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a b s t r a c t

A density functional theory (DFT) study has been carried out for [Znn−1Al(OH2)n+6(OH)2n−2]3+ (n = 3–6)
and [Znn−1Al(OH2)2n−2(OH)2n−2]3+ (n = 7) clusters, which include the basic structural information of the
brucite-like lattice structure of Zn/Al layered double hydroxides (LDHs) with Zn/Al molar ratio (R) in the
range 2–6, in order to understand the effect of the Zn/Al ratio on the structure and stability of binary
Zn/Al LDHs. Based on systematic calculations of the geometric parameters and formation energies of the
cluster models, it was found that it is possible for Zn2+ and Al3+ cations to replace Mg2+ isomorphously in
the brucite-like structure with different R values, resulting in differences in microstructure of the clusters
icrostructure
ormation and bonding stability

and unit cell parameter a of the Zn/Al LDHs. Analysis of the geometry and bonding around the trivalent
Al3+ or divalent Zn2+ cations reveals that Al3+ plays a more significant role than Zn2+ in determining the
microstructure properties, formation and bonding stability of the corresponding ZnRAl clusters when
R < 5, while the influence of Zn2+ becomes the dominant factor in the case of R ≥ 5. These findings are in
good agreement with experiments. This work provides a detailed electronic-level understanding of how
the composition of cations affects the microstructure and stability of Zn-containing binary LDH layers.
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. Introduction

Layered double hydroxides (LDHs), also known as hydrotalcite-
ike compounds or anionic clays, are a large group of both naturally
ccurring and synthetic intercalated materials with positively
harged brucite-like metal hydroxide layers containing divalent
nd trivalent metal cations (Cavani, Trifirò, & Vaccari, 1991). The
harge neutrality is ensured by interlayer anions that are eas-
ly exchangeable. The general formula of these compounds is
M2+

1−xM3+
x(OH)2]x+(An−

x/n)·mH2O, where M2+ and M3+ are metal
ations such as Mg2+, Ni2+, Mn2+, or Zn2+ and Al3+, Ga3+, Fe3+ or Cr3+

hat occupy octahedral positions in hydroxide layers; x is the molar
atio of the trivalent cation M3+/(M2+ + M3+), and A denotes inter-
ayer charge-compensating anions (Duan & Evans, 2006; Rives,
001). The wide choice of composition for both the metal cations
nd the interlayer anions gives rise to numerous LDH compositions,

oth purely inorganic or hybrid inorganic–organic phases. LDHs
ave received considerable attention due to their potential techno-

ogical applications in the fields of catalysis (Sels, de Vos, & Jacobs,
005), as gene and molecular reservoirs (Choy, Kwak, Park, Jeong,

∗ Corresponding author. Tel.: +86 10 64412131; fax: +86 10 64425385.
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Sciences. Published by Elsevier B.V. All rights reserved.

Portier, 1999), optical materials (Itoh et al., 2005), functional
ybrid nanostructured materials (Gursky et al., 2006), controlled
rug-release systems (Mohanambe & Vasudevan, 2005), and films
Chen, Zhang, Fu, & Duan, 2006). Besides the best known Mg/Al
DHs, in recent years a great deal of attention has also focused on
he development of Zn/Al hydrotalcite-like materials (Chang et al.,
005; Vial, Ghanbaja, & Forano, 2006), stemming from their poten-
ial applications such as nanocomposite materials (Cho, Jung, Jang,
h, & Lee, 2008; Darder, López-Blanco, Aranda, Leroux, & Ruiz-
itzky, 2005; Liu et al., 2006), polymer nanofillers (Illaik et al.,
008) and functional films (Yarger, Steinmiller, & Choi, 2008; Zhang
t al., 2008).

The value of x, or the M2+/M3+ ratio (R), plays an important role
n the formation of the characteristic layered structure, since the
harge density on the hydroxide layers of the LDH clearly depends
n R. The anion-exchange capacity, and hence the number and
rrangement of the charge-balancing anions in the LDH, may there-
ore be controlled by varying R (Cavani et al., 1991). It is often said
Duan & Evans, 2006) that pure LDH phases can only be formed for

toichiometries in the range 0.20 < x < 0.33, i.e. M2+/M3+ ratios in
he range 2–4. For Zn/Al LDHs, however, it has been claimed that at
eutral pH by using the coprecipitation method, LDH phases can be
btained with Zn/Al ratio varying from 5 to 1 (Barriga, Jones, Malet,
ives, & Ulibarri, 1998; Rojas, de Pauli, Barriga, & Avena, 2008).

ngineering, Chinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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Nomenclature

R Zn2+/Al3+ molar ratio
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�Ef calculated formation energy (kcal/mol)
E calculated total energy (kcal/mol)

Understanding the properties and exploiting the chemistry
f LDHs require a detailed knowledge of the structure. How-
ver, because of the inherently structural disorder and generally
ow crystallinity of LDHs, the determination of the complete
DH structure with different M2+/M3+ ratios by X-ray diffrac-
ion is rarely possible. With recent advances in computational
oftware and hardware, theoretical calculations are now capa-
le of extending the scope of study of these materials beyond
xperimental observations. A number of force-field based simu-
ations (Aicken, Bell, Coveney, & Jones, 1997; Greenwell, Jones,
oveney, & Stackhouse, 2006; Hou, Kalinichev, & Kirkpatrick, 2002;
i et al., 2006; Lombardo, Pappalardo, Costantino, Costantino, &
isani, 2008; Lombardo et al., 2005; Thyveetil, Coveney, Greenwell,

Suter, 2008) and quantum chemical calculations (Greenwell,
tackhouse, Coveney, & Jones, 2003; Pu & Zhang, 2005; Refson, Park,
Sposito, 2003; Sainz-Diaz, Timon, Botella, & Hernandez-Laguna,

000; Sato et al., 2003; Trave, Selloni, Goursot, Tichit, & Weber,
002) have been reported for the study of some specific properties
elated to the interlayer anions and the electronic structure inside
he LDH host layers.

