M">* = Fe, Co, Ni, or
Zn) with high crystalline have been reported to be prepared by
the urea method under optimized conditions.*

As a result, the calculated binding energies of the studied
clusters are in accordance with the relative stability of the
corresponding cation-containing LDHs observed by experimen-
tal results.

Conclusions

A series of density functional calculations for the
[M,A1(OH,)o(OH)4]*>" clusters (M = divalent cation: closed-
shelled Mg?*, Ca>*, Zn*>", or Cd** and open-shelled Mn?*, Fe",
Co?*, Ni?*, or Cu?*, respectively) were performed at the DFT/
B3LYP level, for the purpose of understanding the structural
properties and relative stability of M(II)—Al binary LDH layers
with the M*"/AIP* ratio of 2.

The cluster model presented in this work includes the basic
information of the LDHs lattice structure with the most
economical size and succeeds in exhibiting influences of the
electronic structure of the divalent cation on the properties and
stability of the corresponding LDHs. The geometric parameters
(bond distance and bond angle), stretching vibration frequencies
of three-centered bridging OH groups, and binding energy of
the clusters were systematically discussed. Moreover, the
valence electronic configuration of metal ions, Jahn—Teller
effects, and natural bond orbitals (NBO) which influence the
structural properties and relative stability of LDHs have also
been investigated.
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It was found that the geometries and stretching vibration
frequencies of three-centered bridging OH groups for the
calculated clusters are closely related to the different electronic
structure of the divalent cations, such as valence electronic
configuration, natural bond orbitals, natural charge transfer, and
bond order. The calculated binding energies are in accordance
with the relative stability of the corresponding LDHs obtained
by experimental results. The calculation results reveal that the
2Ni—Al cluster is the most stable one among the open-shelled
cation-containing clusters, while the stability of the 2Cu—Al
cluster is the weakest. This can explain the experimental findings
that Ni>" is easy to be introduced into LDH layers,'® whereas
the Cu**-containing LDHs show a corrugation of the sheets or
being diluted by other cations,'! although both Ni** and Cu?*
have very close ionic radii to that of Mg**. For the closed-
shelled cation-containing clusters, the 2Mg—Al and 2Zn—Al
clusters are the most stable ones, which is also consistent with
the experimental results.!

In conclusion, the electronic structure of different divalent
cations plays a more significant role in the structural properties
and relative stability of the corresponding LDHs rather than
the ionic radius, on the basis of our DFT theoretical calculation
results. This work provides important and accurate insight into
the construction rules for LDH materials beyond the previously
ambiguous understanding and gives a clear hint for the design
and preparation of LDHs and related materials with prospective
applications.
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