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Abstract

Calixarenes are macrocyclic organo anions, which cavity is capable of molecular recognition, while layered double hydroxides (LDHs) are
widely known as hydrotalcite-like compounds, anion exchangers and host—guest materials. In this study, the intercalation of water-soluble
p-sulfonated calix[4]arene (CS4) in the interlayer of the Mg—Al and Zn—Al LDH$*(M ratio = 3) by the coprecipitation method has been
investigated as well as the adsorption property of the resulting CS4/LDHs for benzyl alcohol (BAn@naphenol (NP). It was found that

the CS4/LDHs with the molar ratio of CS4/Al=0.25 (Mg—AIl LDH) and 0.12 (Zn—Al LDH) were obtained as a single phase. The arrangement
of CS4 in the LDH interlayer was different by the kind of the host metal ions as CS4 cavity axis perpendicular (Mg—Al LDH) and parallel
(Zn—-Al LDH) to the basal layer, influencing strongly on the BET surface areadsorbed volume and adsorption property for BA and NP.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction In recent year, much attention has been given to new fam-
ilies of microporous adsorbent resulting from the inorganic
Layered double hydroxides (LDHs) are widely known as layered compounds with polynuclear complex ions or bulky
host—guest materials, anion exchangers, anionic clays andrganic molecule4> LDH is often used as an inorganic host
hydrotalcite-like compounds. The chemical composition of material to synthesize the organic/LDH hybrid material. On
LDHs is generally represented as {M?*M,3*(OH),]** the other hand, the intercalation of the macrocyclic molecules
[A,."~yH20]*~, where M* is a divalent cation such as has great attractiorfs’ As the molecular arrangement in
Mg?*, Zn?*, Co?t, C&*, CU?*, etc., M* a trivalent cation  hybrid material can be regulated by nanoscale level, it has
such as Al*, Cr*, Fe*, Co®*, Mn?*, etc., A~ an anion  the possibility to show the characteristic of not possessing
of charge ¢—) such as OH, CI-, NO3~, CO32~, SO, in each organic substance or inorganic substance. The com-
etc! LDHs consist of positively charged octahedral hydrox- bination of layered material and intercalation technique will
ide layers and an exchangeable interlayer anion with waterhave a possibility of providing new nanohybrid materfals.

molecules It was used as versatile material in medical sci- Calixarenes are macrocyclic molecules of the metacy-
ence, catalysis, separation technology and nanocompositelophanes general class, consisting of several phenol units
materials engineering. (usually four to eight) connected via methylene bridges in

the ortho position with respect to the hydroxyl group as

shown inFig. 1 According to the reports on the applica-
* Corresponding author. Tel.: +81 19 621 6331; fax: +81 19 6216331,  tions of calixarenes, many fundamental studies with these
E-mail address: enarita@iwate-u.ac.jp (E. Narita). supermolecules have been noted and the cylindral-shaped
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which the amount of the adsorbate was two times for CS4
in the LDH. The suspended mixture was shaken &ttor
OH 24 h using a reciprocating shaker.

CH
2 2.3. Characterization of solid product

Powder X-ray diffraction (XRD) measurements were per-

formed on a Rigaku Rint 2200 powder X-ray diffractometer,

using Cu kx radiation ¢ =0.15405nm) at 20 mA, 40kV, a

scanning rate of 2/min, and a 2 angle ranging from 2to
SOsNa 4 70°. Fourier transforminfrared (FT-IR) spectra were obtained
using a JASCO WSJ/IR 7300 FT-IR spectrophotometer by
the standard KBr disk method. Thermogravimetry (TG) and
differential thermal analysis (DTA) were carried out in the
temperature range 30-800 in flowing air at a heating rate
of 10°C/min using a Rigaku TG/DTA 320. Chemical analy-
sis date for Al, Mg and Zn were obtained using a Shimadzu
AA-6650 atomic adsorption spectrophotometer after disso-
lution of the solid products in 0.1 mol/dhiCl solution. The
adsorbates (BA and NP) concentration in supernatant solu-
tion was measured using a Shimadzu TOC-5000 total organic
carbon analyzer (TOC) and a JASCO V-570 UV-vis/NIR
spectrophotometer (UV-vis), respectively. Solid-Stsi@-
CP/MAS NMR spectroscopy was performed at 125.7 MHz
with a Varian Unity INOVA-500.