In our previous theoretical work (Yan et al., 2008), the template-
irected method was extended to the formation of LDH layers by
sing a series of cluster models, and further study has been carried

ut for the understanding of structural properties and relative sta-
ility of LDHs layer containing different divalent cations (Yan et al.,
009). This finite cluster approach has been used many times in clay
hemistry as has been documented in several reviews (Sauer, 1989;
auer, Ugliengo, Garonne, & Saunders, 1994), since it could han-

t
o
g
l
i

ig. 1. Computational models of (A)–(D) [Znn−1Al(OH2)n+6(OH)2n−2]3+ (n = 3–6) and (E) [Z
he parts used to analyze the calculation results are circled by dots.
8 (2010) 212–220 213

le accurate quantum computations for systematic energies and
luster structures.

In this work, the structural properties and stability of a series
f ZnR–Al clusters (R = 2–6) are studied in order to understand
f the influence of the Zn/Al ratio on the structures and stabil-
ty of the Zn/Al LDH layers. A series of clusters with formulae
Znn−1Al(OH2)n+6(OH)2n−2]3+ (n = 3–6, corresponding to R = 2–5)
nd [Znn−1Al(OH2)2n−2(OH)2n−2]3+ (n = 7, corresponding to R = 6),
ased on the characteristic octahedrally coordinated metal cations
ound in LDH layers, have been employed in the density functional
heoretical study. These models are derived from our previous clus-
er models ([Mgn(OH2)n+6(OH)2n−2]2+ (n = 2–6)) for the formation
f brucite (Yan et al., 2008), by first substituting the Mg2+ cations
y Zn2+ and subsequently replacing one of them by an Al3+ ion. As
result, the cluster models can represent the ordered microstruc-

ure of the Zn/Al LDH layers with Zn/Al ratio R in the range 2–6 with
he most economical size. In this paper, the geometric parameters
bond lengths, interatomic distances and bond angles) and forma-
ion energy of the cluster models are systematically discussed.

. Computational details

In order to carry out the theoretical study, it is neces-
ary to choose an economical cluster model which includes
he basic structural information. As referred to above, in the
resent work, the [Znn−1Al(OH2)n+6(OH)2n−2]3+ (n = 3–6) and
Znn−1Al(OH2)2n−2(OH)2n−2]3+ (n = 7) clusters are proposed to be
he most practical model for understanding the Zn/Al LDH lay-
rs with Zn/Al ratio in the range 2–6. As shown in Fig. 1, in these
odels, each bridging oxygen atom in the M–O–M angles is set
o be bonded to one hydrogen atom (OH group), and the terminal
xygen atoms are set to be bonded to two hydrogen atoms (OH2
roup), to avoid the presence of unpaired electrons in the truncated
igands. Thus each model includes 2(n − 1) OH groups at bridg-
ng positions and (n + 6) OH2 groups at terminal edges, except for

nn−1Al(OH2)2n−2(OH)2n−2]3+ (n = 7) clusters with Zn/Al ratios (R) in the range 2–6.
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he [Znn−1Al(OH2)2n−2(OH)2n−2]3+ (n = 7) cluster (Fig. 1(E)). These
odels are representative of the structure of the Zn/Al LDH crystal

attice since the results from XANES spectroscopy show that the
n2+ cation maintains an octahedral environment in the brucite-
ike layers, even though it is known to have some tendency to
e tetrahedrally coordinated in other materials (del Arco, Rives,
rujillano, & Malet, 1996).

Theoretical calculations were carried out on the [Znn−1Al
OH2)n+6(OH)2n−2]3+ (n = 3–6) and [Znn−1Al(OH2)2n−2(OH)2n–2]3+

n = 7) clusters (abbreviated hereafter as ZnR–Al). The geometri-
al optimization for the cluster models was performed by density
unctional theory (DFT) with the three-parameter hybrid functional
B3LYP) (Becke, 1988, 1993; Lee, Yang, & Parr, 1988). The effective
ore potential (ECP), LANL2DZ (Hay & Wadt, 1985a, 1985b; Wadt &

ay, 1985), and the full electron basis sets, 6-31G(d) (Petersson
Al-Laham, 1991), were employed for the metal ions and OH2

igands, respectively. The calculations were performed with the
aussian 03 program suite (Frisch et al., 2003). No constraints were

mposed on the geometry in any of the computations. The attain-

c
b
f

c

able 1
ptimized geometries of the ZnR–Al clusters for the Zn/Al ratio (R) in the range 2–6 along

Ra Zn–O Al–O Me–Ob

Calc. Calc. Calc. Exptl.

(A) Average metal–oxygen bond lengths (in nm), and metal–oxygen–metal bond angle

2 0.2103 0.1851 0.2019
0.2070d

0.2015d

0.2268e,

3 0.2111 0.1885 0.2047
4 0.2113 0.1908 0.2062
5 0.2123 0.1928 0.2074
6 0.2122 0.1929 0.2083

Ra Zn· · ·Zn Zn· · ·Al Me· · ·Meg

Calc. Calc. Calc. Exptl.

