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First, the direct intercalation of amino acids into various layered
double hydroxides (Mg+Al, Mn+Al, Ni+Al, Zn+Al, and Zn+Cr
LDHs) by coprecipitation has been investigated using
phenylalanine (Phe) as a guest amino acid. The degree of Phe
coprecipitation was strongly in6uenced by the solution pH and
kind of LDH system and reached a maximum in the pH 8+10
region. The solid products were found to have an expanded LDH
structure, which supported the belief that Phe was intercalated
into LDHs as an amphoteric ion or anion. Two kinds of con5g-
uration for Phe in the gallery, either vertical (Mn+Al, Zn+Al,
and Zn+Cr LDHs) or horizontal (Mg+Al LDH) in orientation
were observed. Only in the Ni+Al systems, the solid product was
the mixture of Phe/Ni+Al LDH and Phe/Ni(OH)2 composite.
Next, the thermal decomposition of the intercalated Phe was
revealed to be accelerated by the catalytic action of metal ions in
the host basal layer. The formation of Phe/Mg+Al, Mn+Al, and
Zn+Al LDHs was also elucidated as being appreciably di4erent
by the kind of LDH system. Moreover, for various amino acids,
the degree of coprecipitation was found to be strongly in6uenced
by amino acid sidechains, i.e., length, structure, and
physicochemical properties. ( 2001 Academic Press
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INTRODUCTION

Layered double hydroxides (LDHs) are widely known as
host}guest materials, anion exchangers, anionic clays and
hydrotalcite-like compounds. LDHs possess a positively
charged hydroxide basal layer due to substitution of
trivalent cations for part of the divalent cations in the
hydroxide basal layer and are electrically balanced by the
intercalation of anions into the interlayer space; the remain-
ing interlayer space is occupied by water molecules. LDHs
can be represented by [M2`

1~x
M3`

x
(OH)

2
] [An~

x
/n ) yH

2
O],
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where M2` and M3` represent metallic cations such as
Mg2`, Ni2`, Mn2`, or Zn2` and Al3`, Cr3`, or Fe3`, etc.
An~ is an exchangeable inorganic anion such as CO2~

3
,

SO2~
4

, Cl~, NO~
3
, or various organic anions, and the

x value, i.e., the charge density, is equal to the molar ratio
M3`/(M2`#M3`) (1}5). Recently, LDHs have received
considerable attention due to their potential technological
applications such in catalysis, as electrodes as in optical
memory, as sensitizers, as separators and as synthesis mater-
ial for organic}inorganic nanocomposites (6}12).

Synthesis, characterization, and application of organo/
LDH composites prepared by the intercalation of organic
substances into LDHs have been reviewed (13). Further-
more, there have been several reports on the intercalation of
organic substances, e.g., organic carboxylic acid, anionic
polymer, cyclodextrin, organic phosphoric acid, and
fullerene, into LDHs (14}23). The intercalation of organic
substances into LDHs has generally been accomplished by
the following methods: anion-exchange (24), reconstruction
(25), and coprecipitation (26). In particular, the coprecipita-
tion method has often been used for the direct formation of
organo/LDH composites.

Synthesis of biomolecules/LDHs has become of interest
in recent years. The intercalation of nucleoside monophos-
phates and deoxyribonucleic acid into a Mg}Al LDH by the
anion-exchange method has been reported (27). The
biomolecule intercalated Mg}Al LDH hybrids are expected
for the developing new gene reservoir and carrier. On the
other hand, regarding amino acids, which are wellknown as
components of proteins and of biomolecules, there are few
studies on the intercalation of amino acids into LDHs. The
intercalation of glutamic acid, aspartic acid, and poly(aspar-
tic acid) into Mg}Al LDH by the coprecipitation method
has been reported (28). The intercalation of phenylalanine
and tyrosine into a Zn}Al LDH by the ion-exchange
method has also been investigated (29). However, quantitat-
ive examination is lacking and the intercalation of am-
photeric amino acids into LDHs has not been investigated
by the coprecipitation method so far. Accordingly, we have
previously investigated the quantitative examination of co-



FIG. 1. In#uence of pH on Phe coprecipitation with various LDH
precipitates: (j) Mg}Al, (h) Mn}Al, (d) Ni}Al, (s) Zn}Al, and (r) Zn}Cr.
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precipitation of phenylalanine into Zn}Al LDH precipitates
(30).

