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Intercalation of organic guest species into layered
inorganic solids is a way of producing ordered inorganic—
organic assemblies with unique microstructures con-
trolled by host—guest and guest—guest interactions.12
Among possible layered materials, layered double hy-
droxides (LDHSs) are a class of layered materials con-
sisting of positively charged brucite-like layers and the
interlayer exchangeable anions. LDHs have extensively
been investigated in a wide range of applications such
as catalysts,3 adsorbents,* ceramic precursors,® reaction
media for controlled photochemical® and electrochemical
reactions,” and bioactive nanocomposites.® Because of
the unique microstructures and physicochemical prop-
erties, the syntheses of LDHs with various interlayer
anions are worth investigating. In this paper, we report
the synthesis of LDH—deoxycholate intercalation com-
pounds by novel hydrothermal reactions using brucite
and gibbsite as the starting materials. The molecular
structure of deoxycholic acid is shown in Scheme 1.

Three methods, ion exchange, coprecipitation, and
reconstruction, have been used for the synthesis of
LDHSs.® However, when deoxycolate was used as the
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Scheme 1. Molecular Structure of Deoxycholic
Acid
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guest species, all three methods were not applicable.
According to the guest selectivity sequences determined
by the charge and size of the anions,1° the selectivity of
the deoxycolate should be very low, so that the anion-
exchange reactions using presynthesized LDHs and the
coprecipitation using soluble metal salts such as chlo-
rides and nitrates were very difficult.}t

To overcome these synthetic limitations, magnesium
and aluminum hydroxides (brucite and gibbsite) were
used as the inorganic sources for the synthesis. We
expected that anions, which can occupy the interlayer
space of LDHSs, are absent in the synthesis by using
hydroxides. Because these hydroxides are almost in-
soluble in water, the synthesis was conducted under
hydrothermal conditions. The following is a typical
synthetic procedure: 0.080 g of Mg(OH),, 0.027 g of
Al(OH)3 (MgZt/AIRT = 4), and 0.673 g of deoxycholic acid
were mixed in deionized water at room temperature
with vigorous stirring. Then, the suspension was trans-
ferred into a Teflon-lined autoclave and heated at 150
°C for 1 day. The solid precipitate was collected by
filtration using a membrane filter and washed with
ethanol subsequently. The pH values of the supernatant
range from 8 to 10.

A sharp diffraction peak with the d value of 3.29 nm
accompanying higher reflections was observed in the
X-ray diffraction pattern? of the product (Figure 1),
indicating the formation of a layered material. The
infrared spectrum?3 of the product showed the absorp-
tion bands characteristic to the deoxycholate anions
such as C—H (2935 and 2863 cm™1) and COO~ (1450
and 1400 cm™1). From the chemical composition of the
product (Mg:13.1, Al:4.9, C:42.4 wt %, which was
determined by CHN analysis and ICP), the molar ratio
of Mg:Al:deoxycholate in the product was determined
to be 3:1:0.8. All these observations confirmed the
successful formation of the LDH—deoxycholate inter-
calation compound. In the present synthesis, no anions,
which can occupy the interlayer space, exist except for
deoxycholate and OH™, so that deoxycholate has suc-
cessfully been incorporated into the interlayer space.
The hydrothermal synthesis of LDHSs has been reported
previously.!* The present synthesis was conducted from
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Figure 1. X-ray powder diffraction pattern of the LDH—
deoxycholate intercalation compound. Inset: The relationship
between the basal spacing of the products and the Mg?t/AI*
ratio of the starting mixtures.
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Figure 2. Schematic drawing for the microstructure of the
LDH—deoxycholate intercalation compound.

brucite and gibbsite, which are insoluble in water at
room temperature, to avoid the precipitation of metal
salts during the mixing. Consequently, the LDH—
deoxycholate intercalation compound has successfully
been synthesized.

Because the thickness of the brucite-like LDH sheet
is 0.48 nm, the gallery height of the LDH—deoxycholate
intercalation compound was estimated to be 2.81 nm.
Taking the molecular size and geometry into consider-
ation, the intercalated deoxycholate formed a bilayer in
the interlayer space where the anionic substituents
(carboxylate) are thought to orient to the surface of the
cationic brucite-like sheet by electrostatic interactions
as schematically shown in Figure 2.

The morphology of the product is worth noting as an
important characteristic feature of the present system.
The morphology of inorganic-surfactant mesostructured
materials have attracted attention from both funda-
mental and practical viewpoints.'®> The morphology of
LDHs may affect their physicochemical properties and
concerns about their practical applications. It is known
that hydrotalcite possesses hexagonal platy morphology
if carefully crystallized. (Figure 3b) However, the scan-
ning electron micrograph!® of the LDH—deoxycholate
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Figure 3. Scanning electron micrographs of (a) the LDH—
DCA™ intercalation compound and (b) the LDH—CO3%".

intercalation compounds (Figure 3a) showed a curved
platy morphology. During the hydrothermal treatment,
brucite and gibbsite dissolved and the LDH—deoxy-
cholate intercalation compounds are thought to crystal-
lize subsequently. In the present system, the cooperative
organization of deoxycholate and cationic hydroxides are
thought to cause the unique morphology.

Controllable chemical composition (M2/M3* ratio,
which directly correlates to the anion-exchange capacity)
is one of the important characteristics of LDHSs. In the
present study, LDH—deoxycholate intercalation com-
pounds were prepared at different Mg2"/AI*" ratios
(from 2 to 20). The basal spacings of the products are
summarized in the Figure 1 inset in relation to the
Mg2t/AIRT ratio of the starting mixtures. The basal
spacing decreased to ~2.7 nm with the decrease in the
relative AI®T™ amounts. The variation of the basal spac-
ing from 3.4 to 2.7 nm suggests the change in the
orientation of the intercalated deoxycholate anions
probably caused by the change in the anion-exchange
capacity. Because the density of the anion sites de-
creased at a lower anion-exchange capacity, the inclina-
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tion of the deoxycholate anions (Figure 2) becomes
lower, resulting in the smaller basal spacings. The
controlled orientation of the intercalated species is a
current subject of intercalation chemistry,1¢46 and the
orientation and the ordering of the anions in the
interlayer space of LDHs have been reported re-
cently.1’=22 The variation in the basal spacings suggests
that the controlled orientation of the guest species in
LDHs was achieved in the present system. However,
in addition to the change in the basal spacings, brucite
was detected in the XRD patterns of the products when
the Mg2"/AIRT ratios were larger than 5 and both
gibbsite and brucite were detected for the products
prepared at the Mg2*/AIPT ratios of 1 and 2. The
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difficulty in the removal of the byproducts made it
difficult to determine the chemical compositions of the
products.

In summary, the LDH—deoxycholate intercalation
compounds, which are not available by the conventional
syntheses, have been successfully synthesized by the
present hydrothermal reactions using brucite and gibb-
site as the starting materials. Deoxycholic acid is known
as the host compound that forms molecular channels
and their inclusion complexes have already been docu-
mented.?® Alkylammonium salts of deoxycholate have
also been investigated to construct a three-dimensional
framework.?* The LDH—deoxycholate intercalation com-
pound can be a new class of material and their inclusion
chemistry is worth investigating.
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