(B) Average interatomic distances (in nm)

2 0.3171 0.3105 0.3127 0.3010k,l

0.3060k,m,

0.3076k,o

0.3080k,p

0.3085q

0.3194e,f

3 0.3221 0.3123 0.3162 0.3030k,l

0.3086k,r

0.3090k,p

4 0.3218 0.3132 0.3169 0.3060k,l

0.3080k,m

0.3100k,p

5 0.3222 0.3147 0.3180 0.3100k,m

6 0.3196 0.3184 0.3190

a Zn2+/Al3+ ratio (R).
b Average metal–oxygen bond length of Zn–O and Al–O: Me–O = m(Zn–O) + n(Al–O)/(m

espectively.
c Average metal–oxygen–metal bond angle of ∠OZnO and ∠OAlO, calculated as in Note
d Reference: Lombardo et al. (2005).
e Data for the metal hydroxide.
f Reference: Oswald and Asper (1977).
g Average metal–metal interatomic distance of Zn· · ·Zn and Zn· · ·Al, calculated as in No
h Average O· · ·O distance across Zn· · ·Zn.
i Average O· · ·O distance across Zn· · ·Al.
j Average O· · ·O distance of O· · ·OZnZn and O· · ·OZnAl, calculated as in Note b.
k Unit cell parameter a.
l Reference: Seftel et al. (2008).

m Reference: Delgado, De Pauli, Carrasco, and Avena (2008).
n Reference: Jaubertie, Holgado, Román, and Rives (2006).
o Reference: Pisson, Morel, Morel-Desrosiers, Taviot-Guého, and Malfreyt (2008).
p Reference: Barriga et al. (1998).
q Reference: Ennadi, Legrouri, de Roy, and Besse (2000b).
r Reference: Prevot, Forano, Besse, & Abraham (1998).
8 (2010) 212–220

ent of the energy minimum of the structure in the full geometry
ptimization was tested by frequency calculations when R = 2 and
(i.e. n = 3 and 4). The reported energies were also corrected for

ero-point energy (ZPE) when R = 2 and 3.

. Results and discussion

.1. Geometry of the models

The optimized structures of the ZnR–Al (R = 2–6) clusters with
ifferent Zn/Al ratios display different geometries with C1 symme-
ry. In the following discussion, we concentrate on the parts of the
luster which are linked around the bridging OH groups and are
ircled by dots in Fig. 1. The optimized geometries of the calculated

lusters such as average bond lengths, interatomic distances and
ond angles are listed in Table 1, along with the experimental data
or LDHs.

Fig. 1 and Table 1 show that the general geometry of the cal-
ulated ZnR–Al (R = 2–6) clusters is close to that of the octahedral

with the experimental results.

∠OZnO ∠OAlO ∠OMeOc

Calc. Calc. Calc. Exptl.

s (in degrees)

75.10 86.39 78.86 86.43e,f

f

76.70 86.04 79.84
77.88 84.73 79.50
78.01 86.08 80.56
78.75 85.02 80.32

O· · ·OZnZn
h O· · ·OZnAl

i O· · ·OMeMe
j

Calc. Calc. Calc. Exptl.

0.2730 0.2535 0.2600 2.622c

n

0.2726 0.2581 0.2639

0.2746 0.2584 0.2653

0.2737 0.2626 0.2675
0.2779 0.2604 0.2691

+ n), m and n are the number of the Zn–O and Al–O bonds in the ZnR–Al clusters,

b.

te b.
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ayer of LDHs. The local geometries around the metal cations are
istorted away from that of brucite (Mg(OH)2) as a result of the
ubstitution of Mg2+ by Zn2+ and Al3+. This leads to a decrease
n the average metal–oxygen distance Me–O (0.2019–0.2083 nm),

e· · ·Me (0.3127–0.3190 nm) and O· · ·OMeMe (0.2600–0.2691 nm)
istance compared with the corresponding values in brucite
0.2102 nm, 0.3142 nm, and 0.2787 nm for Mg–O, Mg· · ·Mg and
· · ·O, respectively) (Zigan & Rothbauer, 1967), with the aver-
ge O–Me–O bond angles (78.86–80.32◦) being less distorted than
hose in brucite (83.30◦). This result is consistent with the exper-
mental findings that the bond lengths, interatomic distance and
ond angles for LDH are all smaller than the corresponding values
or brucite (Rives, 2001).

Good agreement was found between the theoretically calcu-
ated geometric parameters and the experimental values. The
alculated Me–O bond lengths, O· · ·OMeMe distances and O–Me–O
ond angles are slightly shorter than the corresponding experimen-
al ones, while the average Me· · ·Me distances are slightly longer
han the experimental values. This may be due to the fact that
he experimental values are derived from crystal data for LDHs, in
hich both the interactions between adjacent layers and the inter-

ction between layers and interlayer anions are present. Indeed,
he experimental Me· · ·Me distances vary for Zn/Al LDHs with the
ame R due to the different anions present. However, the calculated
lusters only include the basic information about a single layer. On
he other hand, the experimental crystal data obtained by diffrac-
ion techniques can only give the average values of parameters
or Zn/Al LDH, since Zn and Al have effectively identical scatter-
ng power, making them indistinguishable by X-ray diffraction
Ennadi, Legrouri, de Roy, & Besse, 2000a). In this work, the cation
rrangement is fixed; this allows us to obtain a detail understand-
ng of the geometries around Zn2+ or Al3+ individually. Therefore,
t is possible to investigate which cation plays a more significant
ole in determining the structural properties of the ZnR–Al (R = 2–6)
lusters with different Zn/Al ratios.