In this paper, the intercalation of a variety of amino acids
into various kinds of LDHs (Mg}Al, Mn}Al, Ni}Al, Zn}Al,
and Zn}Cr systems) has been examined using the coprecipi-
tation method as well as the characterization of the resulting
amino acid/LDH composites. Furthermore, the formation
process of the phenylalanine/M2`}M3` LDH composite
(Mg}Al, Mn}Al, and Zn}Al system) precipitates has also
been investigated.

EXPERIMENTAL

Materials

Amino acids and inorganic reagents were purchased from
Wako Pure Chemical Industries, Ltd. (Japan), and used
without puri"cation.

Coprecipitation of Amino Acids with LDH Precipitates

LDH precipitates were prepared by hydrolysis of
M2` and M3` ions in the presence of amino acid. The
mixed solution of 1 M M2`(NO

3
)
2

and M3`(NO
3
)
3

(M2`/M3`/amino acid molar ratio"2/1/1, M2`}M3`"

Mg}Al, Mn}Al, Ni}Al, Zn}Al, and Zn}Cr) was added drop-
wise to 50-mM amino acid solution with stirring under
a nitrogen atmosphere to avoid contamination by atmo-
spheric CO

2
. The solution pH was adjusted by dropwise

addition of 1 M NaOH solution, and the temperature was
kept at 403C in a thermostat set. The resulting precipitate
was collected by centrifugation after aging for 1 h. The
supernatant solution was subjected to measurement of the
amino acid concentration by using a Shimadzu TOC-5000
total organic carbon analyzer. The solid product (precipi-
tate) was washed with distilled water and dried in a vacuum
oven at 603C.

In the coprecipitation experiments investigating the
formation of the phenylalanine/M2`}M3` LDH (Mg}Al,
Mn}Al, and Zn}Al systems) precipitate, a constant volume
of the slurry was taken out from the reaction product at
proper times. After-treatment of the slurry sample was car-
ried out as that described above.

Characterization of Solid Products

Powder X-ray di!raction (XRD) measurements were per-
formed on a Rigaku Rint 2200 powder X-ray di!ractometer,
using CuKa radiation (j"0.15401 nm) at 20 mA, 40 kV,
a scanning rate of 23/min, and a 2h angle ranging from 23
to 503. Fourier transform infrared (FT-IR) spectra were
obtained using a JASCO WS/IR 7300 FT-IR spectro-
photometer by the standard KBr disk method. Thermo-
gravimetry (TG) and di!erential thermal analysis (DTA)
were carried out in the temperature range 30}8003C in
#owing air at a heating rate of 103C/min using a Seiko
TG/DTA 320 instrument. Scanning electron micrographs
(SEM) were obtained using a Hitachi S-2250 scanning elec-
tron microscope. Chemical analysis data for the solid prod-
ucts were determined using a Hitachi 180-80 atomic
adsorption spectrometer (metal ion), TOA Electronics IA-
100 ion analyzer (NO~

3
ion), and Shimadzu TOC-5000 total

organic carbon analyzer (amino acid), respectively.

