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Abstract

The intercalation of non-ionized guest pentoses (ribose and 2-deoxyribose) into the Mg—Al and Zn—Al layered double hydroxides
(LDHs) was carried out at 298 K by the calcination-rehydration reaction using the Mg—Al and Zn—Al oxide precursors calcined at
773 K. The resulting solid products reconstructed the LDH structure with incorporating pentoses, and the maximum amount of
ribose intercalated by the Mg—Al oxide precursor was approximately 20 times that by the Zn—Al oxide precursor. The ribose/Mg—Al
LDH was observed to have the expanded LDH structure with a broad (003) spacing of 0.85nm. As the thickness of the LDH
hydroxide basal layer is 0.48 nm, the interlayer distance of the ribose/Mg—Al LDH is 0.37 nm. This value corresponds to molecular
size of ribose in thickness (0.36 nm), supporting that ribose is horizontally oriented in the interlayer space of LDH. The maximum
amount of ribose intercalated by the Mg—Al oxide precursor was approximately 5 times that of 2-deoxyribose. Ribose is substituted
only by the hydroxyl group at C-2 position for 2-deoxyribose. Therefore, the number of hydroxyl group of sugar is essentially
important for the intercalation of sugar molecule into the LDH, suggesting that the intercalation behavior of sugar for the LDH was
greatly influenced by hydrogen bond between hydroxyl group of the intercalated pentose and the LDH hydroxide basal layers.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Layered double hydroxides (LDHs), alternately
known as anionic clays, and their intercalation com-
pounds have received considerable attention in recent
years in view of their potential technological importance
as catalysis, electrode, optical memory, separator,
adsorbent, and new nanocomposite materials [1-10].
LDH is available as both naturally occurring minerals
and synthetic materials. The general composition of
these intercalation materials can be represented as
[Mi", M3 (OH),J[(A" )y/n- yHOl, where M*>* and
M>" represent metallic cations such as Mg>", Ca*",
Cu®t, Mn?", Ni*", Zn®*, and AP", C*F, Fe*,
Mn?®*, Co®", respectively. A"~ is an anion of charge n
such as CI-, CO3~, NO3, SO3 ™, and organic anions. x
value is equal to the molar ratio of M> " /(M>* + M ™).
The crystal structure consists of positively charged
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brucite-like octahedral hydroxide basal layers, which
are electrically neutralized by the interlayer anions and
water molecules occupying interlayer spaces [11,12].
Recently, the use of LDH as host material for the
synthesis of organic—inorganic host—guest supramolecu-
lar structure has received great interest. The intercala-
tion of organic compounds into LDH has been
investigated from a wide range of scientific and practical
interests, especially because of the nanostructures of the
resulting intercalation compounds [13-16]. The inter-
calation of organic anions into LDH has been accom-
plished by the following methods: (I) an ion-exchange
reaction with LDH containing monovalent anions such
as chloride or nitrate [17-19], (II) a rehydration reaction
of the calcined M>*—M>" oxide precursor in the
presence of an organic anions [18,20,21], (III) a
coprecipitation reaction in which the LDH sheet is
grown in the presence of the organic anion with
exclusion of carbonate [18,22,23], and (IV) a thermal
reaction, which mechanism is depend upon the removal
of the interlayer carbonate anions with increasing the



S. Aisawa et al. | Journal of Solid State Chemistry 174 (2003) 342348 343

temperature under above melting point of organic
anions [24,25]. One of the most interesting features of
the LDH is that the M>" —M>" oxide precursor, which
is produced by the thermal decomposition of the CO3/
M?>" —M?" LDH, can hydrate and take up a variety of
organic anions from aqueous solutions, thereby recon-
structing the original LDH structure. So far, many
studies have been carried out on the intercalation of
organic anions in the interlayer space of the LDH by
this ““calcination—rehydration reaction”. Since the prior-
ity of anion uptake by the M>"—M>" oxide precursor
increases with increasing the electric charge of anion and
with decreasing the anion size. The anion uptake
behavior is believed to be governed mainly by the
electrostatic interaction between LDH basal layer and
interlayer anions.

