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The intercalation of water-soluble carboxymethyl calix[4]arene (CMCS) in the interlayer of the Zn-Al layered double hydroxides powder

carboxymethyl calix[4]arene in the interlayer galleries of layered double hydroxides. In both powder and film samples, carboxymethyl
calix[4]arene molecules adopt a monolayer arrangement, with the axis of the cavity perpendicular to the layered double hydroxides
sheets. The SEM images indicate that the ab-face of layered double hydroxides microcrystals is predominantly perpendicular with respect
to the porous anodic alumina substrate. Compared with the CMCS-LDHs powder sample, the structured CMCS-LDHs film exhibits the
advantages of more convenient operation. This carboxymethyl calix[4]arene functionalized inorganic layered film may have potential

INTRODUCTION

Layered double hydroxides (LDHs) are a class of ionic
lamellar compounds made up of positively charged brucite-
like layers with an interlayer region containing charge compen-
sating anions and solvation molecules. In the layered double
hydroxides layers, the metal cations occupy the centers of
edge sharing octahedra, whose vertexes contain hydroxide
ions that connect to form infinite 2D sheets. Layered
double hydroxides can be represented by the general formula
[M*_ M* (OH),]**(A™s)-mH,0, where M** and M** are
divalent and trivalent metal cations, such as Mg**, Ni**, Zn*",
Co?, Fe**, Ca™, Mn*, Cu* and AI’*, Ga™, respectively, A™ is
an anion, such as CO:*, SO,*, or NO; . Layered double
hydroxides have recently received increasing attention, owing
to their versatility and usefulness in a wide range of techno-
logical applications such as catalysis®, functional materials’,
two-dimensional solid-state nanoreactors®, bioactive nanocom-
posites’, efc.

In the commonly observed powder form, layered double
hydroxides have a house-of-cards structure involving edge-
to-face particle interactions, which limits their research and
application. The most effective solution to this problem may
be preparation of layered double hydroxides film on substrates.
Pinnavaia et al.'” found that the colloidal layered double
hydroxides suspensions obtained by hydrolysis of alkoxide
intercalated layered double hydroxides derivatives were able
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to form transparent film. Li e al."" were the first to assemble
Mg-Al layered double hydroxides nanosheets by layer-by-
layer methods with an anionic polymer, poly(sodium styrene
4-sulfonate) (PSS), onto the solid surface to produce ultrathin
nanocomposite films''. In the recent years, there have been
rising research interests in the fabrication of thin films from
layered double hydroxides nanosheets by the layer-by-layer
method and such fabricated thin films have been used in many
fields such as luminescence'*", electrocatalysis'*"®, fluore-
scence chemosensors'®, bioanalysis and biodetection'’,
antireflection coatings'® and inorganic sandwich-layered
materials'**. Our group has recently reported fabrication of
CMCD-LDHs film with the c-axis parallel to the substrate, by
means of employing porous anodic alumina/aluminum as both
substrate and sole source of aluminum. Furthermore, this film
can be used to enantioselectively separate racemic molecules,
1-phenyl-1,2-ethanediol (PED) and included fullerene by the
CMCD on the surface of layered double hydroxides®"*.
Calixarenes are macrocyclic molecules of the metacyclo-
phanes, consisting of several phenol units (usually four to eight)
connected via methylene bridges in the ortho position with
respect to the hydroxyl group™?. The word calixarene is
derived from calix or chalice because this type of molecule
resembles a vase and from the word arene that refers to the
aromatic building block. They are characterized by a three-
dimensional basket, cup or bucket shape?*. In calix[4]arenes,
the internal volume is around 10 cubic nanometers. Calixarenes
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have a hydrophobic cavity that can hold smaller molecules or
ions and belong to the class of cavitands known in host-guest
chemistry. Moreover, calixarene host molecules have a unique
composition that includes benzene groups, which provide -7
interaction and hydroxyl groups for hydrogen bonding. The
calixarene cavity is capable of molecular recognition in
solution”*, which is of great interest for application in the
remediation of contaminated groundwater and industrial
effluents. Calixarenes are also used in commercial applications
as sodium selective electrodes for the measurement of sodium
levels in blood. Recently, it was found that the calixarene can
be used to form complexes with cadmium, lead, lanthanides,
actinides and include the Cg and Cy, fullerene to form a ball-
and-socket supramolecular complex®'*,