RESULTS AND DISCUSSION

Coprecipitation Behavior of Phenylalanine with
Various LDH Precipitates

In this section, the coprecipitation behavior of amino acid
with the various LDH precipitates was investigated using
phenylalanine (Phe) as a guest amino acid because of its
having a nonpolar phenyl group as a sidechain, which is
convenient for simplifying the interaction between the host
hydroxide layer and the guest amino acid. The in#uence of
the solution pH on the Phe coprecipitation was investigated
with various LDHs precipitates, and the results are shown
in Fig. 1. The precipitation pH of various hydroxides was
calculated from K

41
values as follows: Mg(OH)

2
"8.6,

Ni(OH)
2
"5.4, Mn(OH)

2
"7.6, Zn(OH)

2
"5.5, Al(OH)

3
"3.4, and Cr(OH)

3
"3.9 (M2` and M3` concentration is

1 M). The degree of Phe coprecipitation was a!ected both
by the solution pH and by the kind of LDH systems,
indicating the following order: Ni}Al'Zn}Al'Mn}Al'
Zn}Cr'Mg}Al. In the Ni}Al system, the highest degree of
Phe coprecipitation was observed in the wide range pH
6}10, being di!erent from other systems. In the Mn}Al,
Zn}Al, and Zn}Cr systems, the degree of Phe coprecipita-
tion reached a maximum in the pH 8}9 range in which most
of the Phe exist in amphoteric ion form, because the
acid}base equilibrium constants of Phe are pK

1
"2.16 and

pK
2
"9.18. Chemical compositional data on the solid



TABLE 1
Chemical Compositional Data of Solid Products

M2`}M3` pH M2̀ /M3̀ NO
3
/M3̀ Phe/M3`

XRD phase
obtained

Mg}Al 10 2.03 0.46 0.42 LDH
Mn}Al 9 2.33 0.57 0.80 LDH
Ni}Al 8 1.86 0.34 1.00 LDH#HDSa

Zn}Al 8 2.33 0.57 0.83 LDH
Zn}Cr 9 2.03 0.49 0.64 LDH

a HDS: hydroxy double salt.

FIG. 2. XRD patterns of solid products: (a) Mg}Al (pH 10), (b) Mn}Al
(pH 9), (c) Ni}Al (pH 8), (d) Zn}Al (pH 8), and (e) Zn}Cr (pH 9) systems.

54 AISAWA ET AL.
products are indicated in Table 1. The molar ratio
M2`/M3` was 1.86}2.33 in all the LDH systems. However,
the total number of intercalated Phe and NO~

3
ions was

inconsistent with the positive charge of the LDH basal
layer, if Phe is assumed to exist in anion form. The theoret-
ical intercalation capacity (TIC) of LDH is 1.00 mol/mol of
M3` for a univalent anion. The (Phe#NO~

3
)/M3` molar

ratio was estimated at 1.13}1.40 mol/mol of M3` namely,
more Phe and NO~

3
ions than TIC were contained in the

Phe/Mn}Al, Ni}Al, Zn}Al and Zn}Cr LDHs. Therefore,
this result supports the belief that a large fraction of Phe is
intercalated into the LDHs in amphoteric ion form. In the
Mg}Al system, the degree of Phe coprecipitation reached
a maximum at pH 10. It was, however, lower than that in
the other LDH systems because most of the Phe is presented
in anion form in the pH 10}12 range. In general, LDHs are
easy to intercalate, the anion having high charge density in
their interlayer space. Accordingly, the coexisting anions,
i.e., OH~ and NO~

3
ions, are more predominantly interca-

lated than anionic Phe. The degree of Phe coprecipitation
decreased with increasing solution pH because the amount
of OH~ ion in the solution increased. Further, the molar
ratio (Phe#NO~

3
)/Al3` became 0.88, and the numbers of

intercalated anionic Phe and NO~
3

ion were lower than the
number of TIC. The remaining positive charge of the LDH
basal layer is thought to be neutralized by the coexistent
FIG. 3. Schematic models of the intercalation of Phe into various LDHs.
LDHs.
OH~ ion. As a result, Phe was coprecipitated in amphoteric
and/or anion form with the various LDH precipitates.