Fig. 1. Structure of CS4.

calixarenes of varying cavity sizes can form a variety of
host—guest types of inclusion complexes similar to cyclodex-
trins. However, calixarene hostmolecules have a unique com-
position that includes benzene groups, which provide
interaction, and hydroxyl groups for hydrogen bonding.
Shinkai et al. synthesized water-soluble calixarenes carrying
sulfonate groups in 1984 The calixarene cavity is capable
of molecular recognition in solutiol;1* which is of great
interest for application in the remediation of contaminated
groundwater and industrial effluerig!3

In this study, the intercalation of water-soluble

p-sulfonated calix[4]arene (CS4) in the interlayer of the The surface area of the CS4/LDHs was measured by the

A AN
Mg—Al and Zn-Al LDHs (MP*/Al=3) by coprecipitation BET method. The samples were outgassed af Co@r 2 h.

method has peen investigated as we!l as the be'nzyl aICOhOLI'he isotherms using the nitrogen adsorption/desorption were
(BA) and p-nitrophenol (NP) adsorption properties of the measured on a BEL JAPAN BELSORP mini

resulting the CS4/LDHs.

2. Experimental 3. Results and discussion
3.1. Intercalation of calix[4]arene for LDH by

2.1. 1 1 ix[4 LDH
ntercalation of calix[4 ]arene for coprecipitation method

The CS4/LDHs was prepared by the coprecipitation
method under Matmosphere. ¥I'(NOs),-6H,O (M2* = Mg
or Zn) (1.5 mmol) and Al (N@)3-9H,0 (0.5 mmol) were dis-
solved in distilled water (20 cA) and the solution was added
drop-wise to a solution of CS4 (1 mmol) in water (100%m
over 1 h. Solution pH was adjusted by addition of 0.1 moffdm
NaOH solution (pH 10 for Mg—Al, pH 7 for Zn—Al), and the
mixture was aged at 4@ for 1 h. The precipitate was sepa-
rated by centrifugation, washed with distilled water and dried
at 40°C for 24 h in vacuum oven.

The XRD patterns of the CS4/LDHs are showrFig. 2
In these XRD patterns, the solid products were found to have

dooz = 1.61 nm

doos = 0.80 nm
l dogo =0.53 nm

2.2. Adsorption properties of calix[4]arene/LDH dooz =1.33 nm
doog =0.66 nm

dogo = 0.44 nm

Intensity (arbitrary units)

Adsorption experiments were carried out by the batch
method using BA (K3=15.4) and NP (K5 =7.15) as adsor-
bates, non-anionic and anionic species in the adsorption
condition, respectively. The adsorption properties of the I - s '

. . . 0 10 20 30 40 50 60 70
CS4/LDHs were estimated by comparing the adsorption 26(degrees), Cu Ko,
results for two organic adsorbates. The CS4/LDHs (0.05 g) T

were added to the aqueous adsorbate solution (B}dm  rig 2. xRD patterns of (a) Mg—AVCS4/LDH and (b) Zn—AlICS4/LDH.
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Fig. 3. FT-IR spectra of (a) CS4, (b) Mg—AI/CS4/LDH and (c) Zn-Al/

CS4/LDH. Fig. 4. 13C-CP/MAS NMR spectra of (a) CS4, (b) Mg—Al/CS4/LDH and
(¢) Zn—Al/CS4/LDH.