In this study, the intercalation of water-soluble
25,26,27,28-tetrakis(Carboxymethyl) calix[4]arene (CMCS)
in the interlayer of the Zn-Al layered double hydroxides
powder and film (CMCS-LDHs powder and CMCS-LDHs
film) by the methods of anion-exchange and in situ crystalli-
zation on a porous anodic alumina/aluminum (PAO/Al)
substrate have been investigated. The CMCS-LDHs nano-
crystals can be conveniently used for manipulation as
structured adsorbents and molecules container. Furthermore,
in the film, the ab-face of CMCS-LDHs microcrystals is
perpendicular to the substrate and the edges of layered double
hydroxides plates are exposed to the outside, which is more
favourable to adsorb solute or inclusion molecules from outside
solution.

EXPERIMENTAL

All chemicals including Zn(NOs),-6H,0O, NH4NO;,
NH;-H,O, chloroactic acid, calix[4]arenes were of analytical
grade. They were purchased from the Beijing Chemical Plant
Limited. Aluminum metal sheet was purchased from Shanghai
Jing Xi Chemical Technology Co. Ltd., purity: > 99.5 %, thick-
ness: 0.1 mm.

Synthesis of 25,26,27,28-tetrakis(carboxymethyl)
calix[4]arene (CMCS): CMCS was synthesized according to
the procedure described in the literature™ with some modifi-
cations. To a refluxing suspension of calix[4]arene (3.00 g,
6.80 mmol) and Cs,CO; (13.3 g, 40.5 mmol) in dry acetone
(220 mL) was added dropwise a solution of chloroactic acid
(5.13 g, 54.3 mmol) in dry acetone (70 mL) over 3 h under
nitrogen atmosphere. The reaction mixture was refluxed for
an additional 30 h. After cooling of the reaction to room
temperature, the salt was filtered off and the solvent was
removed in vacuo. The reaction mixture was extracted three
times with 100 mL of CH,Cl,, washed twice with water and
dried over anhydrous MgSO, and then the solvent was removed
in vacuo. The crude product was chromatographed on silica
gel using a mixture of ethyl acetate and n-hexane (1:5) as an
eluent. Recrystallization from CH,Cl,/n-hexane (1:30, v/v)
gave a white crystalline solid in 18.3 % yield (0.752 g).

Synthesis of CMCS-LDHs powder: The precursor NOs-
LDHs was prepared by a coprecipitation method similar to
that reported previously****. A solution of Zn(NO;), (0.12 mol)
and AI(NOs;); (0.06 mol) in deionized water (200 mL) was
added dropwise over 2 h to a solution of NaOH (0.31 mol)

and NaNO; (0.21 mol) in water (100 mL). The white preci-
pitate was obtained collected by centrifugation, washed
thoroughly and stored to be used later in an anion-exchange
reaction. CMCS-LDHs was obtained by the method of ion
exchange®?. A solution of CMCS (2.5 g) in deionized water
(50 mL) was added to a suspension of NOs-LDHs (10.0 g) in
water (100 mL) and the pH of the solution was kept at 6 by
adding 0.1 mol/L NaOH solution or 0.1 mol/L HNOs; solution
during the reaction. The mixture was heated at 60 °C under a
nitrogen atmosphere for 48 h. The solid was washed thoroughly
with deionized water, centrifuged and dried at 70 °C for 20 h.
This product is CMCS-LDHs powder.

Synthesis of CMCS-LDHs film: The CMCS-LDHs film
was prepared by in situ crystallization® on a porous anodic
alumina/aluminum (PAO/AI) substrate. The porous anodic
alumina film was fabricated by anodizing an aluminum metal
sheet for 1 h in a thermostatic bath of 1 M H,SO, at a tempe-
rature of 25 °C and with a current density of 20 mA ¢cm™. In
this experiment, PAO/Al was used as both the substrate and
the sole source of aluminum. In a typical procedure, 0.01 mol
of Zn(NOs),-6H,0, 0.06 mol of NH,NO; and 0.002 mol of
CMCS were dissolved in deionized water to form a clear
solution with a total volume of 100 mL and the pH was adjusted
to 6.5 by adding diluted ammonia (1 % NH4OH). The PAO/Al
substrate was then placed vertically in the solution at 70 °C
for 48 h, to obtain the CMCS-LDHs microcrystals grown on
the surface of the substrate. Finally, the substrate was taken
out, rinsed with water and dried at room temperature. Based
on the difference between the initial and final mass of the
substrate, the weight of CMCS-LDHs film per unit area of the
substrate was calculated to be 3.12 x 107 kg/m?.