Characterization of Solid Products

The resulting solid products are designated as Phe/
M2`}M3` LDH (coprecipitation pH value) in this paper.
(a) Mg}Al (pH 10) LDH, (b) Mn}Al (pH 9), Zn}Al (pH 8), and Zn}Cr (pH 9)



FIG. 4. FT-IR spectra of Phe/LDHs: (a) Mg}Al (pH 10), (b) Mn}Al
(pH 9), and (c) Zn}Al (pH 8) systems.

FIG. 5. TG curves of various Phe/LDH precipitates. (a) Phe, (b) Mg}Al
(pH 10), (c) Mn}Al (pH 9), (d) Ni}Al (pH 8), (e) Zn}Al (pH 9), and (f ) Zn}Cr
(pH 9) LDHs.

FIG. 6. DTA curves of various Phe/LDH precipitates: (a) Phe,
(b) Mg}Al (pH 10), (c) Mn}Al (pH 9), (d) Ni}Al (pH 8), (e) Zn}Al (pH 9), and
(f ) Zn}Cr (pH 9) LDHs.
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The XRD patterns of the solid products are presented in
Fig. 2. The main di!raction peaks with LDH structure
(d

003
"0.86 nm and d

006
"0.43 nm) are observed for the

Phe/Mg}Al LDH (pH 10) in Fig. 2a, indicating that anionic
Phe and NO~

3
ions are intercalated in the interlayer space.

As the thickness of the LDH hydroxide basal layer is
0.48 nm, the interlayer space is calculated as 0.38 nm. The
molecular size of Phe is 0.88 nm in length and 0.31 nm in
thickness. On the basis of these data, a schematic model of
the Phe/Mg}Al (pH 10) LDH is shown in Fig. 3a. The
expanded interlayer space indicates that the anionic Phe is
horizontally oriented and the NO~

3
ion is vertically oriented

for the LDH basal layer. In general, the main di!raction
peaks (d

003
"0.88 nm and d

006
"0.44 nm) are observed in

the NO
3
/Mg}Al LDH. The di!erence in the basal spacing

(*d
003

"0.02 nm) of the Phe/Mg}Al LDH is due to the
negative charge of the guest anionic Phe, which is interca-
lated by the electrostatic force of attraction between the



FIG. 7. XRD patterns and schematic models of the formation process of Phe/Mg}Al LDH (pH 10) precipitate. Precipitate after 3 min (a), 10}25 min
(b), and "nal precipitate (c).
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anionic Phe and LDH basal layer. The XRD patterns of
solid products (Mn}Al (pH 9), Zn}Al (pH 8), and Zn}Cr
(pH 9)) are shown in Figs. 2b, 2d, and 2e. The LDH crystal-
linity was lower in both the Phe/Mn}Al (pH 9) and Zn}Cr
(pH 9) LDHs, while it was quite higher in the Phe/Zn}Al
LDH. The di!raction peaks with the expanded LDH struc-
ture (d

003
"1.89, 1.86, and 2.03 nm) are observed in

Phe/Mn}Al (pH 9), Zn}Al (pH 8), and Zn}Cr (pH 9) LDHs,
from which the interlayer spaces are calculated as 1.41, 1.38,
and 1.55 nm, respectively. Although these values are larger
than the molecular size of Phe, the expanded interlayer
spaces demonstrate the intercalation of Phe into the LDHs
interlayer space. A schematic representation of the
Phe/Mn}Al, Zn}Al, and Zn}Cr LDHs are shown in Fig. 3b.
As a possible model, bilayer Phe is considered to orient
vertically to the LDH basal layer, in which the Phe side
chain is overlapped by hydrophobic interaction, namely,
n}n overlap of the phenyl groups.
In the Ni}Al system (pH 8), the solid product hardly has
a distinct LDH structure in spite of the high degree of Phe
coprecipitation. A sharp di!raction peak (d"1.64 nm),
which is due to the formation of the layered Phe/Ni(OH)

2
composite (hydroxy double salt: HDS) (31) is shown in
Fig. 2c. However, two broad peaks (d"2.00 and 0.80 nm)
are slightly observed, which are probably assigned to the
LDH structure. Accordingly, the resulting solid product was
a mixture of LDH and HDS in the Ni}Al system.

