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Abstract

The sodium salt of hexasulfated -cyclodextrin has been synthesized and intercalated into a magnesium—aluminum layered double
hydroxide by ion exchange. The structure, composition and thermal decomposition behavior of the intercalated material have been
studied by variable temperature X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), inductively coupled
plasma emission spectroscopy (ICP), and thermal analysis (TG-DTA) and a model for the structure has been proposed. The thermal
stability of the intercalated sulfated f-cyclodextrin is significantly enhanced compared with the pure form before intercalation.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Layered double hydroxides (LDHs) are a class of
anionic clays which can be represented by the general
formula [M{L M"(OH),*"(4""),,-mH,0 [1], where
MM and MM are di- and tri-valent metal cations,
respectively. LDHs have positively charged layers and a
wide variety of charge-balancing anionic species, 4",
have been intercalated into the gallery region. As a
result, LDHs are now well established as excellent
anion-exchange materials and their extensive intercala-
tion chemistry has widespread applications in areas such
as heterogeneous catalysis [2,3], optical materials [4,5],
biomimetic catalysis [6,7], and separation science [8,9].

Cyclodextrins are cyclic oligosaccharides of D-gluco-
pyranose that possess a unique structure containing a
non-polar doughnut-shaped ring which can accommo-
date different kinds of compounds in the cavity [10-13].
Cyclodextrins and their derivatives are excellent “host”
components for the microencapsulation of a wide
variety of organic, as well as inorganic, guest molecules
forming host-guest inclusion complexes in aqueous
solution [10]. These compounds have prospective
applications in a variety of fields including pharmaceu-
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ticals, cosmetics, the tobacco industry and environmen-
tal protection [10,14]. They also provide an excellent
model system for mimicking the substrate—specific
interaction of enzymes, and some of them are successful
enzyme models [15,16]. The first report of the use of
cyclodextrin as a “‘guest” component in layered solids
was the incorporation of appropriately modified cyclo-
dextrin in both Cu(IT) montmorillonite and a-zirconium
phosphate [17,18]. In 1998, Zhao and Vance reported
the intercalation of carboxymethyl-f-cyclodextrin in
LDHs as well as its sorption affinity for organic
compounds [19,20].

Sulfated cyclodextrins have been widely used for
enantiomeric separation, either by liquid chromatogra-
phy using columns containing the materials bound to a
solid support [21,22] or by capillary electrophoresis
[23,24]. The intercalation of sulfated cyclodextrins in the
confined interlayer region of LDHs should give rise to a
new type of stationary phase for liquid chromatography
with high chiral selectivity and low degree of leaching.
Pinnavaia [25] has shown that sulfate ions intercalated
in LDHs can be grafted to the layers by mild heating
and if this is possible with the sulfated cyclodextrins
their degree of leaching from the interlayer region could
be further reduced. In this work, the hexasulfated
p-cyclodextrin [represented as NaSOs;-f-CD(6)] has
been intercalated into a magnesium—aluminum LDH.
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The main purpose of this study was to investigate the
interaction between the host layers and the guest as well
as the thermal decomposition of the cyclodextrin after
intercalation.

2. Experimental
2.1. Reagents

All chemicals including Mg(NOs), - 6H,0, Al(NO5), -
9H,0, NaOH, NaNOj;, Na,CO;, CaCOs;, ethanol,
ether, acetone, sulfuric acid and p-cyclodextrin were
analytical grade. f-cyclodextrin was purchased from
Aldrich, and the others from the Beijing Chemical Plant
Limited.

2.2. Synthesis of hexasulfated p-cyclodextrin,
NaSO;-p-CD(6)

NaSO;-4-CD(6), (C4,Hgs035)(SO3Na)e, was synthe-
sized according to the procedure described in the
literature [26] and characterized by elemental analysis.
Found (calculated): C 28.8 (28.9); H 4.2 (3.7); S 11.5
(10.9)%; C/S 6.7 (7.0).

