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Transition metal (M)–ethylenediaminetetraacetate (edta)
complexes {[M(edta)]2–} have been intercalated in layered
double hydroxides (LDHs) by a hydrothermal method using
MgAl–NO3 LDH as the precursor. The factors affecting the
orientation of the incorporated [M(edta)]2– in the resulting
well-ordered materials were investigated. Whilst varying the
metal cation in the intercalated complex has no major influ-
ence on the orientation of the [M(edta)]2– (M = Co, Ni, Cu,
Zn) anion in the interlayer galleries, there is a marked de-
pendence on layer charge density. The observed basal spac-
ings of 1.402–1.461 nm for Mg2Al–M(edta) LDH and
1.254 nm for Mg3Al–Zn(edta) LDH can be ascribed to bilayer
and monolayer arrangements, respectively, of the [M(edta)]2–

anion. When the Mg/Al ratio is varied in the range 2.2–2.7
the two guest arrangements coexist. The evolution of the
interlayer arrangement of [M(edta)]2– in LDHs with increas-
ing temperature was studied by variable-temperature in-situ

Introduction

By virtue of their anion-exchange properties, layered
double hydroxides (LDHs) have potential applications as
catalysts or precursors to new catalytic materials, such as
ion exchangers, adsorbents, or hosts for nanoscale reactions
as well as in medicine.[1] LDHs can be represented by the
general formula [MII

1–xMIII
x(OH)2]x+(An–)x/n·yH2O. Their

structure is based on the stacking of positively charged lay-
ers arising from the substitution of trivalent cations for part
of the divalent cations in brucite-like layers, and exchange-
able anions (An–) in hydrated interlayer galleries.

In recent years, great attention has been paid to the inter-
calation of metal complex anions in LDHs in an effort to
develop new functional materials such as heterogeneous
catalysts, photocatalytic materials, magnetic nanocompos-
ites, and luminescent materials.[2–5] In particular, intercal-
ation of metal–edta complexes into LDHs has been exten-
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XRD measurements, variable-temperature in-situ FT-IR, and
combined thermogravimetric analysis and mass spectrome-
try (TGA-MS). In the case of Mg2Al–M(edta) LDH, a metasta-
ble phase with a similar monolayer structure to that found in
Mg3Al–M(edta) LDH was detected by XRD in the range 140–
300 °C. Cooling of the calcined solid to room temperature in
air leads to the recovery of the original bilayer structure. The
reversible nature of the structural transformation indicates
that a reorientation of the guest [M(edta)]2– complex in the
interlayer galleries occurs on heating, rather than a grafting
process. Heat treatment of Mg3Al–M(edta) LDH results only
in a gradual contraction of the basal spacing associated with
the loss of interlayer water without any reorientation of the
guest [M(edta)]2– complex.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

sively studied due to the strong chelating ability of the edta
ligand with almost any metal cation.[6–14] O&apos;Hare et
al.[6] have recently prepared LDHs containing such com-
plexes, either directly by intercalation of the transition
metal–edta complex or indirectly by forming the metal
complex in situ in the interlayer galleries of Li–Al LDH
pre-intercalated with edta. Tsyganok et al.[7] have studied
the catalytic activity in dry reforming of methane of a mate-
rial derived from LDH-intercalated [Ni(edta)]2– complexes.
Lukashin et al.[3] have reported the magnetic properties of
anisotropic metal nanoparticles prepared from an LDH
containing an edta complex of FeIII or NiII. The synthesis
and characterization of an Mg2Al LDH intercalated by lu-
minescent [Eu(edta)]– complexes was recently reported.[8]

In general, the arrangement of interlayer guest anions
can dramatically influence the physicochemical properties
of LDH materials.[15–18] For example, in the case of poly(di-
acetylenecarboxylates) incorporated in LDHs, the possibil-
ity of having different arrangements of interlayer guests is
responsible for the observed reversible thermal color
changes.[18] In developing such functional materials it is im-
portant to be able to control the orientation of functional
guest anions in the interlayer galleries in order to fully uti-
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lize their anisotropic properties. An understanding of the
factors controlling the interlayer arrangement is important
if tailored applications in areas such as those mentioned
above are to be found for LDHs containing [M(edta)]2–

complexes, but no such study has been reported to date.
In addition, thermal treatment is a key step in the synthe-

sis of LDH-derived catalysts. Despite numerous investi-
gations of the structural evolution of LDHs with tempera-
ture the process of thermal decomposition of LDHs, in par-
ticular the origin of thermally metastable intermediate
phases, is still a matter of debate. The possible role of graft-
ing simple or complex anions to the slabs in the formation
of the thermally metastable phase has been extensively dis-
cussed. Whilst a grafting phenomenon at low temperature
has been reported for LDHs with both oxygen-containing
and non-oxygen-containing anions,[19–24] other authors
have suggested that the thermally metastable phase origi-
nates from a reorientation of the anions in the interlayer
domains rather than from such a grafting process.[25–30]

In this work, we report the intercalation of transition
metal complexes [ZnY]2–, [NiY]2–, [CoY]2–, and [CuY]2–

(where Y denotes edta4–) into MgAl LDHs with different
Mg/Al ratios, by a hydrothermal synthesis method. Our aim
is to clarify the factors affecting the orientation of the com-
plexes, particularly in the temperature interval 30–400 °C,
in order to understand the evolution of the interlayer phase
with temperature. Structural changes arising from thermal
treatment are monitored by variable-temperature in-situ
XRD, variable-temperature in-situ FT-IR, and combined
thermogravimetric analysis and mass spectrometry (TGA-
MS). Such information should enable a better understand-
ing of the LDH–M(edta) structure and provide a frame-
work for the synthesis of new functional materials.