The FT-IR spectra of the Phe/Mg}Al, Mn}Al, and Zn}Al
LDHs are shown in Fig. 4. The weak absorption peaks of
the alkyl C}H stretch and amine N}H stretch are observed
in the 3030 to 2900 cm~1 region, and the strong absorption
peaks of R}COO~ antisymmetric and symmetric stretches
at 1590 and 1400 cm~1 are observed, respectively. These
peaks demonstrated that Phe was intercalated into the
LDHs. The co-intercalated NO~

3
ion gives a very strong

absorption peak at 1385 cm~1. A broad absorption peak in



FIG. 8. XRD patterns and schematic models of the formation process of Phe/Mn}Al LDH (pH 9) precipitate. Precipitate after 3 min (a), 20 min (b),
and "nal precipitate (c).
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the region 3600}3000 cm~1 is assigned to O}H group
stretches of both the hydroxide basal layer and interlayer
water. In the low-frequency region, the absorption peaks of
the spectra that correspond to the lattice vibration modes
are attributed to M}O (840 and 650 cm~1) and O}M}O
(430 cm~1) vibrations.

The TG curves of the Phe/M2`}M3` LDHs are repre-
sented in Fig. 5. In the case of Phe as a reference sample
(Fig. 5a), three weight losses due to the decomposition of
Phe in the temperature range 200}2533C (weight loss 70%)
and two-step combustion of Phe are observed in the temper-
ature ranges 253}3853C (weight loss 20%) and 385}5283C
(weight loss 10%). On the other hand, the thermal de-
composition of the Phe/M2`}M3` LDHs was in#uenced
by the kind of LDH components (Figs. 5b}5f ). Total weight
loss of the Phe/M2`}M3` LDHs was about 50% and
a major weight loss indicated three steps the same as those
of Phe. The "rst step corresponding to the removal of
adsorbed water and interlayer water was observed for all the
Phe/M2`}M3` LDHs from room temperature to 2503C.
The second step due to both the dehydroxylation of the
LDH basal layer in the temperature region 250}4503C and
the decomposition of the intercalated Phe between 200 and
2503C was observed. The third step corresponding to the
combustion of the intercalated Phe was followed in the
temperature region 270}4803C, which di!ered by the kind
of metal ions in the LDH basal layer. In particular, the
combustion weight loss of the intercalated Phe was ob-
served at 2793C on the Phe/Mn}Al LDH. This temperature
was the lowest in all the Phe/M2`}M3` LDHs, which
suggests that the Mn}Al LDH possesses the best catalytic
action for the decomposition of the guest organic com-
pounds in the LDH interlayer gallery.

The DTA curves of the Phe/M2`}M3` LDHs are shown
in Fig. 6. In the case of Phe as a reference sample (Fig. 6a),
an endothermic peak at 2533C for the decomposition of Phe
and two exothermic peaks at 385 and 5283C for the combus-
tion of Phe are observed. In the case of the Phe/M2`}M3`

LDHs, the combustion of the intercalated Phe is shown in
the main exothermic peaks in the temperature region
280}4803C, which are lower than the combustion temper-
ature of Phe itself, especially in the Phe/Mn}Al LDH.