2.3. Synthesis of SO3-p-CD(6)/LDH

The precursor [Mg4Al,(OH);,](NOs), - 4H,0, (Mg/Al-
NO;LDH) was synthesized by a procedure similar to that
described previously [1]. A solution of Mg(NOs), - 6H,O
(32.0g, 0.125mol) and AI(NO;);-9H,O (11.7g,
0.062mol) in distilled, deionized water (200cm?) was
added dropwise over 2h to a solution of NaOH (12.5¢g,
0.310mol) and NaNO; (18.2g, 0.210mol) in water
(250 cm®). The mixture was held at 100°C for 36h. The
precipitate was separated by centrifugation, washed with
water and dried at 60°C for 8 h. Found (calculated): Mg
17.2 (17.4); A19.5 (9.8); Mg/Al 2.1 (2.0).

The SO5-p-CD(6)/LDH was obtained by the method
of ion exchange. A solution of NaSOs-$-CD(6) (1.5¢g,
1 mmol) in distilled, deionized water (50 cm?) was added
to a suspension of Mg/Al-NO;LDH (1.0g, ca. 2mmol)
in distilled, deionized water (50cm?) and the mixture
heated at 65°C under a nitrogen atmosphere for 39 h.
The product was washed extensively with water,
centrifuged and dried at 60°C. Found (calculated for
Mgo 70Alp 30(OH)2(SO3--CD(6))0.05(CO3)0.01(NO3)o 01 -
0.04H,0): Mg 13.58 (13.68); Al 6.82 (6.75); C 20.33
(20.28); H 3.98 (4.64); S 7.69 (7.64); N 0.13 (0.14);
Mg/Al 2.21 (2.25); C/S 7.06 (7.09).

2.4. Characterization

Powder X-ray diffraction (XRD) measurements were
performed on a Rigaku XRD-6000 diffractometer, using

CuKa radiation (A =0.154nm) at 40kV, 30mA. The
samples as unoriented powders were scanned in steps of
0.02° in the 20 range 3—70° using a count time of 4 per
step. The variable temperature XRD patterns of SO;-f-
CD(6)/LDH were obtained after heating the sample in
the diffractometer for 20min at the appropriate
temperature.

Fourier transform infrared (FT-IR) spectra were
recorded using a Bruker Vector22 spectrophotometer
in the range 4000-400 cm ™' with 2cm ™! resolution. The
standard KBr disk method (1 mg of sample in 100 mg of
KBr) was used.

Thermogravimetric analysis and differential thermal
analysis (TG-DTA) were measured on a PCT-1A
thermal analysis system with a heating rate of 10°C/min.

Metal analysis was performed with a Shimadzu ICPS-
7500 instrument. C, H, N content was determined using
an Flementarvario elemental analysis instrument.

3. Results and discussion

3.1. Determination of the degree of substitution
of NaSO;--CD

The sulfated cyclodextrin NaSOj3--CD was prepared
by the literature method [26]. The degree of sulfation
was determined from the carbon/sulfur ratio [22].

3.2. Structure of SO3-p-CD(6)/LDH

The X-ray diffraction patterns of the original Mg/Al-
NO;LDH and the product of intercalation with NaSOs-
p-CD(6) are shown in Fig. 1. In each case, the reflections
can be indexed to a hexagonal lattice with R-3m
rhombohedral symmetry, commonly used for the
description of LDH structures. Table 1 lists the basal
spacings and lattice parameters. The value of the lattice
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Fig. 1. XRD patterns of (a) Mg/Al-NO;LDH and (b) SO3-5-CD(6)/
LDH.
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Table 1
Lattice parameters for SO3-$-CD(6)/LDH and Mg/Al-NO; LDH

Lattice parameter SO;-3-CD(6)/LDH Mg/Al-NO;LDH

d(m/nm 1.578 0.862
dyos/nm 0.773 0.440
dooo/nm 0.514 0.260
dyo/nm 0.152 0.152
Lattice parameter a¢/nm 0.305 0.305
Lattice parameter ¢/nm 4.733 2.286

parameter a is a function of the average distance
between the metal ions and thus, since AI*" is smaller
than Mg?*, gives an indication of the Mg /AI’* ratio.
The value a of the intercalation product is identical to
that of the precursor, 0.305 nm, indicating that there is
no significant change in Mg”>* /A’ * ratio on intercala-
tion of SO3--CD(6) anions. This is confirmed by
analytical data (vide infra). The Mg/AI-NO;LDH
precursor has an XRD pattern similar to those reported
previously [27,28], with an interlayer spacing (dyo3) of
0.862nm. After intercalation of SOs-f-CD(6) anions,
the interlayer distance increased to 1.578 nm. Since the
thickness of the LDH hydroxide basal layer is 0.480 nm
[28], the gallery height is 1.098 nm.