Results and Discussion

Three methods for the intercalation of the [MY]2– com-
plex in LDH materials, namely ion exchange, coprecipi-

Table 1. Chemical composition, cell parameter a, and basal spacing d(003) for the LDH materials.

Sample Mg/Al Chemical composition (found/calcd.) [wt-%] and proposed formula a [nm] d(003) [nm]

LDH-2.0-[NO3] 2.04 Mg 18.58/18.51, Al 10.27/10.11, N 5.14/5.24, H 3.25/3.34 0.303(0) 0.867
[Mg0.68Al0.33(OH)2](NO3)0.33·0.47H2O

LDH-2.0-[ZnY] 2.03 Mg 12.45/12.50, Al 6.89/6.84, Zn 8.27/8.38, C 15.21/15.38, N 3.61/3.70, H 4.23/4.15 0.302(8) 1.445
[Mg0.67Al0.33(OH)2][Zn(C10H12N2O8)]0.16·0.71H2O

LDH-2.0-[NiY] 2.00 Mg 12.52/12.57, Al 7.03/6.97, Ni 7.63/7.57, C 15.39/15.48, N 3.68/3.61, H 4.15/4.13 0.302(7) 1.402
[Mg0.67Al0.33(OH)2][Ni(C10H12N2O8)]0.16·0.65H2O

LDH-2.0-[CuY] 2.01 Mg 12.38/12.25, Al 6.94/6.89, Cu 8.05/8.10, C 15.23/15.30, N 3.64/3.57, H 4.25/4.16 0.302(8) 1.461
[Mg0.66Al0.33(OH)2][Cu(C10H12N2O8)]0.16·0.70H2O

LDH-2.0-[CoY] 1.99 Mg 12.41/12.29, Al 6.97/6.90, Co 7.50/7.53, C 15.18/15.30, N 3.67/3.58, H 4.31/4.21 0.303(1) 1.440
[Mg0.66Al0.33 (OH)2][Co(C10H12N2O8)]0.16·0.73H2O

LDH-2.2-[ZnY] 2.19 Mg 13.60/13.65, Al 6.96/6.90, Zn 8.02/8.09, C 14.91/14.84, N 3.52/3.46, H 4.05/3.99 0.303(2) 1.401
[Mg0.69Al0.31(OH)2][Zn(C10H12N2O8)]0.15·0.52H2O

LDH-2.5-[ZnY] 2.46 Mg 14.70/14.66, Al 6.72/6.64, Zn 7.69/7.77, C 14.34/14.26, N 3.55/3.45, H 4.10/3.94 0.303(3) 1.350
[Mg0.72Al0.29(OH)2][Zn(C10H12N2O8)]0.14(NO3)0.02·0.48H2O

LDH-2.7-[ZnY] 2.72 Mg 15.51/15.41, Al 6.43/6.41, Zn 6.94/6.90, C 12.58/12.66, N 3.40/3.32, H 4.01/4.06 0.303(5) 1.299
[Mg0.73Al0.27 (OH)2][Zn(C10H12N2O8)]0.12(NO3)0.03·0.59H2O

LDH-3.0-[ZnY] 2.97 Mg 16.50/16.48, Al 6.26/6.18, Zn 5.91/5.82, C 11.09/10.98, N 3.28/3.20, H 4.25/4.16 0.304(2) 1.254
[Mg0.75Al0.25(OH)2][Zn(C10H12N2O8)]0.10(NO3)0.05·0.67H2O
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tation, and reconstruction, have been described in the litera-
ture. In order to obtain a pure LDH phase containing the
[MY]2– complex, a large (tenfold) excess of the [MY]2– com-
plex has typically been employed.[3,7] If the amount of
[MY]2– complex is low it has been reported that the materi-
als suffer from poor crystallinity and the coexistence of
more than one phase, which makes it impossible to study
their structures in detail.[8,31] In an attempt to overcome this
problem we chose to employ a hydrothermal synthesis using
only a twofold excess of the [MY]2– complex.