the expanded LDH structure. The basal spaciggg, of the
Mg-Al/CS4/LDH was expanded to 1.33 nm. It indicates that and C2(C-S) peaks shift to lower frequency regions was rec-
CS4 anions are a monolayer thickness in the CS4/LDH. Con-ognized. It suggests that an interaction of the intercalated
sidering the original brucite layer thickness of 0.48 nm, CS4 CS4 with the host hydroxide layers was generated. Moreover,
cavity axis was presumed to orient vertically to the LDH basal the resonance of the cointercalated4£0Owas observed at
layer. In the case of the Zn—Al/CS4/LDHdp3=1.61 nm), 180.2 ppm.
CS4 was thought to orient its cavity axis parallel to the Fig. 5 shows the schematic representation of structure
LDHs basal layer. From chemical composition, only half models of the CS4/LDHs. The CS4/LDHs have two types
of the Zn—Al/LDH interlayer space was occupied by CS4 of micropores the CS4 cavity and intermolecular space. We
molecules, when CS4 rings stacked about 0.85nm apartconsidered two reasons for such difference in the CS4 confor-
within the LDH interlayers. mation. First, the arrangement of CS4 in the interlayer space
The FT-IR spectra of the CS4/LDHs are showrfig. 3. of the LDHs was presumed to be different by the number of
The FT-IR spectra of CS4 and the CS4/LDHs reveal that dissociated OH group ffx1=3.08, Ka>_4>11)1* namely
there is no changes in CS4 structure after the intercalation.the strength of the electrostatic force of attraction between
The weak absorption peaks of methylene bridg&H,— the negative CS4 and the positive LDH basal layer. Synthesis
was observed in the region 2915-2940¢nand the strong  pH of the Mg—Al/CS4/LDH (pH 10) was higher than that
absorption peaks of S—O was observed at 1037-1048.cm  of the Zn—Al/CS4/LDH (pH 7). Therefore, CS4 molecules

A broad absorption peak in the region 3000—-3600 tiis take a perpendicular monolayered arrangement within the
assigned to OH group stretches of both hydroxides for the Mg—AI/LDH interlayers as show irfrig. 5b). Second rea-
basal layer and the interlayer CS4 molecule. son, the formation of Zn—CS4 complexes would obstruct the

The 13C-CP/MAS NMR spectra of the CS4/LDHs are interaction between the dissociated OH groups and the LDH
shown inFig. 4. In thel3C-CP/MAS NMR spectra, C1(C-0) basal layer. The lower rim combined OH groups in CS4 can

CS4-
(pH 10)

(b)

CS4*

Fig. 5. Schematic representation of structure models: (a) CS4, (b) high negative charge (Mg—AI/CS4/LDH) and (c) low negative charge or Zn—-&&# comple
(Zn—Al/CS4/LDH).
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Table 1
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BET surface area andNadsorbed volume and compositional data for the CS4/LDHs

Host BET s.a (fig™1) N, adsored volume (mfAg 1) Molar ration of solid product

Adsorption side Desorption side MAl CS4/AR BA/CS4 NP/CS4
Mg—Al/CS4 22.4 49.6 43.3 3.1 0.25 0.22 0.76
Zn-Al/CS4 79.0 132 161 3.0 0.12 2.10 4.50

a Theoretical molar ratio of the solid product: S4Al=0.20 and CS4/Al=0.14.

be employed to bind transition metal ¥ however, CS4
hardly bind with Mg ion. Therefore, CS4 was considered
to orient its cavity axis parallel to the Zn—Al LDH basal layer
as shown irFig. 5c).

3.2. Adsorption properties of calix[4]arene/LDH

The BET surface area and 2Nadsorbed volume
of the CS4/LDHs are indicated immable 1 and the
adsorption—desorption curves of the CS4/LDHs are also dis-
played inFig. 6. Both features of the CS4/LDHs can be
classified the intermediate type between types Il and IV. This
result indicates that the CS4/LDHs have a mesopore as well
as microporeFig. 7 shows the pore size distribution of the
CS4/LDHs in which a sharp and high peak around 2.0 nm
appears in the desorption curve. Entirely, the pore size dis-
tribution curve was broad and ranged to a micropore side.
The N> adsorbed volume was found to be greater for the
Zn—Al/CS4/LDH than for the Mg—AIl/CS4/LDH. The result