As shown in Fig. 1b, the strongest peak is the (006)
reflection, while the (003) reflection has the strongest
peak intensity in the diffraction pattern of the LDH
precursor. This is possibly related to the presence of an
LDH-CO3~ impurity phase which is often observed
even when intercalation reactions are carried out under
nitrogen. The peak around 20 = 11° may be a super-
position of the (003) reflection of CO3~ LDH and the
(006) reflection of SO3-3-CD(6)/LDH, accounting for its
enhanced intensity. The peak around 20 = 23°can be
assigned to the (006) reflection of CO3~-LDH. This will
be discussed further below. There are also very weak
reflections around 26 = 14° and 28°, the origin of which
is discussed below.

Cyclodextrin should be regarded as truncated cone
rather than a cylinder [29]. There are seven primary and
14 secondary hydroxyl groups along the S-cyclodextrin
cavity. The primary hydroxyl groups, which are located
on the narrow side of the cyclodextrin ring, are more
readily substituted than the secondary hydroxyl groups
and therefore, for Na SO;-$-CD(6), the six sulfate
groups can be assumed to be on this side. f-cyclodextrin
has an approximate torus thickness of 0.78 nm, an outer
diameter of 1.53nm and an inner diameter of 0.78 nm
[29]. Considering the dimensions of the f-cyclodextrin
molecule and the rule of charge balance, the SOs;-f-
CD(6) anions can only adopt a monolayer arrangement
with its cavity axis perpendicular to the LDH layer and
sulfate groups on adjacent cyclodextrin molecules
attached alternately to the upper and lower LDH layer
surfaces. This is similar to the arrangement reported by
Zhao and Vance for a tetradecasubstituted carboxy-
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Fig. 2. A schematic representation of the possible arrangement for
SO;--CD(6)/LDH.

methyl-$-CD, where the gallery height was found to be
1.07 nm [19]. A schematic representation of the probable
arrangement for SO3-$-CD(6)/LDH is shown in Fig. 2.

3.3. Chemical composition

Elemental analysis data suggest that the chemical
composition of SO3-f-CD(6)/LDH is Mg, ;0Aly30(OH),
(SO;3-B-CD(6))0,05(CO3 ) 01 (NO3 ) g - 0.04H0. It can
be seen that not all of the NO3 anions have been
exchanged by SO;-$-CD(6), which has been observed by
other authors in studies of intercalation of large anions
in Mg/AI-NO;LDH precursors [30,31]. Some CO3~
containing LDH coexists with the SO3-$-CD(6)/LDH,
which is consistent with the XRD results. The total
exclusion of carbonate from the interlayer space of
LDHs is known to be difficult, which can be readily
explained on the basis of the favorable lattice stabiliza-
tion enthalpy associated with the small and highly
charged CO3~ anions [32].

3.4. Investigation of the host—guest interaction
by FT-IR spectroscopy

The FT-IR spectra of -CD, NaSO;-$-CD(6), Mg/
Al-NO3;LDH and SO3-f-CD(6)/LDH are shown in Fig. 3,
and the main absorption bands are listed in Table 2.

Compared with p-CD [33] (Fig. 3a), the spectrum of
NaSO;--CD(6) (Fig. 3b) shows a strong band at
1267cm ™! and a weak one at 1058 cm ™!, which can be
attributed to SO, and C-O-S stretching vibrations,
respectively [34]. A broad strong absorption band
centered at 3427cm~! is observed, which can be
attributed to the stretching vibrations of hydroxyl
groups and physically adsorbed water [35]. The absorp-
tion at 2923cm ! is due to the stretching vibration of
CH,, and that at 1659cm™' results from the HOH
bending of physically adsorbed water. Bands at 1159,
1027 and 943cm ™! can be assigned to the vibration of
C-0O and C-O-C in the glucose units and the C-O-C
ring vibrations, respectively [34].