Effect of Varying the Metal Cation in the Complex Anion
on Interlayer Orientation

Chemical analysis (see Table 1) confirms both that the
nitrate anions in the LDH-2.0-NO3 precursor have been
completely exchanged by anionic edta complexes and that
there is no contamination by co-intercalated carbonate ions.
The composition of the LDH-2.0-NO3 precursor (where 2.0
refers to the Mg2+/Al3+ molar ratio in the synthesis mix-
ture) and intercalated materials are given in Table 1. The
Mg/Al molar ratio in LDH-2.0-[MY] (M = Zn, Ni, Co, Cu)
is essentially the same as that in the LDH-2.0-NO3 precur-
sor (2.04), which excludes the possibility of partial dissol-
ution of the magnesium in the layers during the hydrother-
mal synthesis.

The XRD patterns of the LDH-2.0-NO3 precursor and
its exchanged products (LDH-2.0-[MY]) are shown in Fig-
ure 1. The patterns are typical of lamellar materials, with a
basal reflection and associated harmonics at low angles 2θ
and weaker nonbasal reflections at higher angles. Intercal-
ation of [MY]2– leads to an increase in basal spacing for all
the exchanged LDHs and the values of the basal spacing in
LDH-2.0-[MY] (M = Zn, Cu, Co) are rather similar, whilst
that for LDH-2.0-[NiY] is slightly lower (see Table 1). This
is indicative of a similar orientation of the [MY]2– anions
within the interlayer galleries. No change is observed in the
value of the unit cell parameter a, calculated from the posi-
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tion of the d(110) reflection near 2θ = 60°, suggesting that
the average cation–cation distance in the layers of LDH-
2.0-[MY] remains unaffected (Table 1). This is consistent
with the result from chemical analysis. An inversion of the
relative intensities between the (006) and (009) reflections
in the XRD pattern of LDH-2.0-[MY] is observed relative
to those in the LDH-2.0-NO3 precursor. This phenomenon
has been ascribed to the presence of atoms with large scat-
tering power in the interlayer region.[2,25] This will be dis-
cussed in detail below. The observation that the Mg/Al ratio
in the layers is not affected by the incorporation of the edta
complexes and that the orientation of the anions within the
interlayer galleries is essentially independent of the identity
of the metal M may be attributed to the similar coordina-
tion mode and high stability constants of the metal–edta
complexes.[32,33]

Figure 1. Powder XRD patterns of (a) LDH-2.0-NO3, (b) LDH-
2.0-[ZnY], (c) LDH-2.0-[NiY], (d) LDH-2.0-[CuY], and (e) LDH-
2.0-[CoY].

The LDH materials were also characterized by FT-IR
and selected spectra are shown in Figure 2. For the LDH
nitrate precursor (Figure 2a), the intense and broad absorp-
tion band centered at 3445 cm–1 corresponds to the stretch-
ing vibrations of the hydroxyl groups of both the layer hy-
droxide moieties and interlayer water molecules. The broad-
ening of this band is due to hydrogen-bond formation.[34]

The band close to 1640 cm–1 corresponds to the defor-
mation mode (δH2O) of water molecules. The absorption
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peaks at 1384 and 839 cm–1 are usually assigned to the ν3

and ν2 vibration modes, respectively, of NO3
– with D3h sym-

metry,[35] whilst bands around 447 and 675 cm–1 are from
Al–O and Mg–O lattice vibrations, respectively.[36]

Figure 2. FT-IR spectra of (a) LDH–NO3-2.0, (b) Na2[ZnY], (c)
LDH-2.0-[ZnY], (d) Na2[NiY] (e) LDH-2.0-[NiY], (f) Na2[CuY],
(g) LDH-2.0-[CuY], (h) Na2[CoY], and (i) LDH-2.0-[CoY].

After exchange of Mg2Al–NO3 LDH with Na2[MY]·
3H2O the ν3 vibration of NO3

– disappears, and the asym-
metric νas(COO) and symmetric νs(COO) stretching modes
of the carboxylate groups, at 1600 and 1400 cm–1, respec-
tively, appear (Figure 2c). The wavenumber difference ∆ν =
νas – νs gives information about the coordination environ-
ment of the carboxylate group.[37,38] The value of ∆ν in both
Na2[MY]·3H2O and LDH-2.0-[MY] is greater than
200 cm–1, indicating the presence of deprotonated carboxyl-
ate groups coordinated to the metal ion in a monodentate
fashion.[37,38] Furthermore, the similar values of ∆ν for
LDH-2.0-[MY] and Na2[MY]·3H2O suggest that the coor-
dination mode of the carboxylate groups is unchanged after
intercalation. The slight difference in the value of ∆ν may
be a reflection of the different intermolecular hydrogen-
bonding environments experienced by the anion in the so-
dium salt and in the interlayer galleries of the LDH.[38–40]

This result clearly confirms the presence of [MY]2– anions
between the layers.
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Effect of Varying the Layer Charge Density on the
Orientation of the Guest Anions

The layer charge density is often an important factor in
determining the orientation of the guest anions in the inter-
layer galleries.[16,41] For further insight into the structure of
the LDH-intercalated [MY]2– complexes samples of LDH-
X-[ZnY] (with Mg/Al ratio in the synthesis mixture X = 2.0,
2.2, 2.5, 2.7, 3.0) were chosen. Elemental compositions of
the resulting LDH-X-[ZnY] materials are given in Table 1.
The Mg/Al molar ratios in LDH-X-[ZnY] are essentially
the same as those in the corresponding LDH-X-NO3 pre-
cursors (not shown in Table 1) which excludes the possibil-
ity of partial dissolution of the magnesium in the layers
during the hydrothermal synthesis. Elemental analysis con-
firms that small amounts of NO3