Characterization of the CMCS-LDHs powder and
film: Powder X-ray diffraction (XRD) patterns of the samples
were recorded using a Shimadzu XRD-6000 diffractometer
with CuK, radiation (A = 1.5406 A). The operating voltage
and current were 40 kV and 30 mA, respectively. The step
used was 0.02° s in the 26 range from 2 to 70°. The morpho-
logy of the CMCS-LDHs film was investigated by using a
scanning electron microscope with an EDX attachment (SEM:
Hitachi S-4700, EDX: Genesis 60). Fourier transform infrared
(FT-IR) spectra were recorded using a Bruker Vector22
spectrophotometer in the range 4000-400 cm™ with 2 ¢cm™
resolution. The standard KBr disk method (1 mg of sample in
100 mg of KBr) was used. Metal analysis was performed by
inductively coupled plasma (ICP) emission spectroscopy on a
Shimadzu ICPS-7500 instrument using solutions prepared by
dissolving the samples in dilute HCI. Carbon, hydrogen and
nitrogen analyses were carried out using an Elementarvario
elemental analysis instrument.

RESULTS AND DISCUSSION

The chemical compositions of the CMCS-LDHs are
indicated in Table-1. The metal ratio of all the CMCS-LDHs
powder agreed with the mixed ratio (Zn**/AI**= 2:1). On the
other hand, the metal ratio of the CMCS-LDHs film is obvi-
ously lower than 2:1, which can be explained by the ALLO;
scrapped from the porous anodic alumina/aluminum (PAO/
Al) substrate.
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TABLE-1
CHEMICAL COMPOSITION OF THE CMCS-LDHs

Chemical formula

Zn/Al

TABLE-2
LATTICE PARAMETERS OF THE CMCS-LDHs
POWDER AND THE CMCS-LDHs FILM

Lattice Parameter (nm) CMCS-LDHs powder ~ CMCS-LDHs film

CMCS-LDHs [(Z0**)o,67( ATy 5(OH),]***(CMCS*) 2.03
Powder 0.0s25°3H,0
CMCS-LDHs [(Zn*")g,51(AI*), 35(OH),|***(CMCS*) 1.56
Film 0.0075°3H,0

X-ray diffraction of CMCS-LDHs film: The CMCS
intercalated layered double hydroxides was synthesized as
described in the experimental part. Fig. 1 illustrates the XRD
patterns of the PAO/ALI substrate, the CMCS-LDHs film as
well as the CMCS-LDHs powder and the lattice parameters
are listed in Table-2. The sequence of (003), (006) reflec-
tions at low angle and the (012) reflection at high angle for
the powder and film (Fig. 1b and 1c) indicates formation of
well-crystallized hydrotalcite-like layered double hydroxides
phase. The reflection can be indexed to a hexagonal lattice
with R-3m rhombohedral symmetry, commonly used for the
description of layered double hydroxides structures. The
interlayer distance of CMCS-LDHs powder and film is 1.817
and 1.844 nm, which are larger than that of NOs;-LDHs™.
These results confirm the intercalation of CMCS in the
interlayer galleries of layered double hydroxides. Moreover,
The interlayer distance of CMCS-LDHs are slightly larger
than that of the p-sulfonated calix[4]arene intercalated
layered double hydroxides®. The reason for this is that the
CMCS molecule is longer than p-sulfonated calix[4]arene.
Since the thickness of the layered double hydroxides hydro-
xide basal layer is 0.480 nm, the gallery height is 1.337 and
1.364 nm. CMCS are characterized by a three-dimensional
basket shape, which has an approximate torus thickness of
0.731 nm. Taking into account the dimensions of 25,26,27,28-
Tetrakis (carboxymethyl) calix[4]arene molecule and the rule
of charge balance, the CMCS anions can only adopt a mono-
layer arrangement with their cavities axis perpendicular to
the layered double hydroxides layer and carboxymethyl
groups on adjacent CMCS molecules attached alternately to
the upper and lower layered double hydroxides layer surfaces
(Fig. 2).
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Fig. 1. XRD patterns of (a) the PAO/AI substrate, (b) the CMCS-LDHs
film, (c) the CMCS-LDHs powder. Asterisk denotes the reflections
of Al substrate
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Fig. 2. Schematic representation of the possible arrangement of CMCS-LDHs