The FT-IR spectrum of the Mg/Al-NO;LDH
(Fig. 3d) is similar to that reported in the literature
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[27,28]. The very broad absorption band centered at
3467 cm ™' can be assigned to OH stretching vibrations
of hydroxyl groups, water molecules in the interlayer,
and physically adsorbed water [22]. The shoulder
present at 2967cm ' is caused by hydrogen bonding
of water to NO3 groups in the interlayer space, and the
1650cm ™" band is mainly due to HOH bending of
physically adsorbed water molecules [35]. By compar-
ison with the spectrum of the LDH-nitrate precursor
(Fig. 3d), the very broad absorption band centered at
3467cm™' in the spectrum of SO;-p-CD(6)/LDH
(Fig. 3c) can be assigned to OH stretching vibrations
of hydroxyl groups, water molecules in the interlayer,
and physically adsorbed water [35]. The absorption
maxima at 1254 and 1059 cm ™' can be attributed to the
stretching vibrations of SO, and C-O, respectively.
Compared with NaSO;-3-CD(6), the stretching vibra-
tions of SO, and C-O in SO3-$-CD(6)/LDH are shifted
13 and 5cm ™' to low frequency, respectively. This may
be related to the formation of hydrogen bonds between
the SO;-p-CD(6) anions and host layers and/or inter-
layer water molecules. The AI-O and Mg-O lattice
vibrations can be observed at 826 and 668cm™' [36].
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Fig. 3. IR spectra of (a) -CD, (b) NaSO3-4-CD(6), (c) SO5-p-CD(6)/
LDH and (d) Mg/AI-NO;LDH.

The absorption band at 1383cm ™' can be assigned to a
superposition of the NO3 and CO3~ stretching vibra-
tions, in agreement with the XRD and elemental
analysis data.

3.5. Thermal decomposition studied by variable
temperature XRD and TG-DTA

The XRD patterns of SO3-$-CD(6)/LDH calcined at
various temperatures are shown in Fig. 4. The variation
in the dy3 basal spacing of SOs-f-CD(6)/LDH with
temperature is shown in Fig. 5. It can be observed in
Fig. 4 that the 003, 006 and 009 diffraction peaks of
SO;5--CD(6)/LDH move to higher angle with increas-
ing temperature. There are two sharp decreases in the
basal spacing as shown in Fig. 5. The first is from 20°C
to 150°C with the value decreasing from 1.578 to
1.401 nm. This decrease is related to the destruction of

I/ICPS
{;0

10 20 30 40 50 60 70
2theta/deg

Fig. 4. XRD patterns of SO;-f-CD(6)/LDH calcined at various
temperatures.

Table 2
IR data for f-CD, NaSO;-$-CD(6), SO;--CD(6)/LDH and Mg/AlI-NO;LDH
Type of vibration/cm™ p-CD NaSO;-$-CD(6) SO;-$-CD(6)/LDH Mg/Al-NOsLDH
VOH 3343 (s) 3427 (vs) 3467 (vs) 3464 (s)
UCH, 2923 (vs) 2923 (s) 2935 (w)
OCH, 1410 (m) 1410 (vw)
don 1340 (m) 1340 (vw)
vC-0 1156 (m) 1159 (m) 1155 (m)
ve—c (skeletal stretching) 1079 (w) 1079 (w) 1079 (vw)
VC-0-C 1027 (s) 1027 (m) 1027 (m)

946 (w) 943 (w) 942 (w)
VS0, 1267 (s) 1254 (s)
US-0-C 1058 (w) 1059 (s)

1383 (m) 1384 (vs)

Al-O (lattice vibration) 826 (w) 826 (w)
Mg-O (lattice vibration) 668 (s) 662 (s)

vs: very strong; s: strong; m: medium.; w: weak; vw: very weak.
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Fig. 5. The relationship between the dy; basal spacing and
temperature for SO;3--CD(6)/LDH.

the hydrogen bonding area as a result of deintercalation
of interlayer water molecules. The second fall is from
200°C (1.384nm) to 300°C (1.119nm), which can be
attributed to the decomposition of SO5--CD(6) anions.
The XRD patterns obtained in the range 350-500°C
reveal that the LDH layer structure has broken down
giving an amorphous material. The SOs--CD(6) has
decomposed completely at these temperatures which can
be confirmed by the black color that the samples take
on. From 600°C to 700°C the sample color becomes
white indicating that combustion of the organic
component has occurred. At temperatures above
400°C, reflections arising from a poorly crystalline
MgO phase appear at about 43° and 63° (marked
with+), as has been reported elsewhere [37].