25

A Zn—Al/CS4/LDH desorption
A Zn-Al/CS4/LDH adsorption
O Mg-Al/CS4/LDH desorption
@® Mg-Al/CS4/LDH adsorption

20 §

Adsorbed volume, dVp/dRp (cm®*g ' nm™")

Pore radius, Rp (nm)
Fig. 7. Pore size distributions of the CS4/LDHs.
In the adsorption experiments, the CS4/LDHs were found to

adsorb BA and NP in each aqueous solution with keeping
the LDH structure. The amount of CS4 in the CS4/LDHs

can be explained by the difference in the CS4 arrangementwas not changed before and after the adsorption. For each

in the interlayer space of the LDH. In the BET surface area
measurement, the surface area of the Zn—Al/CS4/LDH was
four times than that of the Mg—AI/CS4/LDH, expecting that
the Zn—Al/CS4/LDH has higher adsorption capacity than the
Mg-Al/CS4/LDH. As a reference, the same measurement
was carried out using the N DHs, no difference between
Mg—Al and Zn-Al/LDHs was observed.

Compositional data for the CS4/LDHs obtained after the
adsorption in aqueous solutions are also indicatd@bie 1

200

A Zn-Al/CS4/LDH desorption
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Fig. 6. Ny adsorption/desorption isotherms for the CS4/LDHs.

adsorbates, the adsorption ability of the Zn—Al/CS4/LDH was
much greater than that of the Mg—AI/CS4/LDH. This result
was similar to the M gas adsorption data.

The adsorption of BA for the Zn—-Al/CS4/LDH was con-
sidered to relate not only to the interlayer space, but also to the
intercalated calixarene cavity. As no adsorption of BA for the
LDHs incorporating inorganic guest anions was observed in
the preliminary experiments, the driving force of BA adsorp-
tion was thought to be based on the presence of CS4 in the
LDH interlayer. In the adsorption of NP, the CS4/LDHs indi-
cated the same tendency. In addition, the adsorbed amount of
NP was higher than that of BA, because NP can be attracted
not only by CS4, but also by the LDH basal layer. The
results suggest that the CS4/LDHs are possible to adsorb
organic non-anionic and anionic molecules. Strict interac-
tion between CS4 molecular and organic adsorbates in the
LDH interlayer is as yet unclear.

4. Conclusions

The investigation has led to a new finding for the inter-
calation of a water-soluble macrocyclic molecule, CS4, in
the interlayer of LDHs. Some of the important findings of
this study can be summarized as follows. (I) The Mg—-Al and
Zn-Al/CS4/LDHs were synthesized by the coprecipitation



S. Sasaki et al. / Journal of the European Ceramic Society 26 (2006) 655-659

method. (II) The amount and arrangement of CS4 was dif-
ferent by the kind of the host metal ions, as CS4 cavity
axis perpendicular (Mg—Al LDH) and parallel (Zn—Al LDH)
to the basal layer. (Ill) The BET surface area angl dés
adsorbed pore volume were larger in the Zn—Al/CS4/LDH
than in the Mg—Al/CS4/LDH. (V) The adsorption ability
for BA and NP in aqueous solution were also larger in the
Zn—-Al/CS4/LDH than in the Mg—AI/CS4/LDH, because of
effective use of the parallel arranged CS4 cavity only in the
Zn—Al/CS4/LDH. (V) The CS4/LDHs have a considerable
possibility as new organic—inorganic hybrid adsorbents for
many organic molecules.

Acknowledgement

The authors are grateful to Mr. S. Takahashi (lwate Univer-
sity) for his helpful assistance in the instrumental analyses.

References

1. Aisawa, S., Hirahara, H., Uchiyama, H., Takahashi, S. and Narita,
E., Synthesis and thermal decomposition of Mn—Al layered double
hydroxides.J. Solid State Chem., 2002,167, 152—-159.