On the other hand, the simplest sugars, monosaccha-
rides, are the compounds with the general formula
(CH,0),,, where n is an integer between 3 and 7. In
nucleotides, one of several different nitrogen-containing
ring compounds is linked to a five-carbon sugar (either
ribose or 2-deoxyribose) with phosphate group. From
the viewpoint of materials chemistry, sugar is a very
interesting material due to the large number of
structures of sugar and subsequent polymeric materials.
It is, therefore, envisaged that new hybrid materials, the
sugar/LDH composites, will be receiving much attention
in future. H. Zhao and G.F. Vance reported the
intercalation of carboxymethyl-f-cyclodextrin into
the Mg-Al LDH [6,26]. They hypothesized that
carboxymethyl-f-cyclodextrin (sodium salt) molecules
would be sorbed into the interlayer of LDH because
carboxymethyl-fi-cyclodextrin could easily disassociate
into negatively charged species. Moreover, the inter-
calation of biomolecule into LDH such as nucleotide,
deoxyribonucleic acid, amino acid, and polypeptide
has been investigated in order to prepare the bio-
molecule/LDH nanocomposite materials [19,23,27-29].
However, we know of no report concerning the inter-
calation of pure sugar possessing non-ionized structure
into LDH.

In this study, we describe the synthesis and character-
ization of several new sugar/LDH nanocomposite
derived by the ‘‘calcination-rehydration reaction”
method using the CO;/Mg-Al or Zn-Al LDH and
pentoses (ribose and 2-deoxyribose).

2. Experimental
2.1. Materials
All reagents were of analytical grade and used without

further purification. Ribose and 2-deoxyribose were
purchased from Wako Pure Chemical Inc. (Japan).

2.2. Synthesis of Cos/LDH

The CO3/Mg—Al LDH was prepared following the
standard coprecipitation described by Miyata [30]. In a
typical synthesis, a mixed solution of 1 M MgCl, and
1M AICl; was slowly added to 1 M Na,COj; solution at
298 K with vigorous stirring. The pH of the reaction
mixture was maintained at pH 9-10 by the continuous
addition of 2M NaOH. The precipitate obtained was
washed with water and added to 350cm® of IM
Na,CO;3; solution. The resulting gel was aged with
boiling for 5h. A white solid product was subsequently
isolated by centrifugation, washed with water and dried
in a vacuum oven at 333K for 24h. All water was
deionized and distilled before use. The CO5;/Zn-Al LDH
was prepared in the same manner described above. The
Mg/Al and Zn/Al molar ratio [x = M /(M** + M3*)]
of the LDH was set up at 2/1 (x=0.33) and 3/1
(x = 0.25) in this study.

2.3. Synthesis of sugar/LDH

The starting LDH was calcined at 773K for 2h to
prepare the Mg—Al and Zn—Al oxide precursor. In the
tests for the uptake of each sugar, 50cm’ of a sugar
solution with various concentrations was placed in a
100cm® Erlenmeyer flask together with 0.2g of the
M?*—Al oxide precursor and shaken in a water-bath set
at 298 K for 24144 h. It was necessary to carry out the
preparations under an inert N, atmosphere in order
to exclude air, because the carbonated LDH forms
preferentially in the presence of CO, gas. The suspen-
sion was filtered, washed several times with water to
remove excess sugar, and dried under vacuum at 333 K
for 24h. The sugar concentration in the supernatant
solution was measured using Shimadzu TOC-5000 total
organic carbon (TOC) analyzer.

2.4. Deintercalation of sugar from sugar/LDH
by ion exchange

Deintercalation experiment was conducted using the
anion-exchange method using CO3~ ion. In the tests
for the deintercalation of sugar, 50 cm® of Na,CO; or
NaHCO; solutions with various concentrations was
placed in a 100 cm® Erlenmeyer flask together with 0.4 g
of the sugar/LDH composite powder and was shaken in
a water-bath set at 298 K for 24 h. The suspension was
filtered, washed several times with water, and dried
under vacuum at 333K for 24h. The supernatant
solution was analyzed for the sugar concentration by
TOC.
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2.5. Characterization of solid products