.1.1. Bond length, bond strength and bond angle
Fig. 2(A) illustrates the average bond lengths of the ZnR–Al

R = 2–6) clusters as a function of the Zn/Al ratio (R). All the Zn–O
line (a)), Al–O (line (b)) and Me–O distances (line (c)) increase with
ncreasing R (decreasing Al content). For the same R value, the Zn–O
istance is significantly longer than Al–O as a consequence of the
maller ionic radius of Al3+, 0.0535 nm, as compared to that of Zn2+,
.0740 nm (Shannon, 1976). The Al–O distance increases gradually
hen R < 5, while maintaining a nearly constant value from R = 5 to
= 6. On the other hand, the increase of the Zn–O distance with R

s much more uniform than that of the Al–O distance. Comparing
ines (a) and (b) with line (c) shows that the average metal–oxygen
ond length (Me–O) is influenced more significantly by Al–O, since
he variation of Me–O is closer to that of Al–O. This indicates that
he trivalent Al3+ cation plays a more significant role than the diva-
ent Zn2+ cation in determining the average bond length (Me–O) of
he ZnR–Al cluster, especially when R < 5.

It is known that shorter bond lengths result in stronger bonds.
onsequently, it is possible for us to analyze the bond strengths

n the ZnR–Al clusters by monitoring the relationship between the
verage metal–oxygen bond length and R. Fig. 2(A) shows that the
etal–oxygen bond strength becomes weaker with increasing R.

n other words, the bonding around the cations should become
ore stable with decreasing R. This may imply that the pure Zn/Al
DH exists at relatively low R values. It can also be found from
ig. 2(A) that the bond strength of Zn–O is nearly constant from
= 2 to 6, while Al–O rapidly becomes weaker with increasing R.
hese results show that the Al–O distance dominates the bonding
tability of the corresponding clusters, especially when R < 5.

i
R
t
i
6

ig. 2. (A) Average metal–oxygen bond lengths and (B) oxygen–metal–oxygen bond
ngles of the ZnR–Al (R = 2–6) clusters as a function of the Zn/Al ratio (R).

The average oxygen–metal–oxygen bond angles of the ZnR–Al
R = 2–6) clusters, which indicate the distortion of the octahe-
ral layers, are displayed as a function of R in Fig. 2(B). The
–Zn–O bond angles (line (a)) monotonically increase with increas-

ng R. However, the O–Al–O bond angle (line (b)) fluctuates with
ncreasing R with a minimum at R = 4. The O–Zn–O angle is
maller than the O–Al–O angle, suggesting the opposite relation-
hip between the bond length and bond angle. Similar to the
–Al–O angle, the average O–Me–O angle fluctuates with increas-

ng R, showing an inflection at R = 4, thus indicating that the
rivalent Al3+ cations make the major contribution to determining
he oxygen–metal–oxygen bond angle in ZnR–Al clusters.

.1.2. Interatomic distances
The average metal–metal interatomic distances of the ZnR–Al

R = 2–6) clusters as a function of the Zn/Al ratio (R) are shown in
ig. 3(A). It is known that the average distance between two clos-
st metal cations in the brucite-like layers is equivalent to the unit
ell parameter a of LDH crystals (Cavani et al., 1991). Therefore, the
nalysis of metal–metal interatomic distances is helpful in under-
tanding the structure of the corresponding LDHs. As displayed in
ig. 3(A), the Zn· · ·Zn distance (line (a)) is larger than the Zn· · ·Al
istance (line (b)) for the same R. The Zn· · ·Al distance increases
ith increasing R, and the variation is more dramatic from R = 5 to
than from R = 2 to 5. However, the variation of the Zn· · ·Zn distance
s different from that of Zn· · ·Al, rising sharply to a maximum from
= 2 to 3 and then remaining nearly constant from R = 3 to 5, and

hen decreasing sharply from R = 5 to 6. The average metal–metal
nteratomic distance Me· · ·Me increases gradually with R from 2 to
, showing a similar upward trend to that of Zn· · ·Al. This trend is
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tent with experiment, since it has been reported that low values of
x lead to a high density of Zn octahedra in the brucite-like sheets,
acting as nuclei for the formation of Zn(OH)2 (Barriga et al., 1998;
Seftel et al., 2008).

Table 2
Calculated formation energies (�Ef) and total energies (E) of the ZnR–Al (R = 2–6)
clusters in kcal/mol.

Ra �Ef E

2 −1364.0b

3 −1256.7 −1657.8b
ig. 3. (A) Average metal–metal and (B) oxygen–oxygen interatomic distances of
he ZnR–Al (R = 2–6) clusters as a function of the Zn/Al ratio (R).

n accordance with reports that for samples prepared by coprecip-
tation, the a dimension of the unit cell steadily increased as the
n/Al ratio was increased (Barriga et al., 1998; Bonnet et al., 1996;
ojas et al., 2008; Seftel et al., 2008). This finding reveals that the
eometry around Al3+ plays a more important part in determin-
ng the Me· · ·Me distance, i.e. the unit cell parameter a. It is to
e noted that the changes in Me· · ·Me distance from R = 3 to 6 are

ess evident than that from R = 2 to 3. When R = 6, the Me· · ·Me dis-
ances (0.3190 nm) are very close to that of Zn(OH)2 (0.3194 nm),
uggesting that when the Al3+ content decreases sufficiently, the
n2+ cations become the dominant factor influencing the Znn–Al
luster, leading to a structure similar to that of Zn(OH)2. This can
ccount for the experimental fact that pure LDHs were obtained
nly for Zn/Al ratios of 1–5; larger values lead to coprecipitation of
inc-containing impurities (ZnO and Zn(OH)2) (Barriga et al., 1998;
onnet et al.,1996; Yarger et al., 2008).