– anion are co-intercalated
with [ZnY]2– at high Mg/Al molar ratios, suggesting that
intercalation of the bulky [ZnY]2– anion becomes less favor-
able as the layer-charge density decreases.[41,42]

The XRD results of LDH-X-[ZnY] (see Figure 3) show
that there is not only a progressive decrease in the basal
spacing for samples from 1.445 nm in LDH-2.0-[ZnY] (Fig-
ure 3a) to 1.254 nm in LDH-3.0-[ZnY] (Figure 3e) but also
a significant variation in the relative intensities of the (00l)
(l = 3, 6, 9, 12) reflections with the Mg/Al mol ratio, sug-
gesting different orientations of [MY]2– within the interlayer
galleries. In general, when atoms with large scattering
power are located at different positions along the c axis,
the usual pattern of decreasing intensities of successive (00l)
reflections with increasing l is not observed because of the
fluctuations in the one-dimensional electron-density distri-
bution along the c axis.[2,4,25,43–45] When the intensity of the
(006) reflection is greater than that of (003), as is the case
for LDH-3.0-[ZnY], it has been proposed that the heavy
metal atom is located at the midpoint of the interlayer gal-
leries.[2,4,25,44] In LDH-2.0-[ZnY], the intensity of the (009)
reflection is greater than that of (006), suggesting that the
alternate heavy metal centers are located above and below
the midpoint of the interlayer galleries.[4,43,45]

When the Mg/Al molar ratio is increased to 2.2 no sig-
nificant changes are observed (Figure 3b), suggesting there
is only a single phase corresponding to a basal spacing of
1.445 nm. However, on further increasing the Mg/Al molar
ratio, LDH-2.5-[ZnY] shows a complicated pattern of
broad XRD reflections suggesting that two or more phases
(Figure 3c), with different basal spacings, are present; the
intensity of the third harmonic reflection (009) also de-
creases much more than that of the other (00l) reflections.
These results indicate that some variation in the arrange-
ment of the guest anions is associated with the decrease
in layer-charge density. In the case of LDH-2.7-[ZnY] (see
Figure 3d), the asymmetric (00l) reflections and the split-
ting of the (006) reflection are also consistent with the pres-
ence of at least two LDH phases. When the Mg/Al molar
ratio is increased to 3.0, with the exception of a weak shoul-
der on the (006) reflection peak centered at 2θ ≈ 12°, the
reflections are characteristic of a single phase with a basal
spacing of 1.254 nm. The elemental analysis results also
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Figure 3. Powder XRD patterns of (a) LDH-2.0-[ZnY], (b) LDH-
2.2-[ZnY], (c) LDH-2.5-[ZnY], (d) LDH-2.7-[ZnY], and (e) LDH-
3.0-[ZnY].

show that LDH-3.0-[ZnY] in contrast to LDH-2.0-[ZnY]
contains a significant amount of NO3

–. This can perhaps
also contribute to the asymmetric shape of the peaks in the
XRD pattern of the former sample. The XRD data suggest
that the phase LDH-2.0-[ZnY] involves the heavy metal
centers located alternately above and below the midpoint of
the interlayer galleries and the phase LDH-3.0-[ZnY] has
the heavy metal centers located at the midpoint of the inter-
layer galleries. For intermediate Mg/Al molar ratios (2.2–
2.7) the two LDH phases are both present; there is no evi-
dence for a new phase with a third guest arrangement in
LDH–[ZnY].

Structural Model for LDH–MY

The observed basal spacings are 1.445 nm in LDH-2.0-
[ZnY] and 1.254 nm in LDH-3.0-[ZnY], respectively. If the
thickness of the LDH layer is taken as 0.48 nm,[46] the gal-
lery heights are 0.97 nm and 0.77 nm, respectively. A gallery
height of 0.97 nm is in close agreement with the maximal
dimensions (0.90–1.00 nm) of the complex anion in salts
such as K2[CuY]·3H2O, Ca[NiY]·4H2O, and Ca[Co(H2O)Y]·
4H2O as determined by single-crystal XRD.[32,23] On this
basis O’Hare et al.[6] proposed that the interlayer of LiAl2–
[MY] LDH consists of a monolayer of metal–edta com-
plexes with the maximal dimension of each anion perpen-
dicular to the hydroxide layers. This model, with the heavy
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metal atom located at the midpoint of the interlayer galler-
ies, is not consistent with the observed inversion of the rela-
tive intensities between the (006) and (009) reflections in the
LDH-2.0-[MY]. However, this indicates that the heavy
metal atom is located at sites alternately above and below
the midpoint of the interlayer galleries in LDH-2.0-[MY],
as discussed above.

