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The interaction of the intercalated anions with the cationic sheets in magnesium aluminum
layered double hydroxides has been investigated using the ASED-MO method. The energy changes,
and the nature of the bonding have been studied during the formation of the layered structure with
different anions, based on the model MgsAl,(OH)cX: H:0. The calculations have shown that both
Coulombic and hydrogen bonding interactions exist in the layered structure, and the strength of the
hydrogen bonding interaction is connected with the charge distribution of the anion and its orientation
in space. Furthermore, it indicates that the variation in acid-base properties of the layers is affected

by the charge distribution of the intercalated anion.
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0 Introduction

Layered double hydroxides(LDHs, or the so-called anionic clays) consist of positively
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charged brucite-like (Mg(OH),-type) layers separated by counter-anions and water molecules. The
chemical composition of this class of intercalation compounds can be expressed in general as
[MT_ M™ (OH).**[A " ] mH20, where M" and M™ are the divalent and trivalent cations in
the octahedral interstices of the hydroxide layer and A"~ is the charge-balancing interlayer gallery
anion. LDHs are an important class of materials currently receiving considerable attention''! because
of their large fields of application, for example as exchanger, catalysts or electrochemical sensors.
Many studies on the synthesis and properties of these materials have been carried out rece-

2, 3]

ntly'> 3!, but there are few reports of investigation of the layer-anion interactions using quantum
chemistry. In this work the layer-anion interactions are investigated using a semi-empirical method

(EHMO), in order to understand these materials further.
1 Calculation Section

The theoretical study has been carried out using the EHTOPT package based on the ASED
(Atom Superposition and Electron Delocalization) -MO method (EHMO including atomic repulsion
energy)*l. ASED-MO treats the energy E as a sum of Ep and Ex (E = En + Ex), where Ej is the
electron energy calculated using the EHMO method and Ex is a sum of the repulsion energies E., of
all atom-pairs in a molecule( Ex =2 E.,). The EHMO parameters for the atoms used are listed in
Table 1. All the structural parameters that are not optimized in the calculations come from the lit-
erature. The bond lengths are: C-O =0. 129nm"', S-0 =0. 149nm"', Cr-O =0. 165nm"', H-0 =
0.0957nm"!, N-O = 0. 124nm'®’, AI-O =0. 190nm'"!, Mg-O = 0. 211nm'"".

Table 1 Parameters used in EHMO Calculation

atom orbital H;i/ eV slater index
H s -13.60 1. 300
C 2s -16.60 1.610
2p ~11.30 1.570
N 2s -20.30 1.920
2p ~14.50 1. 920
0 2s -28.50 2.250
2p -13.60 2.230
Mg 3s -17.60 1.103
3p -4.00 1. 103
Al 3s -10. 60 1.372
3p -6.00 1.355
S 3s -20.20 2.122
3p ~10.40 1.827
Cr 3d -8.30 4.950
45 -6.77 1. 300
4p -3.70 1. 300

The MgsAl:(OH) 14X+ H:O unit is abbreviated as LDHs-X, where X refers to different inter-
calated anions. The structure of LDHs-X is optimized running on a 586 computer, and the energy
changes, nature of bonding and charge transfer are studied during the formation of the layered
structure with different anions, which gives some insight into the nature of the interactions between

the layers and the intercalated anions.
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2 Results and Discussion

2.1 Interaction between the Layers and the Intercalated Anion
2.1.1 Optimization of the Structure of LDHs-X

181 and is shown in Fig. 1, The numbers

Our calculation model is based on experimental data
of the atoms of the cationic sheets in other figures are the same as in the basic structure for
MgeAL (OH) 1sCOs+ H-O.

The energy changes have been calculated during the assembly of the layered structure with
different anions. The relative energy change with the decrease in the gallery height for LDHs-COs is
shown in Table 2, and the overlap populations obtained from relevant atoms are given in Table 3.