The weak reflections around 20 = 14° and 28° appear
to result from an impurity phase rather than a sublattice
contribution, as their position does not alter as the
temperature is raised from 20° to 400°C (Fig. 4).

The TG and DTA curves for the pure NaSOs;-f-
CD(6), the Mg/Al-NO;LDH precursor and the resulting
SO5-f-CD(6)/LDH complex are shown in Figs. 6 and 7
respectively. The NaSOs-f-CD(6) precursor (Fig. 6¢)
exhibits three weight loss events. The first event
(50-100°C) has been attributed to the loss of adsorbed
and cavity water [19]; the second sharp event (200—
230°C) is due to the decomposition of NaSOs--CD(6)
and is accompanied by an endothermic peak in the DTA
curve (Fig. 7¢); the third weight loss (230-420°C) is the
result of combustion of NaSO3--CD(6), with a
corresponding strong exothermic peak in the DTA
curve (Fig. 7c). The Mg/Al-NO;LDH precursor also
exhibits three weight loss stages. The first (100-120°C)
and second (150-300°C) correspond to the removal of
surface water (from both the internal gallery surface and
the external surfaces); the third (300-520°C) is due to

Percent weight remaining (%)

T T T T T T
100 200 300 400 500 600 700
Temperature( C)

Fig. 6. TG curves for (a) Mg/Al-NO;LDH, (b) SO;--CD(6)/LDH
and (c) NaSOj3-$-CD(6).
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Fig. 7. DTA curves for (a) Mg/AI-NO;LDH, (b) SO;--CD(6)/LDH
and (c) NaSO;-$-CD(6).

dehydroxylation of the brucite-like layers as well as
decomposition of the NO3 anions [19]. The DTA curve
is not very distinctive, showing two very weak en-
dothermic peaks (Fig. 7a) at 320° and 370°C, respec-
tively. The thermal decomposition of the SO5-5-CD(6)/
LDH complex is characterized by four steps (Fig. 6b):
the first (90-150°C) is due to loss of both adsorbed water
and SO3-$-CD(6) cavity water molecules which is
accordance with the variation in XRD patterns in this
temperature range (Fig. 4); the second (150-250°C) is a
consequence of both the decomposition of the SO;-f-
CD(6) anions which, by consideration of the changes in
the dyy; basal spacing of SO3-S-CD(6), begins around
200°C (Fig. 5a) and the elimination of interlayer water,
with a corresponding weak exothermic peak in the DTA
curve (Fig. 7b); the third (250-540°C) can be attributed
to dehydroxylation and decomposition of SO5--CD(6)
anions, which is complete at 300°C according to the
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XRD patterns, and the collapse of the LDH structure
above 350°C. The fourth stage (620-670°C) can be
attributed to the combustion of SO3--CD (6), with a
corresponding strong exothermic peak in the DTA
(Fig. 7b). Compared to the third stage decomposition of
pure NaSO;-$-CD(6) (Fig. 7c), the combustion tem-
perature of interlayer SO3-$-CD(6) is increased by some
250°C through intercalation. This significant increase in
thermal stability of NaSO;--CD(6) may be a result of
the host—guest interactions present after intercalation or,
since the IR spectra (vide supra) show little change on
intercalation, may indicate that diffusion of oxygen is
restricted by the presence of the host layers.

4. Conclusion

SO53-p-CD(6)/LDH has been obtained by the inter-
calation of hexasulfated f-cyclodextrin into magnesium—
aluminum layered double hydroxide by the method of ion
exchange. XRD was used to confirm the intercalated
structure, with dyp; = 1.578 nm. Considering the dimen-
sions of the f-cyclodextrin molecule and the rule of
charge balance, the SOs-f-CD(6) anions must adopt a
monolayered arrangement with their cavity axis perpen-
dicular to the LDH layer and sulfate groups on adjacent
cyclodextrin molecules attached alternately to the upper
and lower LDH layer surfaces. A schematic model of the
intercalation structure has been proposed. The interac-
tion between host and guest was investigated by FT-IR
spectroscopy. The thermal decomposition of intercalated
SO;-p-CD(6) was investigated by variable temperature
XRD and TG-DTA measurements. Compared with the
pure form, the thermal stability of SOs5-f-CD(6) is
enhanced after intercalation and its combustion tempera-
ture increased by 250°C.
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