A gallery height of 0.97 nm in LDH-2.0-[ZnY] is, how-
ever, almost twice as long as the minimal dimensions
(0.5 nm) of the complex anion in the above salts.[32,33]

Therefore it is reasonable to assume that the interlayer gal-
leries consist of a condensed bilayer of guest species with
the minimal dimension of each anion perpendicular to the
brucite-like layers in the LDH-2.0-[ZnY], as shown sche-
matically in Figure 4a. In this model the four carboxylate
groups of individual anions all interact with the same hy-
droxide layer, maximizing the interaction with the layers
through both electrostatic attractions with the positive
charge and hydrogen bonding with the layer hydroxyl
groups. The inversion of the relative intensities between the
(006) and (009) reflections in the XRD pattern of LDH-
2.0-[ZnY] is consistent with this model of a bilayer arrange-
ment of [ZnY]2– guests. In the bilayer orientation, the corre-
sponding cross-sectional area occupied by each anion in the
ab plane is in the range 0.81–1.00 nm2 (see Figure 4a). The
area per unit charge of the host lattice with an Mg/Al ratio
of 2.0, calculated from the crystallographic data, is
0.25 nm2.[16,47] Since the guests are orientated in a bilayer
(as shown in Figure 4a), the area available per two divalent
anions is approximately 1.0 nm2 (4�0.25 nm2). It follows
that in a bilayer of [ZnY]2– anions, the host layer charge
can be balanced, although relatively close packing of guest
anions in the c axis direction is required.

Figure 4. Schematic illustration of the structures of (a) LDH-2.0-
[ZnY] and (b) LDH-3.0-[ZnY].
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Taking into account the gallery height (0.77 nm) and the
observed inversion of intensity between the first two (00l)
peaks in LDH-3.0-[ZnY], we propose that in LDH-3.0-
[ZnY] the metal–edta complexes form a monolayer of guest
species with two carboxylate groups of individual anions
attracted electrostatically to the upper hydroxide layer and
the other two attracted to the lower one, as shown schemati-
cally in Figure 4b. This model also allows a favorable inter-
action between the four carboxylate groups of the guest and
the host layers through both electrostatic attraction with
the positively charged layers and hydrogen bonding with the
layer hydroxyl groups. The height (0.77 nm) in LDH-3.0-
[ZnY] probably arises from a monolayer assembly, with the
maximal dimension of each anion tilted with respect to the
hydroxide layers. Calculations show that the [ZnY]2– anion
is capable of balancing the host layer charge of LDH-3.0-
[ZnY] when arranged in a monolayer, since the cross-sec-
tional area occupied by each anion in the ab plane is in the
range 0.45–0.50 nm2, whereas the area available per divalent
anion is approximately 0.66 nm2 (2�0.33 nm2).[16,47]

The above two guest arrangements maximize the interac-
tion between the four carboxylate groups of the guest and
the host layers and this is consistent with the absence of a
new phase corresponding to a third guest arrangement at
intermediate Mg/Al molar ratios. Other arrangements, such
as two carboxylate groups of individual anions being fixed
to upper and lower hydroxide layers and the other carboxyl-
ate groups extending into the interlayer galleries without
any interaction with hydroxide layers, as proposed by O&
apos;Hare et al., are less likely on energetic grounds.

The monolayer and bilayer orientation observed for the
guest anions in the gallery have been reported in the litera-
ture.[4,43] Benzoate anions form bilayer-like structures[41] or
monofilms of interdigitated species as found for methyl
orange.[17] In all cases, the preferred orientation of the guest
species is such as to permit the maximum interaction of
the carboxylate groups with the layers through hydrogen
bonding with the layer hydroxyl groups and, at the same
time, the hydrophobic aromatic groups are located at the
center of the galleries as far apart as possible from the hy-
drophilic layer hydroxyl groups.

Reorientation of [MY]2– in the Interlayer Space under
Thermal Treatment

The in situ variable-temperature powder X-ray diffrac-
tion patterns of LDH-2.0-[ZnY] and LDH-3.0-[ZnY] in the
temperature range 30–900 °C in an ambient atmosphere are
shown in Figures 5 and 6, respectively. The relationship be-
tween the d(003) basal spacings of LDH–[ZnY] and the
temperature is shown in Figure 7. It can be observed that
the basal reflections in both LDH-2.0-[ZnY] and LDH-3.0-
[ZnY] move to a higher angle with increasing temperature
indicating a contraction in the interlayer spacing. However,
the magnitudes and evolution of the contraction observed
on heating the two samples are very different (see Figure 7).
A significant contraction in basal spacing (0.244 nm) is ob-
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served for LDH-2.0-[ZnY] over a very small temperature
range, between 110 and 140 °C, with the basal spacing re-
maining nearly constant before and after the transition. In
contrast, LDH-3.0-[ZnY] shows only a gradual small con-
traction (0.082 nm) on heating from room temperature up
to 150 °C, which can be associated with loss of water. TGA-
MS (see below) indicates that similar amounts of water are
released over the temperature range 30–150 °C for both
LDH-2.0-[ZnY] and LDH-3.0-[ZnY], suggesting that the
much larger contraction observed for the former cannot be
ascribed to the loss of interlayer water alone. Above 140 °C
the basal spacing of LDH-2.0-[ZnY] (1.201 nm) is similar
to that of LDH-3.0-[ZnY] at room temperature (1.254 nm).
This suggests that a reorientation of the [MY]2– anions in
the interlayer galleries, probably induced by the loss of the
interlayer water, is the real origin of the significant contrac-
tion in LDH-2.0-[ZnY].