The O· · ·O distance is also closely related to the distortion of the
DH layers. The flattening of the octahedra brings about short O· · ·O
istances in the shared octahedral edges, as shown in Fig. 3(B). The
· · ·O distance across Zn· · ·Zn (line (a)) fluctuates with R, while the
· · ·O distance across Zn· · ·Al (line (b)) increases from R = 2 to 5, and

hen decreases from R = 5 to 6. The O· · ·O distance across Zn· · ·Zn is
arger than that across Zn· · ·Al for the same value of R. On the other
and, the average O· · ·O distance (O· · ·OMeMe, line (c)) increases
radually with increasing R. This suggests that the trivalent cation

lays a more significant role in determining the O· · ·OMeMe distance,
specially when R < 5, since O· · ·OMeMe displays an upward trend
rom R = 5 to 6, which is similar to that of the O· · ·O distance across
n· · ·Zn but opposite to the trend for the O· · ·O distance across
n· · ·Al.
8 (2010) 212–220

Based on the above discussion, it can be concluded that the
rivalent Al3+ cation plays a more significant role than the divalent
n2+ cation in determining the microstructure parameters of the
alculated ZnR–Al clusters especially when R < 5. This agrees well
ith the experimental observation that Zn/Al LDH phases can be

btained with Zn/Al ratios varying from 5 to 1 (Barriga et al., 1998;
ojas et al., 2008).

.2. Formation energy

In order to investigate the influence of the Zn content on the
ormation of the clusters, the formation energy was calculated as
he energy difference of the following reactions:

Znn−2Al(OH2)n+5(OH)2n−4]3+ +[Zn(OH2)6]2+ +2OH−

→ [Znn−1Al(OH2)n+6(OH)2n−2]3+ + 5H2O (n = 3–6), (1)

nd

Znn−2Al(OH2)n+5(OH)2n−4]3+ +[Zn(OH2)6]2+ + 2OH−

→ [Znn−1Al(OH2)2n−2(OH)2n−2]3+ + 6H2O (n = 7). (2)

The formation energy of the [Znn−1Al(OH2)n+6(OH)2n−2]3+

n = 3–6) and [Znn−1Al(OH2)2n−2(OH)2n–2]3+ (n = 7) clusters can be
btained based on the equation:

Ef = E(product) − E(reactant), (3)

here �Ef denotes the formation energy of the ZnR–Al (R = 2–6)
lusters, and E(product) and E(reactant) denote the optimized
otal energy of the products and reactants, respectively, in Eq.
1) or (2). The formation energies and total energies of the
alculated ZnR–Al clusters are listed in Table 2. The values
H2O = −76.4090 a.u., EH2O(ZPE) = −76.3878 a.u. computed with
-31G(d) basis sets (1 a.u. = 627.51 kcal/mol), and E[Zn(OH2)6]2+ =
523.5 a.u., which represents the total energy of the [Zn(OH2)6]2+

luster, are adopted from our previous computations (Yan et al.,
008).

Fig. 4 illustrates the dependence of the formation energy of the
nR–Al clusters on the Zn/Al ratio (R). It can be seen that the for-
ation energy changes only very slightly from R = 3 to 5 with an

nflection when R = 4, while the increase is very obvious when R
ncreases from 5 to 6. This indicates that the formation of the ZnR–Al
luster from R = 3 to 5 is much more favorable than for R = 5 to 6.
he formation energy of the ZnR–Al clusters is similar when R is
etween 3 and 5. This also suggests that as the cluster size becomes

arger and the Zn content becomes higher, the structure of the clus-
er becomes closer to Zn(OH)2 and formation of the pure ZnAl-LDH
hase becomes more difficult to sustain. The finding is also consis-
4 −1249.1 −1951.9
5 −1254.9 −2245.7
6 −1213.3 −4951.1

a Zn/Al ratio (R).
b With ZPE correction.
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Fig. 4. The relationship between the formation energy �Ef of the ZnR–Al (R = 3–6)
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. Conclusions

A series of density functional calculations for [Znn−1Al
OH2)n+6(OH)2n−2]3+ (n = 3–6) and [Znn−1Al(OH2)2n−2(OH)2n−2]3+

n = 7) clusters have been performed at DFT/UB3LYP level, for the
urpose of understanding the effect of varying Zn/Al ratios (R) on
he structure and stability of Zn/Al binary LDH layers.

The cluster models employed in this work include the basic
nformation about the lattice structure of the Zn/Al LDH host lay-
rs while having the most economical size, with Zn/Al ratios in the
ange 2–6, and have succeeded in delineating the influences of the
n/Al ratio on the structural properties and formation and bonding
tability of the corresponding Zn/Al LDHs.

It was found that both Zn2+ and Al3+ can isomorphically sub-
titute Mg2+ in the hydrotalcite-like structure. The formation or
onding stability of the corresponding ZnR–Al (R = 2–6) clusters
ecreases with increasing R. Different R values result in dif-
erent microstructures of the clusters, and thus influence the
ariation of the unit cell parameter a of the LDH crystal. By ana-
yzing the structural and bond properties of the Zn2+ and Al3+

ations separately, their individual contributions to the whole
luster is clearly presented. The trivalent Al3+ cation plays a
ore significant role than the divalent Zn2+ cation in deter-
ining the microstructure properties, formation and bonding

tability of the corresponding ZnR–Al (R = 2–6) clusters, espe-
ially when R < 5. When R ≥ 5, the Zn2+ cations occupy most of
he cation sites of the cluster and the structure is closer to
hat of Zn(OH)2. These findings agree well with experimental
esults.
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Cartesian coordinates of optimized models
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1) [Zn2Al(OH2)9(OH)4]3+