Chemical analysis data for Al, Mg, and Zn were
obtained using a Hitachi 180-80 atomic absorption
spectrophotometer after dissolution of the solid prod-
ucts in 0.1 M HCl solution. XRD patterns were recorded
on a Rigaku Rint 2200 powder X-ray diffractometer,
using a CuKa (4 =0.15405nm) radiation with Ni
filtered at 20mA and 40kV, 20 angle ranged from 2—
70°, and a scanning rate of 2°/min. FT-IR spectra were
recorded on the sample pressed into KBr disc using a
JASCO WS/IR 7300 FT-IR spectrophotometer. TG-
DTA analyses were carried out using a Seiko TG/DTA
320 in the temperature 298-1173 K range with heating
rate of 10 K/min in air flow. Solid-state '*C-CP/MAS
NMR spectroscopy was performed at 125.7 MHz with
Varian Inova UNITY-500.

3. Results and discussion
3.1. Intercalation of sugar for LDH

The M>"—Al oxides precursor used for the present
intercalation experiments were obtained by heating
of the synthetic, well-characterized LDH, [Mgges
Alp 35(OH),J[(CO3)o.15-0.55H0],  [Mgo.75Alp.25(OH),]
[(COo13-0.62H:0],  [Zng67Aly 33(OH)I[(CO3)o 17+
0.53H,0], and [Zng 77Alp23(OH),][(CO3).12 - 0.60H,0]
at 773K for 2h in a muffle furnace, respectively. The
time dependence of the amount of ribose intercalated by
the M>*—Al oxide precursors is shown in Fig. 1. The
amount of ribose intercalated by the Mg-Al oxide
precursor increased continuously until the equilibrium
was reached after about 120h. All experiments were
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Fig. 1. Time dependence of amount of ribose intercalated by Mg—Al
and Zn-Al oxide precursors at 298 K. Initial concentration of ribose is
S50mM. (@) Mg-Al oxide x = 0.25, () Mg—Al oxide x = 0.33, (O)
Zn—Al oxide x = 0.25, and ((O) Zn—Al oxide x = 0.33.

Table 1
Chemical composition of ribose/LDH

M2t -Al Molar Chemical composition
ratio
Mg-Al 2/1 [Mgo.66Al0.33(OH)]
[riboseg.15(CO3)0.100Hq.13 - 0.49H,0]
Mg-Al 3/1 [Mgo.75Alp 25(OH),]
[riboseg.14(CO3)9.000Hq.07 - 0.45H,0]
Zn-Al 2/1 [Zng.66Al9.33(OH),]
[ribose(.02(CO3)0.160Hq.01 - 0.60H,0]
Zn-Al 3/1 [Zn.75Alj.25(OH);]
[

ribose 91(CO3)o.120Hq.01 - 0.59H,0]

continued for 144 h to ensure that the equilibrium was
attained. The chemical composition of the resulting
ribose/LDH obtained at 120 h is shown in Table 1. The
maximum intercalated amounts of ribose by the Mg-Al
oxide precursor (x = 0.25) and (x = 0.33) are 542 and
435 mmol/mol-Al (3.15 (x = 0.25) and 3.45 (x =0.33)
mmol/g-oxide), respectively, while these values by the
Zn—Al oxide precursor (x =0.25) and (x =0.33) are
32.7 and 46.3 mmol/mol-Al (0.12 (x = 0.25) and 0.25
(x = 0.33) mmol/g-oxide). Namely, the uptake ability of
the Mg—Al oxide precursor (x = 0.25) is about 20 times
that of the Zn—Al oxide precursor (x = 0.25). In the case
of the Zn—Al oxide precursor, the rehydration reaction
was thought to be inhibited by the formation of the
ribose/Zn complex on the surface of the oxide precursor,
which caused the extremely small amount of ribose
intercalated was thought to be decreased. Therefore, we
chose the Mg—Al oxide precursor rather than the Zn—Al
oxide precursor as the host in further studies. Fig. 1 also
indicates that the Mg—Al oxide precursor (x = 0.25) has
slightly higher uptake ability than the Mg-Al oxide
precursor (x = 0.33). It is suspected that the OH™
having a small ionic size is preferentially intercalated
into the Mg—Al LDH interlayer (x = 0.33) over ribose,
because the hydroxide basal layer has a high charge
density. The equilibrium pH values of the Mg—-Al LDH
(x =0.33) and (x = 0.25) were found to be 8.1 and 8.7 at
144 h, respectively. This result supports that the Mg—Al
LDH (x =0.33) would contain a higher amount of
OH" into the interlayer compared to the Mg-Al LDH
(x =0.25).