Infrared spectroscopy: The FT-IR spectra of CMCS and
the CMCS-LDHs powder are shown in Fig. 3. In the infrared
spectrum of the as-synthesized sodium salt of CMCS, a broad
strong absorption band at 3444 cm™ is observed, which can be
attributed to OH combination stretching vibrations of hydroxyl
groups and physically adsorbed water. An absorption at 2929
cm is due to the stretching vibration of -CH,. Two strong bands
at 1599 and 1554 cm™ are attributed to the stretching vibrations
of C=C in the benzene ring. The band at 1415 cm™ is attributed to
the symmetric stretching vibrations of carboxylate -COO-. Bands
at 1160, 1036 cm™ are assigned to absorption of C-O, C-O-C of
CMCS. In the case of the CMCS-LDHs powder, most bands of
CMCS show no obvious change upon intercalation into layered
double hydroxides (Fig. 3b). The symmetric stretching band of
-COO- moves slightly toward to low frequency, at 1400 cm™. This
spectral change may be related to the formation of hydrogen bond-
ing between the carboxylate and the hydroxyl in layered double
hydroxides layer. Moreover, the metal-hydroxyl (M-OH) stretch-
ing modes of layered double hydroxides layer appear at 425 cm'™.
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Fig. 3. FT-IR spectra of (a) the CMCS, (b) the CMCS-LDHs powder
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SEM and EDX: The morphology of the PAO/Al substrate
and CMCS-LDHs film was studied by scanning electron micro-
scopy (SEM). The top surface (Fig. 4A) is the CMCS-LDHs
film after crystallization on the PAO/ALI substrate at 70 °C for
48 h. The curved hexagonal faces of the layered double hydro-
xides microcrystal can be clearly observed perpendicular to the
substrate over the entire substrate surface. The edge-view of the
CMCS-LDHs film (Fig. 4B) demonstrates that only a mono-
layer of the layered double hydroxides crystals with a thickness
of ca. 0.5 pm was assembled on the PAO/AI substrate. These
images indicate that the ab-face of layered double hydroxides
microcrystals is predominantly perpendicular with respect to
the substrate. This observation can be confirmed by energy
dispersive X-ray (EDX) analysis, displayed in Fig. 4C. The Zn/
Al distribution ranges from 1.3 to 2.0 along EDX line scanning
over the layered double hydroxides film and a part of the PAO/
Al substrate. At depths below 500 nm, however, the Zn profile
of the EDX rapidly decreases to almost zero, indicating the
absence of the Zn species inside the substrate.
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Fig. 4. SEM images of (A) surface-view of the CMCS-LDHs film on PAO/
Al substrate, (B) edge-view of the CMCS-LDHs film, (C) the energy
dispersive X-ray line scan of the edge-view of the film

Conclusion

The investigation has led to a new finding for the interca-
lation of a water-soluble macrocyclic molecule, CMCS, in the
interlayer of layered double hydroxides. In both powder and
film samples, CMCS molecules adopt a monolayer arrange-
ment, with the axis of the cavity perpendicular to the layered
double hydroxides sheets. The XRD results show that the basal
spacing of the resulting CMCS-LDHs material is larger than
that of NO;-LDHs. These results confirm the intercalation of
CMCS in the interlayer galleries of LDHs. The SEM images
indicate that the ab-face of layered double hydroxides micro-
crystals is predominantly perpendicular with respect to the
substrate. Compared with CMCS-LDHs powder sample, the
structured CMCS-LDHs film exhibits the advantages of more
convenient operation. It can be expected that this CMCS
functionalized inorganic layered film may have potential
application in the field of industrial adsorption, separation and
inclusion.
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