FIG. 9. XRD patterns and schematic models of the formation process of Phe/Zn}Al LDH (pH 8) precipitate. Precipitate after 3 min (a), 30 min (b), and
"nal precipitate (c). *Phe/Zn(OH)

2
composite.
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Formation Process of Phe/¸DHs Precipitates

In this section, the formation of the Phe/Mg}Al, Mn}Al,
and Zn}Al LDH precipitates has also been investigated.
The XRD patterns and schematic models for the formation
of the Phe/Mg}Al LDH (pH 10) precipitate are observed in
Fig. 7. In the initial stage, the distinct di!raction peaks
(d

003
"0.79 nm and d

006
"0.39 nm) with the LDH struc-

ture may already be observed in Fig. 7a. These values
indicate that NO~

3
and/or OH~ ions are initially interca-

lated into the LDH interlayer space (Fig. 7a). In the
transitional stage, the expanded LDH structure with broad
di!raction peaks (d

003
"0.86 nm and d"1.92 nm) are

observed in Fig. 7b. This expanded interlayer space suggests
the occurrence of the intercalation of Phe into the Mg}Al
LDH. Thus, anionic Phe substitutes for NO~

3
and/or OH~

ions by ion-exchange reaction and is temporarily oriented
vertically with respect to the basal layer by hydrophobic
interaction of Phe (Fig. 7b). In the "nal stage, the main
di!raction peaks (d

003
"0.86 nm and d

006
"0.43 nm) are

observed in Fig. 7c, which correspond to the basal spacing
of the anionic Phe and NO~

3
ion intercalated LDH as in

Fig. 2a. As a result, the intercalated Phe was rearranged by
the electrostatic force of attraction between the LDH basal
layer and anionic Phe in the two-dimensional space of the
Mg}Al LDH.

Figure 8 shows the XRD patterns and schematic models
for the formation of the Phe/Mn}Al LDH (pH 9) precipi-
tate. A broad di!raction peak (d"2.37 nm) in Fig. 8a
indicates that Phe is randomly intercalated into the Mn}Al
LDH with low crystallinity in the initial stage. With elapsed
reaction time, the crystallinity of LDH increased as shown
in Fig. 8b, and the main di!raction peak shifted to higher
angles. In the "nal stage, the Phe/Mn}Al LDH possesses



FIG. 10. SEM images of Phe/Zn}Al (pH 8) LDH precipitate obtained
after 3 min (a), 30 min (b), and "nal precipitate (c).
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a well-crystallized LDH structure in which the di!raction
peaks (d

003
"1.89 nm and d

006
"0.89 nm) are observed (in

Fig. 8c).
The XRD patterns and schematic models for the forma-

tion process of the Phe/Zn}Al LDH (pH 8) precipitate are
shown in Fig. 9. In the initial stage, the intensive di!raction
peaks (d"1.60 and 0.80 nm) are observed with a layered
structure in Fig. 9a. These peaks are thought to be depen-
dent on the formation of the layered Zn(OH)

2
composite. In

the transitional stage, the other broad di!raction peaks
(d"1.86 and 0.90 nm) are also observed with the di!raction
peaks of the Phe/Zn(OH)

2
composite in Fig. 9b. This result

indicates that the mixture of the Phe/Zn}Al LDH and
Phe/Zn(OH)

2
composites formed in the transitional stage.

In the "nal stage, the solid product has an expanded LDH
structure (d

003
"1.86 nm and d

006
"0.90 nm), as shown in

Fig. 9c. The SEM images of the formation process of the
Phe/Zn}Al LDH are shown in Fig. 10. The solid product
has a rod-like morphology ca. 15 lm in length in the initial
stage in Fig. 10a. In general, the LDH crystal has a plate-
like morphology and a hexagonal crystallite. The crystal
with rod-like morphology is the Phe/Zn(OH)

2
composite;

namely, the hydroxide basal layer was hardly substituted for
the Al3` ion in the initial stage. In Fig. 10b, the solid
product has rod-like and plate-like (hexagonal crystallite)
morphologies in the transitional stage. In the "nal stage, the
solid product has only the plate-like morphology and is the
hexagonal crystallite in Fig. 10c. This morphology agrees
with the characteristics of LDH crystallite. Thus, XRD
patterns and SEM images indicated that Phe/Zn}Al LDH
formed via three stages.