Figure 5. In-itu powder XRD patterns of LDH-2.0-[ZnY] over the
temperature range 30–900 °C.

The occurrence of such a guest reorientation is con-
firmed by the significant variation in the relative intensities
of the (00l) reflections in the XRD patterns of LDH-2.0-
[ZnY] with increasing temperature. The inversion in inten-
sity between the (006) peak and (009) peak in LDH-2.0-
[ZnY] disappears on heating from 30 °C to 130 °C. Espe-
cially in the range 120–130 °C, the (00l) reflections broaden
significantly and become asymmetric, which possibly corre-
sponds to an unstable intermediate resulting from disorder
in the arrangement of guests induced by loss of interlayer
water from the hydrogen-bonded framework in the inter-
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Figure 6. In-situ powder XRD patterns of LDH-3.0-[ZnY] over the
temperature range 30–900 °C.

Figure 7. Relationship between d(003) basal spacing and tempera-
ture for (a) LDH-2.0-[ZnY] and (b) LDH-3.0-[ZnY].

layer galleries. However, the intensity of the (006) reflec-
tions becomes significantly stronger between 140 and
300 °C and in addition a series of symmetric and strong
(00l) reflections, with the pattern resembling that of LDH-
3.0-[ZnY], emerge. Therefore it can be concluded that re-
moval of interlayer water occurs upon heating, resulting in
stronger electrostatic and hydrogen-bonding interactions
between [ZnY]2– and LDH layer hydroxyl groups. This will
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cause the bilayer [ZnY]2– to adopt a thermodynamically
more stable monolayer orientation. Pillar reorientation at
140 °C, therefore, appears to be responsible for the observed
gallery contraction of 0.244 nm for the LDH-2.0-[ZnY]. In
the case of LDH-3.0-[ZnY], the relative intensities of the
(00l) reflections are almost unchanged with increasing tem-
perature, confirming that the orientation of [ZnY]2– in the
interlayer galleries of LDH-3.0-[ZnY] does not vary with
temperature. In addition, a weak shoulder on the (006) re-
flection peak centered at 2θ ≈ 12° in the pattern for LDH-
3.0-[ZnY] gradually disappears with increasing tempera-
ture, indicating that the small amount of bilayer phase ini-
tially present is completely converted into the monolayer
form.

The monolayer structure in LDH–[ZnY] is retained on
heating up to 300 °C. On further heating above 300 °C,
however, the absence of (00l) diffraction peaks correspond-
ing to an LDH phase indicates that the layer structure is
completely destroyed. This is consistent with TGA-MS data
(see below), which suggest that dehydroxylation of the bru-
cite-like layers along with anion decomposition occurs
above 300 °C. At 400 °C, reflections characteristic of a cu-
bic MgO-like phase begin to appear and at 900 °C reflec-
tions from an MgAl2O4 spinel phase and MgO are present,
as is generally observed for calcined MgAl LDHs.[48] In ad-
dition, peaks that can be assigned to ZnO (JCPDS Card
01-1136), resulting from the decomposition of [ZnY]2–, can
be observed.

A Reversible Structural Transformation

Although we have suggested above that the origin of the
observed metastable phase is a reorientation of the [MY]2–

anion in the interlayers, the possibility remains that it could
be because of grafting of the anion to the hydroxyl layers
as has been claimed by some authors for other anions in
describing the formation of similar metastable phases asso-
ciated with a significant interlayer contraction.[19–24] In or-
der to provide further insight into the origin of the metasta-
ble phase, a sample of LDH-2.0-[ZnY] was heated to
140 °C and, after recording the powder XRD pattern at this
temperature, subsequently cooled to room temperature over
either 20 min or 1 h (in moist air), and the powder XRD
patterns measured again (see Figure 8). The results show
that the original phase and the metastable phase coexist
when the sample is cooled in moist air for 20 min (Fig-
ure 8c), indicating that the structural transformation is re-
versible upon hydration. When the hydration reaction time
is extended to 1 h the structural transformation is com-
pletely reversed as shown by the disappearance of peaks
associated with the metastable phase (Figure 8d).