The XRD patterns of the synthetic pristine LDH,
M?"—Al oxide precursor and resulting solid products
are shown in Fig. 2. The CO3/Mg-Al LDH and Zn—Al
LDH show the (003) spacing of 0.77 nm and 0.76 nm in
Fig. 2a and d, and these values are in good agreement
with those of the other CO;/LDHs, respectively. The
layered structure was destroyed by heating of the LDH
at 773 K for 2 h, which can be seen by the disappearance
of (003) and (006) reflections in the XRD pattern of
the M*>"—Al oxide LDH in Fig. 2b and e. The Mg-Al
LDH containing ribose showed expanded structures
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Fig. 2. Powder XRD patterns of: (a) CO3/Mg-Al LDH, (b) Mg-Al
oxide, (c) ribose/Mg—Al LDH, (d) COs/Zn-Al LDH, (e) Zn—Al oxide,
and (f) ribose/Zn-Al LDH.

with a broad (003) spacing of 0.85nm in Fig. 2c.
Molecular size of ribose is calculated as 0.44 nm in length,
0.43 nm in width, and 0.36 nm in thickness. This expanded
interlayer separation is consisted with the intercalation
of the ribose in the interlayer spaces of the LDH. As
a thickness of the LDH host layer is 0.48nm, the
interlayer distance of the ribose/Mg-Al LDH is
calculated as 0.37nm, and this value suggests that
ribose is oriented horizontally in the interlayer space.
However, the broadness of these peaks indicates that the
resulting nanocomposites does not constitute an orga-
nized stacking arrangement. Hydroxyl and carbonate
ions were also cointercalated within interlayer space,
consistent with a broad XRD peak at 0.85nm, which
was attributed to disordered layers of OH within the
ribose/Mg—Al LDH nanocomposites. The molar ratio
of Mg?" /A" did not have an influence on the XRD
patterns of the ribose/Mg—Al LDH nanocomposites.
The XRD patterns for the ribose/Zn—Al LDH exhibit a
relatively sharp set of (00/) reflections, indicating highly
organized stacking arrangements. Nevertheless, these
basal spacing is the same as that of the CO3;/Zn-Al LDH
(Fig. 2f). Since these nanocomposites contained small
amounts of ribose in the interlayer space, the high
crystallinity is explained by the priority presence of
OH"™ in spite of ribose. It seems that ribose is hardly
intercalated into the Zn—Al LDH interlayer space.

The FT-IR spectra of the Mg-Al LDH (x = 0.25),
Zn-Al LDH (x =0.25), and related nanocomposites
are shown in Fig. 3. The strong peak at 1375¢cm ™' and
bread peak at 1560 cm ™" are attributed to the stretching
mode of CO3~ (Fig. 3a and c). The peaks at 660 and
428cm™! are associated with M-O and O-M-O
stretching modes in the LDH sheets. The ribose/Mg—
Al LDH nanocomposite exhibits the FT-IR peaks
characteristic of both the ribose and LDH sheets. The
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Fig. 3. FT-IR spectra of: (a) CO3/Mg-Al LDH, (b) ribose/Mg—Al
LDH, (c) CO3/Zn-Al LDH, (d) ribose/Zn-Al LDH, and (e) ribose.

FT-IR spectrum contains peaks at 1042cm ' and
2932cm ! which are characteristic of C-O stretching
and C-H stretching in ribose (Fig. 3b,d and e). The
ribose/Zn—Al LDH nanocomposite exhibits the FT-IR
peaks characteristic of only the LDH sheets. This result
supported the small amount of ribose in the Zn—Al
LDH (x = 0.25), only 0.12 mmol/g-oxide.