Table 2 Energy Changes in the Process of Forming LDHs-CO;

gallery height( d)/nm E/eV AE/eV

0.764 —-2911. 1082 0

0. 564 -2911. 4390 -0.3308
0.514 -2911.5173 -0.4091
0. 464 -2911.5702 -0.4620
0.414 -2911. 6239 -0.5157
0.364 -2911. 6665 -0.5583
0.314 —-2911.4332 -0.3250
0.264 -2910. 8211 0.2871

Table 3 Overlap Populations for the Atoms Involved in the Assembly of LDHs-CO;

gallery height( d)/nm 04-H, O41-Ha 043-Hy7 043-Hs7 Ous-His Ou4-Hss
0.764 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000
0. 564 — 0.0233 — 0. 0265 0. 0030 —
0.514 — 0.0199 — 0. 0228 0.0110 —
0. 464 — 0. 0160 — 0.0186 0. 0225 —
0.414 0.0016 0.0155 0. 0007 0. 0204 0. 0275 —
0.364 0. 0140 0.0185 0.0154 0.0141 0.0151 0.0146
0.314 0. 0462 0. 0459 0. 0087 0. 0099 0.0072 0. 0076
0. 264 0. 1269 0. 1202 0. 0083 0. 0088 0. 0067 0. 0068

The total energy decreases gradually with de-

creasing gallery height without any obvious energy \é'ls
05! ,Ou O %’ O

barrier, which indicates that the process is sponta- |

Ha H,!( Hss H:ll | H»

. Ha
neous. The planar carbonate anion changes from an o
orientation perpendicular to the plane of the sheets o _FCe0u 0t
3 Han
to one parallel to the plane of the sheets. The en- . H7 H” (

ergy decrease is a result of increasing Coulombic 0,, o 0,,,
interaction between the CO;*~ ion and the ions of \ N>‘N

the layers, and increasingly strong hydrogen-
bonding interactions between the oxygen atoms of Fig. 1 Structure of MgsAL (OH)1eX+ H.0

the carbonate anion and the hydroxyl groups of the layers. Energy minimization gives a gallery height
of 0. 364nm. At shorter gallery heights, the energy increases as a result of the repulsion between the

layer ions and intercalated anions at the shorter distances.
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The relative energies and the gallery heights calculated for other anions, using the same model,

are given in Table 4. The optimized gallery heights are basically in agreement with those obtained

from experimental data'®.

Table 4 Energies and Gallery Heights of LDHs-X

compound E\/eV E>/eV

LDHs-NOs -3371.4278  -3371.7815
LDHs-COs -2911.1082  -2911. 6665
LDHs-SO4 -3052.0159  —3052.4252
LDHs-CrO4 -3035.2453  -3037. 6255

AE/ eV gallery height(d) /nm

(Cal) (Exp)
—-0.3537 0. 485 0.389!"
—-0.5583 0.364 0.293
—-0.4093 0. 480 0.384
—-2.3802 0.475 0. 396

The overlap populations between the oxygen atom of intercalated water and the hydroxyl groups

of the layer are given in Table 5. It can be seen that the interactions between them are weaker, and

the water molecule is of less effect on the energy changes and the gallery height for the different

LDHs. The effect may be more obvious when the number of the intercalated water molecule in-

creases. It needs to be studied further in the future. We didn’t discuss it in this paper owing to the

limits of the model used.

Table 5 Overlap Populations between the Water Molecule and the Hydroxyl of the Layer of LDHs-X

LDHs-X LDHs-NOs LDHs-COs LDHs-S0,4 LDHs-CrO4
On,o-Hs On,0-Hao Ow.0-Hs Owno-Has Owno-Has Ono-Hss Ono-His On,0-Hs7
0. 0064 0. 0008 0. 0094 0. 0275 0. 0001 0.0150 0. 0008

2. 1.2 Analysis of the LDHs-X Structure

The calculated net charges on the constituent atoms of different isolated anions before the for-

mation of the LDHs-X structure are shown in Table 6.
Table 6 Net Charges on the Atoms of Different Isolated Anions

anion NO:~ CO:*~

Ono, N Oco,
-0.8163 1. 4489 -1.1503

LDHs-CrOs The geometry of isolated
CrO4*~ anion is tetrahedral with Ty symmetry.
The orientation of CrOs*~ in the interlayer is
shown in Fig. 2, and the overlap populations
between the four oxygen atoms of the CrO.*~
anion and the hydroxyl groups of the layer are
given in Table 7. The calculations indicate
that the oxygen atoms of the anion are hydro-
gen bonded to the hydroxyl groups of the lay-
er. The higher the net charge on the oxygen
atoms of the isolated anion, the stronger the
hydrogen bonding interaction can be expected
to be, and the greater the observed energy