2. Aisawa, S., Takahashi, S., Ogasawara, W., Umetsu, Y. and Narita, E.,

Direct intercalation of amino acids into layered double hydroxides by
coprecipitation./. Solid State Chem., 2001,162, 52-62.

3. Khan, A. I. and O’Hare, D., Intercalation chemistry of layered double
hydroxides: recent developments and applicationsdater. Chem.,
2002,12, 3191-3198.

4. Kijima, T. and Matsui, Y., A new type of host compound consisting of
a-zirconium phosphate and an aminated cyclodexiMmure, 1986,
322, 533-534.

5. Kijima, T., Kato, Y., Ohe, K., Machida, M., Matsushita, Y. and
Matsui, T., Intercalation ofp-aminobenzylated and dimethylammo-

7.

8. Sasaki,

9.

10.

659

niomethylated calix[4]areneoctols by Cu(ll)-montmorillonitBull.
Chem. Soc. Jpn., 1994,67, 2125-2129.

Zhao, H. and Vance, G. F., Intercalation of carboxymefyl-
cyclodextrin into magnesium-aluminum layered double hydroxide.
Chem. Soc., Dalton Trans., 1997, 1961-1965.

Zhao, H. and Vance, G. F., Selectivity and molecular sieving effects
of organic compounds by &-cyclodextrin-pillared layered double
hydroxide.Clays Clay Miner., 1998,46, 712-718.

S., Aisawa, S., Hirahara, H., Sasaki, A. and Narita,
E., Synthesis and adsorption property of calixargrsHfonate-
intercalated layered double hydroxid&Siem. Lett., 2004,33, 790—
791.

Shinkai, S., Mori, S., Tsubaki, T., Sone, T. and Manabe, O., New
water-soluble host molecules derived from calyx[6]areaeahedron
Lett., 1984,25, 5315-5318.

Douteau-Gevel, N., Coleman, A. W. Morel, J.-P. and Morel-
Desrosier, N., Complexation of the basic amino acids lysine and
arganine by three sulfonatocaliffirenes =4, 6 and 8) in water:
microcalorimetric determination of the gibbs energies, enthalpies and
entropies of complexationl. Chem. Soc., Perkin Trans., 1999, 2,
629-633.

11. Bonal, C., Israli, Y., Morel, J.-P. and Morel-Desrosiers, N., Bind-

12.

13.

14.

15.

ing of inorganic and organic cations kysulfonatocalix[4]arene in
water: a thermodynamic study. Chem. Soc., Perkin Trans., 2001,2,
1075-1078.

Shinkai, S., Araki, K., Matsuda, T., Nishiyama, N., lkeda, H.,
Takasu, I. er al, NMR and crystallographic studies of g-
sulfonatocalix[4]arene—guest complek Am. Chem. Soc., 1990,112,
9053-9058.

Arena, G., Contino, A., Gulino, F. G., MagrA., Sciotto, D. and
Ungaro, R., Complexation of small neutral organic molecules by
water soluble calix[4]arenesTetrahedron Lett., 2000, 41, 9327—
9330.

Scharff, J.-P. and Mahjoubi, M., Synthesis and acid-base properties
of calix[4], calix[6] and calix[8]areng-sulfonic acidsNew. J. Chem.,
1991,15, 883-887.

Atwood, J. L., Barbour, L. J., Hardie, M. J. and Raston, C. L.,
Metal sulfonato[4,5]arene complexes: bi-layers, capsules, spheres,
tubular arrays and beyondCoord. Chem. Rev., 2001, 222, 3-

32.



	Synthesis of p-sulfonated calix[4]arene-intercalated layered double hydroxides and their adsorption properties for organic molecules
	Introduction
	Experimental
	Intercalation of calix[4]arene for LDH
	Adsorption properties of calix[4]arene/LDH
	Characterization of solid product

	Results and discussion
	Intercalation of calix[4]arene for LDH by coprecipitation method
	Adsorption properties of calix[4]arene/LDH

	Conclusions
	Acknowledgement
	References