The *C-CP/MAS NMR spectra of the ribose/Mg—Al
LDH (x =0.25) nanocomposite and ribose as a
reference are shown in Fig. 4. Ribose has two
conformations, furanose and pyranose. The resonances
attributed to ribose at 56.1 ppm (C-5), 67.9-72.8 ppm
(C-2-4), 92.7ppm (C-1), and 95.1ppm (C-1) are
observed in Fig. 4b, supporting that the conformation
of ribose is pyranose. In the case of the ribose/Mg—Al
LDH nanocomposite, the resonances attributed to the
intercalated ribose at 64.3 ppm (C-5), 74.9 ppm (C-2-4),
84.5ppm (C-4), and 99.9ppm (C-1) are observed in
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Fig. 4. '3C-CP/MAS NMR spectra of: (a) ribose/Mg—Al LDH and
(b) ribose.

Fig. 4a. This result supported that the intercalated
ribose is furanose. Moreover, the resonance of the
cointercalated CO3™ is also observed at 170.2 ppm. This
result indicates that the conformation of almost ribose
in the LDH interlayer space was transformed from
pyranose into furanose.

The results from TG analysis for the CO;/Mg-Al
LDH (x=0.25), the ribose/Mg-Al LDH (x=0.25)
nanocomposite and ribose are shown in Fig. 5. The
CO;3/Mg—Al LDH shows weight loss in two steps. The
first, corresponding to ca. 15% loss between 323 and
483 K, was attributed to elimination of both surface
adsorbed water and interlayer water molecules. The
second, ca. 30% between from 573 and 723K, was
derived from both CO, losses by the decomposition of
carbonate and water loss by dehydroxylation of the
brucite layers. The total loss was ca. 45% of the initial
sample weight. In the case of the ribose/Mg-Al LDH
nanocomposite, the total weight loss was 52%. The
gentle weight loss due to the removal of the adsorbed
water, interlayer water, and dehydroxylation of the
brucite layer were observed in the temperature region
298-600K. The rapid weight loss was subsequently
observed by the combustion of the intercalated ribose
in the temperature region 600-700 K.

To confirm this interesting driving force in interaction
with the non-ionized organic guest into the Mg—Al
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Fig. 5. TG curves of: (a) CO3;/Mg-Al LDH, (b) ribose/Mg-Al LDH,
and (c) ribose.
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Fig. 6. Time dependence of amount of pentoses intercalated by

Mg-Al oxide (x = 0.25) at 298 K. Initial concentration of pentoses is
S0mM. (@) ribose and (O) 2-deoxyribose.

LDH, the Mg—Al LDH (x = 0.25) was evaluated for its
ability to intercalate other guests, such as 2-deoxyribose
which is only substituted by hydrogen at C-2 position
for ribose. The amount of 2-deoxyribose intercalated by
the Mg-Al oxide precursor is shown in Fig. 6. The
equilibrium pH value became 10.9 from the initial pH
value 4.9 after 144 h. The maximum uptake amount of
2-deoxyribose by the Mg—Al oxide precursor (x = 0.25)
was 46.3 mmol/mol-Al or 0.214 mmol/g-oxide at 72 h. In
contrast, the maximum value for ribose mentioned
previously was 542 mmol/mol-Al or 3.15mmol/g-oxide
at 120 h, indicating about 5 times that for 2-deoxyribose.
The amount (X/M) of ribose and 2-deoxyribose
intercalated by the Mg—Al oxide precursor (x = 0.25)
was determined at various initial concentrations of the
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non-anionic guests, and results are shown in Fig. 7. The
amount of pentoses intercalated was found to increase
slightly with the increase in the equilibrium concentra-
tion of the solutions. In all cases, the Freundlich
isotherm, log (X /M) = 1/n (log C) +1ogk, is applicable.
X (mg) is the amount of adsorbed guests, M (g) is the
amount of the LDH, C (mmol/L) is equilibrium
concentration of guests, kX and n are constants. The k
and n values were obtained from the intercept and slope
of the isotherms, respectively. The absorbability for
ribose (kK = 1.1 mmol/g-oxide) was quite higher than
that for 2-deoxyribose (k = 0.052 mol/g-oxide), indicat-
ing that the Mg-Al LDH has a stronger affinity for
ribose than 2-deoxyribose.