decrease expected. It can be seen that the net

1.4509 -1.2570 3.0279

S04~ CrO4*~
Oso, S Oco, Cr
-1.6413 4.5654

Fig. 2 Structure of MgsAl:(OH)15CrOs- H>0
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charge on the anionic center in CrO,’~ is higher than in any other anions(Table 6), and conse-
quently, the hydrogen bonding interaction is much stronger, even though except for the NOs~ all of
the other anions are also divalent. It can be seen that the energy decreases accompanying the for-
mation of the LDHs greatest in the case of CrOs*~ (Table 4) . The fact that LDHs can be used to
remove CrOs~ from waste-water!'! is consistent with that the formation of LDHs-CrOs is very ener-
getically favorable.
Table 7 Overlap Populations for the Relevant Atoms of LDHs-CrO4
O41-H, O4-Hiy O44-Hss O4s5-Hs7
0. 0582 0. 0461 0. 0503 0. 0432
LDHs-COs Three hydroxyl groups around
a c¢3 axis perpendicular to the layers form an
equilateral triangle, Al, with the length
0.303nm. Carbonate anion with symmetry Ds,
is also an equilateral triangle, A2, with the
length 0. 234nm corresponding to the 0-O dis-
tance. On energy minimization, A2 is found to
be located in A1, with the ¢; axis of the anion
is perpendicular to the sheets with the carbon-

ate anion lying midway between the upper and

lower sheets(Fig. 3). The distance of the three
Ouion to the upper sheet is almost the same as Fig. 3 Structure of MgeAl(OH)5COs 150
that to the lower sheet, and the nature of the

bonding to each sheet is similar(The overlap populations are shown in Table 3). Furthermore, the
interactions between every Ouion and the hydroxyl groups of the layers have nearly the same strength.
For example, O.i-H, =0. 0140 and O41-Ha21 =0. 0185. In other words, the carbonate anion adopts a
very symmetric orientation in the interlayer resulting in the observed large decrease in energy.

The orientation of COs*~ in the interlayer clearly gives the overall LDHs-COs system a highly
symmetric arrangement even though the net charge on the Ouio of carbonate anion is lower than in
S04*~ or CrO4*~, which may be one reason why the most commonly observed LDHs is LDHs-COs.

LDHs-SO4 The geometry of isolated sulfate anion is tetrahedral with T4 symmetry. In the in-
terlayer, the sulfate anion may have two different orientations with respect to the planes of the hy-
droxyl ions, i.e. either the ¢; or ¢; axis lies perpendicular to the sheets, which is denoted as C> L
or Cs L respectively. The energy is —3052.4011eV for the former and —3052.4252¢V for the
latter, suggesting that the Cs_ L structure is slightly more stable. The four oxygen atoms of the sulfate
anion make a pyramidal orientation in the interlayer, in which three oxygen atoms of sulfate anion
(Ou1, Ou4s, Ous, ) are directed toward the lower layer, making a triangle (denoted A3), and the other
one(043) points toward the opposite layer, making the top of the pyramid(Fig. 4). The overlap
populations between the four oxygen atoms of sulfate anion and the hydroxyl groups of the layer are

given in Table 8.
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Table 8 Overlap Populations for the Relevant Atoms of LDHs-SO,

Ou3-Ha
0. 0080

043-Hss
0. 0057

O43-Hs7
0. 0064

As shown in Table 8, the interactions be-
tween the A3 and the hydroxyls of lower layer
are very strong, and the nature of the bonding is
similar in each case; the interaction between
043 and the hydroxyls of upper layer is weaker,
however. It is clear that the nature of the
bonding between the sulfate anion and the hy-
droxyl groups of opposite layers is very differ-
ent. Compared with LDHs-CO;, the configura-
tion of LDHs-SO4 will lead to a loss in symme-
try, The energy decrease accompanying the
formation of LDHs-SOs is much less than
LDHs-COs;, which is consistent with the obser-
vation that the sulfate anion is more readily ex-
changed by other ions''.

LDHs-NO; Although the geometry and size
of NO;~ is the same as CO;*~, the energy of
LLDHs-NOs is minimized when the c¢; axis of the
ion adopts an orientation of approximately 60° to
the layers(Fig. 5). The reason for this is that the
nitrate anion is a monovalent ion so that the in-
terlayer anion density is higher than in the case
of LDHs-COs. There will be a strong steric re-
pulsion, between the two nitrate anions, re-
sulting in greater energy for the overall system,
if NOs;~ is parallel to the sheets inside the

crowded interlayer region. The NO;~ ions have

17
O4-H, Ous-His Oua-Hi7
0. 0386 0. 0432 0.0471

Ho Ho Hs Heo He o Hs H

Fig. 5 Structure of MgsAl(OH)15(NO3)>- H.O

to tilt away from the sheets in order to minimize these repulsions.