O, 0, −3.4177256869, 0.7172230949, 1.8359532436
H, 0, −3.4109338243, 0.7228568909, 2.8085634067
Zn, 0, −1.7357323788, 0.7103223843, 0.5309939188
O, 0, −3.2726208651, −0.7136142843, −2.8645831706
H, 0, −3.4162563721, −0.4857463636, −3.8033333435
Zn, 0, 1.3755879652, 0.8682510212, 1.1205174295
O, 0, 2.4457113248, 0.9516480761, 2.9591832886
H, 0, 2.0811495608, 1.0090077006, 3.8589616457
O, 0, 0.1877447117, 0.4486775073, −0.7646991548
H, 0, 0.2586924819, 0.9647899836, −1.5790945314
O, 0, 0.3455087838, −3.422478047, −0.5690988829
H, 0, 0.713749346, −3.9607918082, 0.1545956084
O, 0, 2.9640775649, 1.7858232217, 0.163602255
H, 0, 3.399314844, 1.3681619866, −0.6184863473
O, 0, 3.9120747886, 0.1967452769, −1.9031352783
H, 0, 4.0919630747, 0.6042059935, −2.772186118
O, 0, −0.3811310938, 1.5663524867, 1.6579153168
H, 0, −0.5563583085, 2.1875300134, 2.3779150947
Al, 0, 0.2152527437, −1.4014384213, −0.6472975225
O, 0, 1.3677367163, −1.1586443161, 0.7768249985
H, 0, 1.5036595945, −1.7509871855, 1.5292214911
O, 0, −0.778407495, −1.8127572292, −2.3340492584
H, 0, −0.2958713691, −1.7692020297, −3.1781615866
O, 0, −1.4373909819, −1.2751933556, 0.1780406788
H, 0, −1.7998185878, −1.9402516469, 0.7802189744
O, 0, 1.7633461911, −1.5702397678, −1.9448122395
H, 0, 2.1548987184, −2.4592082009, −2.0179653361
O, 0, −2.9265517865, 1.3543227941, −1.033527674
H, 0, −3.1704898745, 0.7350908684, −1.7637189594
H, 0, −0.3033137261, −3.9667989367, −1.052475604
H, 0, −4.3344266178, 0.8922547526, 1.5623050608
H, 0, 3.404715569, 1.0948762012, 3.0360880025
H, 0, 2.5214841698, −0.9263658956, −1.9024516276
H, 0, 4.7596487198, −0.2140253587, −1.6453078729
H, 0, 3.2032904728, 2.7276147906, 0.1954380301
H, 0, −3.2423513895, 2.2479863731, −1.2483027402
H, 0, −4.0308080865, −1.2835661632, −2.6338733248
H, 0, −1.7048690311, −1.4788583155, −2.4793355594

2) [Zn3Al(OH2)10(OH)6]3+

O, 0, −2.9792919607, −1.1903317995, 1.5691211877
H, 0, −3.3345022879, −1.9172195111, 2.1080509003
Zn, 0, −1.4511036893, −1.0554971346, −0.0027269611
O, 0, −2.2926536516, −2.4526869314, −1.5184140194
H, 0, −2.9122735658, −2.2384125518, −2.2361233612
O, 0, 1.9655226348, 2.2636058139, 1.312460726
H, 0, 2.5872623398, 2.0615496432, 2.0306677689
O, 0, 0.5635258516, −0.5907021119, −0.9878913598
H, 0, 0.5669136294, −0.4616448767, −1.947980476
O, 0, 2.9648422579, −3.4719947312, 1.1214057252
H, 0, 3.236041035, −3.4610182835, 2.055485449
O, 0, 0.3631636614, 2.251157768, −0.8175362877
H, 0, 0.7106893048, 2.5455777985, −1.6709461453
O, 0, 2.7798958281, 1.0001572261, −1.0573902684
H, 0, 3.4315865754, 1.6947918962, −0.8581343032
Zn, 0, 1.5632979965, −2.1744143541, 0.0705936123
O, 0, 2.06289016, −0.4457580325, 1.1166291218
H, 0, 1.9024536429, −0.4800435199, 2.0703895382
O, 0, 1.2749056802, −3.987986643, −1.0906830336
H, 0, 1.3664497067, −4.2921796879, −2.009517571
O, 0, −0.3332471584, −2.6254875273, 0.6436567801
H, 0, −0.5068417129, −2.978449878, 1.5286105109
O, 0, 3.52843563, −1.6756835512, −1.1159510026
H, 0, 3.7660816058, −2.0421939507, −1.9876973821
H, 0, 2.9164453244, −4.4081208165, 0.8567959431
H, 0, −3.7331429806, −0.6285806948, 1.3208057539
H, 0, 1.5314270428, 3.1387958114, 1.4845267269
H, 0, 4.2347390244, −1.9696216162, −0.5096792048
H, 0, 3.259271641, 0.1375964727, −1.1166788103
H, 0, −2.5426351261, −3.339020302, −1.2075663432
H, 0, 0.3504166911, −4.144144796, −0.8161093095
O, 0, −1.8870189913, 3.6866776145, 1.0295357563

O, 0, −2.5779908405, 0.4869310369, −0.7095333069
O, 0, −0.5157803256, 0.7318757876, 1.0048626512
O, 0, −2.4838985951, 3.498281092, −1.780600541
H, 0, −1.0827412142, 4.1035679508, 1.4241566971
H, 0, −2.6369963531, 3.8267880571, 1.6308421555
H, 0, −3.241773686, 0.4288510749, −1.4099499986
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H, 0, −0.615865925, 0.7769866612, 1.9659122869
H, 0, −2.7806647585, 3.3719777626, −2.6972715694
H, 0, −2.7399191761, 4.3996472422, −1.5223902377
O, 0, 0.607046484, 4.6367746674, 1.8635186417
H, 0, 0.7002654883, 4.9852964534, 2.7702930795
H, 0, 0.8792070602, 5.3750763179, 1.2867100595
Zn, 0, −1.5995427251, 2.1457789195, −0.3619517325
Al, 0, 1.1527527612, 0.8553451536, 0.1241403167