The Mg-Al LDH (x = 0.25) containing 2-deoxyri-
bose showed the layer structure with (003) and (006)
diffraction peaks at 0.77 and 0.39 nm, which are quite
similar to those of the CO;/Mg-Al LDH. This implies
that the Mg—Al precursor reconstructed the original
hydrotalcite-like structure with incorporating the water
molecules, a slight amount of 2-deoxyribose, and OH"
which being preferentially incorporated over 2-deoxy-
ribose.

The schematic model of the intercalation of ribose in
the Mg—Al LDH by the calcination-rehydration reac-

10*
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Fig. 7. Intercalation isotherms of: (@) ribose and (O) 2-deoxyribose
by Mg—Al oxide at 298 K after 120 h.
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tion is shown in Fig. 8. The XRD pattern of the ribose/
Mg-Al LDH (x = 0.25) nanocomposite indicates that
the molecular plane of ribose is horizontally oriented to
the hydroxide layers, but that of the 2-deoxyribose/
LDH nanocomposites showed the same structure of the
CO;/Mg—Al LDH (Fig. 2a). It was well known that the
molecular configuration, conformation, and size of 2-
deoxyribose are similar to that of ribose, except ribose is
substituted by a hydroxyl group at C-2 position. In the
case of ribose, it seems that the presence of the hydroxyl
group favors by the intercalation hydrogen bonding
with the hydroxide basal layer, possibly resulting in the
formation of a ribose monolayer arrangement. These
results suggest that the Mg—Al oxide precursor induces
the selective intercalation of non-ionized organic guests.
Therefore, we would like to propose here that the
hydrogen bond participates in the intercalation of non-
ionized organic guests by the Mg—Al oxides precursor
under an inert N, atmosphere.

3.2. Deintercalation of ribose from ribose/Mg—Al LDH

The results of the deintercalation experiments con-
firmed that more than 40% of ribose in the Mg-Al LDH
(x = 0.25) was deintercalated by shaking with 250 mM
Na,COj3; or NaHCOj solution for 24 h (data not shown).
The ribose in the interlayer space of the resulting LDH
has easily deintercalated by the ion exchange with
carbonate ions. The XRD pattern of the deintercalated
product also showed that the original CO3;/Mg—Al LDH
was regenerated with dy3; = 0.77nm. It seems that
ribose molecules are intercalated into the interlayer
space, not adsorbed on surface. These results show that
the cycle system of intercalation and deintercalation for
ribose into LDH would be widely applicable to several
cases such as synthesis of new hybrid organic—inorganic
nanocomposites.

4. Conclusion

This investigation has led to a new finding for the
intercalation of the non-ionized biomolecules, pentoses,
into the interlayer LDH. Some of the important findings

ribose

ribose/Mg-Al LDH

Fig. 8. Schematic representation of ribose oriented in interlayer space of Mg-Al LDH.
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of this study can be summarized as follows. (I) The non-
ionized sugar/LDH nanocomposite, containing ribose,
can be prepared by the calcination-rehydration reaction
using Mg—Al LDH. The maximum amount of ribose
intercalated by the Mg—Al oxide precursor was approxi-
mately 20 times that by the Zn—Al oxide precursor. (II)
With regarded to the kind of pentose for the Mg—Al
LDH, the maximum intercalated amount of ribose
molecules was approximately 5 times that of 2-
deoxyribose. The presence of the OH group in pentose
favors the intercalation driving by the hydrogen bond-
ing with the hydroxide basal layer. (III) The Mg—Al
LDH containing ribose showed the expanded LDH
structures with a broad (003) spacing of 0.85nm. The
interlayer distance of the ribose/Mg—Al LDH nanocom-
posite is 0.37 nm, and this value suggests that ribose is
oriented horizontally in the interlayer. (IV) The inter-
esting feature of this preparative method is that a wide
variety of non-ionized organic guests can be intercalated
between the hydroxide sheets. This synthetic procedure
can be applicable to the preparation of LDH containing
non-ionized organic guests, which are difficult to obtain
in any other ways. (V) New sugar/clay nanocomposites,
being both environmentally and economically, may
receive considerable attention in the future and might
have uses as new type clay with bioactive and
biodegradative properties.
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