The gallery height(0. 485nm) in the optimized LDHs-NOs structure is higher than that of

LDHs-COs, owing to the nitrate anions adopting the skewed orientation. To take the nitrate anion

with Ny4i as an example, the overlap populations between the Oanion and the OH of the sheets are
Hi-041 = 0. 0036, Hss-043 =0. 0280 and H37-04s = 0. 0274. Compared with COs*>~, NO;~ is closer to

the upper layer, with a greatly decreased contact area between NOs~ and the cationic sheets, and the

interactions of NOs~ with the opposite sheets are very different. We suggest that the lower symmetry

will make the structure less stable which is consistent with the observation that the LDHs-NOs is the

most easily substituted in a widely variety of LDHs!"".
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2.2 Influence of the Intercalated Anion Upon the Hydroxyls of the Layer

The calculations indicate that the intercalated anions, being far from the cations of the sheets,
have a weak Coulombic attraction with the cations of the sheets. However, there is a strong pre-
dominantly hydrogen bonding interaction between the anions and the hydroxyls of the sheets. The net
charge of both the hydroxyls of the sheets and the oxygen atoms of the intercalated anions changes
after the layered structure is formed. To take H; of the hydroxyls and O..on nearby as an example,

their net charges are listed in Table 9.
Table 9 Net Charges for the Relevant Atoms of LDHs-X

compound . . O . t

isolated anion (LDHs) isolated layer (LDHs)
LDHs-NOs -0.8163 -0.8050 0.2371 0.2325
LDHs-COs -1.1503 -1.1133 — 0.2341
LDHs-S04 -1.2570 -1.2188 — 0.2336
LDHs-CrO4 -1.6413 —-1.5281 — 0.2215

As shown in Table 9, both the negative charge of the Ounion atoms and the positive charge of the
H atom of the hydroxyls are reduced, after the hydrogen bond between the anions and the cationic
sheets is formed. This suggests that the Ouuion atom is the electron-donor, while the H atom of the
hydroxyls is the electron-acceptor, i.e. their relationship is Ounon — H.

Both the bond lengths and the overlap populations of the hydroxyls of the sheets with different

intercalated anions are listed in Table 10.
Table 10 Structural and Electronic Parameters of LDHs-X

bond length/nm overlap population
compound
(H21-022) (Hi-02) (H1-Ounion)
LDHs-NOs 0. 0927 0.7971 0. 0036
LDHs-COs 0. 0930 0. 7915 0. 0140
LDHs-SO4 0. 0937 0.7728 0. 0386
LDHs-CrO4 0. 0966 0. 7327 0. 1295

As shown in Table 10, the Ouun-H overlap population increases, while the Ouy-H overlap
population decreases, when the net charge on the Ouion atoms increases. This indicates that the in-
teractions between the intercalated anions and the cationic sheets are becoming stronger, whereas the
intralayer Ownye-H bonding is becoming weaker.

All the bond lengths of the hydroxyls of the sheets are shorter than the normal length
(0.0957nm""), except for the LDHs-CrOs. The Ouio-H overlap population is less than 0. 04, but
that of Ouye-H is about 0. 8. Accordingly, the hydrogen bonding interaction between the intercalated
anions and the OH of the layers is weaker than the intralayer Oiy.-H interaction. The reduced
Ouyer-H bond length demonstrates some increase in basicity of the layers.

The Ouye-H bond length in LDHs-CrO4 however is 0. 0966nm, which is longer than the length in
the isolated layer and the Ouna-H, in addition, its overlap population is 0. 1295. This suggests that
as a result of the higher charge of Ounion, the Ouye-H bonding is weakened which makes the H atoms
of the hydroxyls be more readily donated, enhancing the acid property of the layer. This suggests that

varying the intercalated anions can control the acid-base properties of the layer.
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3 Conclusions

The following conclusions can be drawn from this study:

(1) Both Coulombic and hydrogen bonding interactions exist in the layered structure between
the layers and the intercalated anions, and the strength of the hydrogen bonding interaction, being
the predominant interaction, is connected with the charge distribution of the anion and its orientation
in space.

(2) As the net charge of the Q.o atom of the intercalated anion increases, the bond length of

the hydroxyls of the layers is increased, leading to enhanced acid-strength of the layers.
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