(3) [Zn4Al(OH2)11(OH)8]3+

O, 0, −1.891412981, −0.7216942777, 3.1965572706
H, 0, −2.1251595885, −1.0046056543, 4.0956290602
Zn, 0, −0.2652514142, −1.4107063837, 1.8837432826
O, 0, 0.030640263, −3.4580797356, 2.6542836517
H, 0, −0.6010014212, −4.187359895, 2.53972988
O, 0, 1.4002912851, −0.9281333589, 0.4177990664
H, 0, 1.7263573681, −1.5923771582, −0.2061475908
O, 0, 4.0765856635, 1.0616615118, 3.1502757692
H, 0, 3.9426402061, 1.8778577979, 3.6619264589
O, 0, 2.2710506378, 0.625830465, −1.6162808661
H, 0, 3.1316494828, 0.7636687912, −1.1639402912
Zn, 0, 2.6526583298, −0.0527651797, 1.9245958915
O, 0, 1.8002866207, 1.5363758524, 0.9657412225
H, 0, 1.5605700977, 2.3809319189, 1.3683244534
O, 0, 3.7607601143, −1.7028656266, 2.8546414593
H, 0, 4.2168791533, −2.5181392802, 2.5868808804
O, 0, 1.2475708274, −0.8794611436, 3.1652137472
H, 0, 0.9601071599, −0.3776746815, 3.9431298994
O, 0, 4.3294338858, 0.2858799377, 0.3344094625
H, 0, 5.0235208316, −0.3656220142, 0.1265508413
H, 0, 4.6072903249, 0.4660945187, 3.7095075695
H, 0, −2.7279314519, −0.6527245332, 2.6841566296
H, 0, 4.8040395571, 1.0573583107, 0.6962542475
H, 0, 2.1677290096, 1.2586979012, −2.3553821583
H, 0, 0.4003131828, −3.5518313566, 3.5475402919
H, 0, 2.962034158, −1.9543128161, 3.3669792225
O, 0, −3.6884324901, −0.9566738715, 1.0823290133
O, 0, −1.5580836924, −2.2439824922, 0.4939946653
O, 0, −0.8320970654, 0.383835466, 0.7583415184
O, 0, −3.1956279437, −1.9882468909, −2.0843069351
H, 0, −4.655226342, −1.0646690634, 1.0871941185
H, 0, −3.2674466512, −1.8520650951, 1.0471182482
H, 0, −1.3031659945, −3.0875297342, 0.0938421874
H, 0, −1.192249811, 1.1265800167, 1.2650095491
H, 0, −3.2556650479, −2.9581262104, −2.0984737372
H, 0, −4.0369152859, −1.6561788687, −2.4389747081
Zn, 0, −2.1062269154, −0.6465743578, −0.6848031343
Zn, 0, −1.1057611921, 1.664179963, −2.6330965405
O, 0, −2.8389822674, 0.8764372487, −1.8142326761
O, 0, −0.2875067929, −0.1427517318, −1.7518014522
O, 0, 0.0762862263, 2.2925748482, −1.1098948723
O, 0, −2.2467570962, 1.0428052069, −4.3974087298
O, 0, −1.5938221395, 3.6025543496, −3.485329593
H, 0, −3.4837559668, 1.4716014739, −1.4027957139
H, 0, 0.2018300739, −0.7817947249, −2.2897799767
H, 0, 0.2079417417, 3.1702997659, −0.7312973967
H, 0, −2.1540790283, 0.4340619953, −5.149124962
H, 0, −2.9704655873, 0.712440303, −3.8220046402
H, 0, −1.84476617, 4.4259672223, −3.0327960812
H, 0, −2.1726878828, 3.5242924605, −4.2648487489
H, 0, 0.9637608811, 1.4636058769, −4.758324287
O, 0, 0.8288025885, 1.885952763, −3.8908255334
H, 0, 0.9103884797, 2.8422322642, −4.0625558923
Al, 0, 0.7099242406, 0.7253193118, −0.3188124494

(4) [Zn5Al(OH2)12(OH)10]3+

O, 0, −3.6249806189, −2.1080835455, 1.1740771833
H, 0, −3.7971795883, −2.732567288, 1.8980198534
Zn, 0, −1.8921683819, −1.9925238577, −0.2193733221
O, 0, −3.5019308278, −2.4837459767, −1.6370411453
H, 0, −3.5115694336, −2.8452804022, −2.5380252523
Zn, 0, 1.1846656063, −0.9485946154, −0.413627276