The recovery of the original phase on cooling demon-
strates that heat treatment (up to 140 °C) does not result in
covalent grafting of the anions to the hydroxyl layers. The
absence of grafting is further confirmed by the observation
that the [MY]2– anions in the metastable phase are readily
exchanged with carbonate anions (Figure 8e). This would
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Figure 8. Powder XRD patterns of LDH-2.0-[ZnY] at (a) room
temperature, (b) 140 °C, (c) room temperature (after cooling the
sample from 140 °C in moist air for 20 min), (d) room temperature
(after cooling the sample from 140 °C in moist air for 1 h), and (e)
LDH–CO3–[ZnY].

not be expected to be the case if the ions were actually
grafted to the layers. The reversible structural transforma-
tion observed on heating and cooling is shown schemati-
cally in Figure 9.

To further study the evolution of the interlayer arrange-
ment in this reversible transition the thermal behavior of
LDH-2.0-[ZnY] was investigated by TGA, coupled with
mass spectrometry. The TGA curves, as well as the analysis
of the evolved decomposition products by mass spectrome-
try, are presented in Figure 10. Generally, four steps are ob-
served in the thermal evolution of LDHs: desorption of
physically adsorbed water, removal of the interlayer struc-
tural water, dehydroxylation of the brucite-like sheets, and
the decomposition of the interlayer anions, although the
first two steps may overlap in the low-temperature range.
The thermal decomposition of LDH-2.0-[ZnY] is indeed
characterized by three mass-loss steps. The first one from
room temperature to 300 °C corresponds to the removal of
surface adsorbed water and interlayer water molecules with
their respective DTG peaks centered at 88 and 134 °C. The
coupled mass spectrometry confirms this result since the
ion current peak (m/z = 18 [H2O+]) is assigned to the evol-
ution of water. The temperature range of the loss of inter-
layer water is similar to that associated with the large con-
traction associated with guest reorientation (see Figure 5).
This suggests that loss of water molecules may play an im-
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Figure 9. Schematic illustration of the reversible structural trans-
formation of LDH-2.0-[ZnY] at (a) room temperature and (b)
140 °C.

Figure 10. TGA curve (a) and coupled mass spectrometry trace (b)
for LDH-2.0-[ZnY].

www.eurjic.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2007, 799–808806

portant role in initiating the reorientation. The sharp mass
loss observed in the range 300–600 °C is due to the dehy-
droxylation of the brucite-like layers as well as combustion
of the organic materials, with a corresponding sharp peak
centered at 396 °C in the DTG curve (Figure 10a). This is
confirmed by the mass spectrometry results (Figure 10b),
which show strong CO2

+, NO+, and H2O+ ion currents over
the entire decomposition range. The final gradual mass loss
in the range 600–950 °C is a result of the oxidation of resid-
ual organic material as shown by the evolution of CO2

alone in the MS trace. The thermal decomposition data is
in good agreement with the in-situ HT-XRD data discussed
above.

The in-situ FT-IR spectra of LDH-2.0-[ZnY] heated in
the temperature range 30–550 °C are shown in Figure 11,
and are also indicative of a reorientation taking place upon
heating rather than a grafting process. On heating, the first
change in the FT-IR spectra occurs between 30 and 150 °C.
The band at 3444 cm–1 moves to a higher frequency
(3506 cm–1) and its intensity decreases. This may be attrib-
uted to an increase in the force constant of the OH bond
as a result of the loss of hydrogen bonding with interlayer

Figure 11. In-situ variable-temperature FT-IR spectra of LDH-2.0-
[ZnY].
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water. The asymmetric and symmetric stretching vibrations
of the carboxylate group show slight shifts to higher fre-
quency and lower frequency, respectively. As discussed
above, the wavenumber difference ∆ν = νas – νs gives infor-
mation about the coordination environment of the carbox-
ylate group. The value of ∆ν shows only a marginal in-
crease, from 202 cm–1 at 30 °C to 210 cm–1 at 150 °C, which
suggests that the coordination environment of the carboxyl-
ate group remains nearly unaffected; this is consistent with
the proposed reorientation of the [ZnY]2– anions on heat-
ing. If the carboxylate groups actually became covalently
grafted to the hydroxyl layers a much more dramatic change
in the value of ∆ν would be expected.[23]

On heating from 320 to 550 °C there is a gradual de-
crease in the intensity of hydroxyl and carboxylate vibration
bands, consistent with the dehydroxylation and decomposi-
tion processes observed by TGA-MS in this temperature
range. The emergence of bands at 885 and 760 cm–1 above
450 °C can be assigned to M–O vibrations in mixed oxide
phases.

Conclusions

Highly ordered MgAl LDHs intercalated by [MY]2–

guest anions have successfully been prepared by a hydro-
thermal synthesis method. Charge matching between the
[MY]2– anions and the LDH layers controls the gallery ori-
entation of the [MY]2– anions. In the case of LDH-2.0-
[MY], the interlayer separation for the fully hydrated mate-
rial indicates that the guest species are arranged in a bilayer
with the minimal dimension perpendicular to the host lay-
ers. In contrast, in LDH-3.0-[MY] the guest species are ar-
ranged in a monolayer with the maximal dimension tilted
with respect to the host layers. Heating LDH-2.0-[MY] at
140 °C results in a reorientation of the [MY]2– complex in
the interlayer giving a similar monolayer structure to that
found in LDH-3.0-[MY]. The metastable monolayer phase
is quite stable and the layered structure can still be iden-
tified by powder XRD after heat treatment at 300 °C. Rehy-
dration of the calcined solids upon cooling to room tem-
perature in air leads to the recovery of materials with the
original values of the gallery heights. The reversible nature
of the transformation is inconsistent with a grafting process
and strongly supports a mechanism involving reorientation
of the anion in the interlayer galleries. Calcination at 400 °C
gives rise to a collapse of the layered structure and amorph-
ous phases are formed. Further heat treatment of LDH-2.0-
MY leads to a mixture of MgO, MO, and MgAl2O4 spinel
phases above 750 °C.