O, 0, −0.1796005124, −2.0663978986, −1.4822357228
H, 0, −0.1976868032, −2.0270635192, −2.4503514294
O, 0, 1.3030141259, −5.7345394892, 0.3903761001
H, 0, 2.2005553228, −6.0054934089, 0.6426200927
O, 0, 3.5523548405, −2.701101683, −2.1619723769
H, 0, 4.4836109139, −2.9562953568, −2.2639770799
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Zn, 0, 0.5713392915, −4.0099604134, −0.7223739755
O, 0, 2.0253070562, −2.7371526051, 0.0535955241
H, 0, 2.3552319576, −2.9083843134, 0.9481384248
O, 0, −0.7859888179, −5.7854564946, −1.3148371882
H, 0, −1.2221636416, −6.1448152113, −2.1040113721
O, 0, −1.194135417, −3.7946943566, 0.3521264575
H, 0, −1.1955433134, −4.0598055766, 1.2835480869
O, 0, 1.4760973127, −4.2413910833, −2.6153464961
H, 0, 1.6051502846, −5.1005695571, −3.0471409042
H, 0, 0.8367148969, −6.5273613439, 0.0704343493
H, 0, −3.926659608, −1.2337501175, 1.4705875269
H, 0, 2.3444896713, −3.7388082055, −2.6544159039
H, 0, 3.3223419285, −2.7566291125, −1.2018336724
H, 0, −4.3075318759, −2.7993206473, −1.1936705493
H, 0, −1.473785236, −5.4020738459, −0.7287474766
O, 0, −3.3217305445, 2.0189715159, 2.6898575093
O, 0, −2.4909375904, 0.0165101894, −0.3178756163
O, 0, −0.4657174168, −0.6197781958, 0.9503935663
H, 0, −4.2565374147, 2.1395269878, 2.9278063999
H, 0, −3.2244804058, 2.2580004141, 1.7421331759
H, 0, −3.1526389008, 0.3116300188, −0.9581909045
H, 0, −0.3069533272, −0.761892153, 1.8946638611
Zn, 0, 1.6835680832, 2.2831313677, −0.4184075037
O, 0, 0.2027790686, 1.9742563897, 1.3034515698
O, 0, 0.0766827815, 1.0377604909, −1.1562907929
O, 0, 2.5345899844, 0.4885225103, −0.21454844
O, 0, 0.8149354754, 4.1371375406, −0.335435165
O, 0, 3.0415578595, 3.7281280113, 0.8388020463
H, 0, 0.608879794, 1.576154211, 2.085825727
H, 0, −0.2530783637, 1.0377951823, −2.0657808722
H, 0, 3.368158784, 0.3100366403, 0.2417923279
H, 0, 0.4877478648, 4.5311807787, −1.1573011726
H, 0, 3.996862512, 3.9016260286, 0.7742906537
H, 0, 2.5567584645, 4.4091849322, 0.3121632993
H, 0, 2.9402632619, 3.1915394799, −2.9450738655
O, 0, 2.7581179874, 2.4941555946, −2.294173202
H, 0, 3.3576655376, 1.7525696144, −2.4805286464
Zn, 0, −0.5047081552, 4.0077164038, 1.2498185046
O, 0, −1.9910048554, 2.6620355208, 0.3648582345
O, 0, −1.6568416332, 4.064344118, 3.04535957
O, 0, −1.5079166082, 5.8791536545, 0.9156022753
H, 0, −2.5753793861, 2.9353439862, −0.3580063909
H, 0, −1.1367552835, 4.0578401048, 3.8657530254
H, 0, −2.327293992, 3.3267968411, 3.1175768275
H, 0, −2.088557468, 6.1748423848, 1.637568821
H, 0, −1.2615190312, 6.6629057559, 0.3976163277
O, 0, 1.1109628195, 4.5225095409, 2.6704062969
H, 0, 1.2367217143, 5.3925797579, 3.0846428994
H, 0, 1.9843599235, 4.2561516232, 2.3060075767
Al, 0, −1.0889237562, 1.0440145217, 0.2624286089

(5) [Zn 6Al(OH2)12(OH)12]3+

O, 0, −1.5940779288, −2.8643443784, 2.0327199606
H, 0, −1.4657552285, −2.9491793418, 2.988055682
Zn, 0, 0.0615469133, −3.0995972425, 0.8343982062
O, 0, −0.9378250403, −4.448847192, −0.5733398316
H, 0, −0.7619440716, −5.3892711573, −0.7382049858
Zn, 0, 2.7830719573, −1.5303312521, 0.1825336481
O, 0, 1.9678243695, −3.3636133454, 0.0536547237
H, 0, 2.0428321044, −3.8115068284, −0.8020451062
O, 0, 4.4122967554, −1.5878897747, −1.6381833021
H, 0, 5.1240069288, −2.2247781404, −1.8216209745
O, 0, 4.2058919205, −2.2863632548, 1.6723396759
H, 0, 4.894797739, −1.8576685699, 2.205643274
O, 0, 1.0358607174, −4.4159108559, 2.2994820587
H, 0, 0.7543721504, −5.2262784947, 2.7551107655
H, 0, 4.7671702056, −0.8780682757, −1.0449454142
H, 0, −1.9137440258, −4.34432211, −0.4683451406
O, 0, −0.9953144502, −1.5787570915, −0.3032561732
O, 0, 1.0097116883, −1.088440002, 1.3168181415
H, 0, −1.2149890743, −1.8134811506, −1.2160801918
H, 0, 1.0427175023, −0.8680069977, 2.258713687

Zn, 0, 2.6057208513, 1.3653426811, −1.1259025891
O, 0, 1.0202187344, 1.6103134789, 0.4132164445
O, 0, 1.4246870921, −0.4217421834, −1.1539586029
O, 0, 3.8471357445, 0.2443964183, 0.0343635211
O, 0, 1.5229594382, 2.8425438388, −2.0694141934
O, 0, 3.4936885496, 3.5458338981, −0.6529493377
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H, 0, 1.2842480985, 1.8621122521, 1.3094297064
H, 0, 1.219161551, −0.8093397737, −2.0167509248
H, 0, 4.2701383386, 0.6765674063, 0.7898630444
H, 0, 1.3196431439, 2.7479921431, −3.0113797693
H, 0, 4.3868100001, 3.922481102, −0.7341697376
H, 0, 2.9872629318, 3.734744008, −1.4830264665
H, 0, 4.0456407939, 1.1224071991, −3.624671113
O, 0, 3.5035140979, 0.645341232, −2.9758951392
H, 0, 3.9270191131, −0.2301744917, −2.8191573241
Zn, 0, −0.0284095813, 3.0682964915, −0.7793084252
O, 0, −0.9755560025, 1.1051978326, −1.1492451302
O, 0, −1.5860109684, 4.1418416881, −2.2861972938
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