Experimental Section
Synthesis

Preparation of Na2[MY]·xH2O: The Na2[MY]·xH2O (M = Zn, Ni,
Co, Cu; Y = edta4–) complexes were prepared by mixing the appro-
priate molar equivalents of aqueous solutions of the corresponding
metal nitrate, Na2C10H14N2O8·2H2O (Na2H2Y), and Na2CO3,
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which is similar to the method described by Sawyer and Paulsen.[49]

The resulting solution was adjusted to pH = 7.0 with dilute HNO3

solution and warmed to boiling point. After concentration of the
solution to one-third of the initial volume, absolute ethanol was
added until a slight turbidity appeared. Finally, the solution was
cooled in a refrigerator. The resulting crystalline material was fil-
tered and recrystallized from a water/ethanol mixture. The recrys-
tallized complexes were isolated by filtration and dried under air.

Preparation of LDH–Nitrate Precursor: MgAl–NO3 LDH with dif-
ferent Mg/Al molar ratios (designated LDH-X-NO3, where X =
value of Mg/Al molar ratios in the mixed solution) were prepared
by a coprecipitation method at controlled pH as described in the
literature.[50] These preparations were carried out under constant
nitrogen flow using freshly decarbonated, deionized water. Mixed
solutions of Mg(NO3)2 and Al(NO3)3 with the required Mg/Al mo-
lar ratio, having total cation concentrations equal to 1 , have been
used at constant pH = 9.5. After precipitation, the suspension was
aged at 100 °C for 8 h while stirring. The resulting white precipitate
was collected by centrifugation, washed several times with carbon-
ate-free deionized water, and dried in air at 50 °C for 24 h.

Preparation of [MY]2–-Intercalated MgAl LDH: LDH-2.0-[MY]
was obtained by anion exchange of the LDH-2.0-NO3 precursors
under hydrothermal conditions. As an example, the intercalation
of the [NiY]2– anion into the LDH-2.0-NO3 precursor is described.
In the first step, a mixture of the LDH precursor (0.550 g,
0.002 mol) and Na2[NiY]·3H2O (1.788 g, 0.004 mol) in a twofold
molar excess over the anion exchange capacity was crushed in an
agate mortar for 5 min and placed in an autoclave (22 cm3) with
distilled and decarbonated water (20 cm3). The autoclave was then
heated at 120 °C for 24 h developing an autogenous pressure. The
powdered products were collected by centrifugation, washed three
times with carbonate-free deionized water, and finally dried in air
at 50 °C for 24 h. Other LDH-X-[ZnY] materials were obtained by
the same procedure using the corresponding LDH-X-NO3 precur-
sors and Na2[ZnY]·xH2O.

Characterization

Elemental analyses for metals were performed by inductively cou-
pled plasma (ICP) emission spectroscopy with a Shimadzu ICPS-
7500 instrument using solutions prepared by dissolving the samples
in dilute HNO3. C, H, and N analyses were carried out using an
Elementarvario elemental analysis instrument. The in-situ powder
X-ray diffraction (in-situ XRD) data were recorded with a Shim-
adzu XRD-6000 powder diffractometer over the temperature range
30–900 °C in air, using Cu-Kα radiation (λ = 0.154 nm) at 40 kV
and 30 mA. The samples, as unoriented powders, were step-
scanned in steps of 5°/min in the 2θ range from 3 to 70° using a
count time of 4 s per step. The rate of temperature increase was
10 °C/min with a holding time of 5 min before each measurement.
The in situ Fourier transform infrared (in-situ FT-IR) spectra were
recorded with a Nicolet 605XB FT-IR spectrometer in the range
4000–400 cm–1 with 4 cm–1 resolution under flowing N2 (65 cm3/
min) with a heating rate of 5 °C/min in the range 25–450 °C. The
KBr pellet technique, with a typical pellet containing ca. 1 wt%
sample in KBr, was employed. Thermogravimetric analysis coupled
to mass spectrometry was performed using a Perkin–Elmer Dia-
mond TG apparatus linked to a ThermoStar mass spectrometer by
a quartz capillary transfer line heated at 190 °C. The heating rate
was 10 °C/min with an N2 flow rate of 200 cm3/min. The TG appa-
ratus was at atmospheric pressure, and the mass spectrometer at a
working pressure of 6 �10–6 Torr. The mass of sample used was
10 mg in each case.
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