Intercalation of Various Amino Acids for Zn}Al LDH

So far, we have disclosed that the Zn}Al system was the
most suitable LDH component for the intercalation of
amino acid by coprecipitation. In this section, the intercala-
tion of various amino acids into LDH has been investigated
by the same method using the Zn}Al system (amino
acid/Zn/Al molar ratio"2/1/1 and solution pH 8). The
degrees of coprecipitation of various amino acids are pre-
sented in Table 2. It was found that they were strongly
in#uenced by the kind of sidechains of the amino acids. For
neutral amino acids, a high degree of coprecipitation was
generally obtained. In the case of the amino acids having an
aromatic group such as Phegly, Trp, and Tyr, the degree of
coprecipitation was 53, 82, and 77%, and the basal spacing
of these amino acid/LDHs was 1.91, 1.89, and 1.77 nm,
respectively. These values indicate that amino acids are
intercalated into the LDH interlayer with overlapping aro-
matic groups by hydrophobic interaction between
sidechains as in Phe/Zn}Al LDH (Fig. 3b). In the case of the
amino acids having an aliphatic group, such as Gly, Ala,
a-ABA, Norval, Val, Norleu, Leu, and Ile, the degree of



TABLE 2
The Degree of Various Amino Acid Coprecipitation and XRD Data for Solid Products

Amino acid

Degree of amino
acid coprecipitation

(%) d
003

(nm) Gallery height (nm)
Carbon number

of sidechain

Glycine (Gly) 11 0.90 0.42 0
Alanine (Ala) 3 0.88 0.40 1
b-Alanine (b-Ala) 2 0.89 0.41 1
a-Amino butyric acid (a-ABA) 2 0.89 0.41 2
b-Amino butyric acid (b-ABA) 1 0.88 0.40 2
c-Amino butyric acid (c-ABA) 0 0.89 0.41 2
Norvaline (Norval) 59 1.45 0.97 3
Valine (Val) 4 0.88 0.40 3
Norleucine (Norleu) 89 1.62 1.14 4
Leucine (Leu) 65 1.45 0.97 4
Isoleucine (Ile) 11 0.89 0.41 4

Phenylalanine (Phe) 80 1.86 1.38
Phenylalanine (Phe)29 * 1.80 1.32
Phenylglycine (Phegly) 53 1.91 1.43
Tryptophan (Trp) 88 1.89 1.41
Tyrosine (Tyr) 72 1.77 1.29
Tyrosine (Tyr)29 * 1.75 1.27

Arginine (Arg) 9 0.89 0.41
Histidine (His) 42 2.00 1.52

Aspartic acid (Asp) 48 1.21 0.73
Aspartic acid (Asp)28 * 1.11 0.63
Glutamic acid (Glu) 41 1.28 0.80
Glutamic acid (Glu)28 * 1.19 0.71

Note. Superscripted numbers in column two denote references from which data were obtained.
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coprecipitation was in#uenced by the structure and carbon
number of the side chain and increased with increasing
carbon number of the sidechain. In the case of amino acids
having a long alkyl group such as Norval, Norleu, and Leu,
the degree of coprecipitation was 59, 89, and 65%, and the
basal spacing of these amino acid/LDHs was 1.45, 1.62, and
1.45 nm, respectively. Norval and Val and Norleu, Leu, and
Ile are structural isomers. However, it should be noticed
that Val and Ile were hardly coprecipitated with the Zn}Al
LDH precipitate. This result suggests the possibility that
amino acid coprecipitation is related to hydrophobic inter-
action among amino acid sidechains. Hence, the degrees of
Gly, Ala, and a-ABA coprecipitation were considerably
lower, because these amino acids have shorter sidechains.
On the other hand, the degree of coprecipitation of basic
amino acids, Arg (pK

1
"1.82, pK

2
"8.99, and

pK
R
"12.48) and His (pK

1
"1.80, pK

2
"9.33, and

pK
R
"6.04), was 9 and 42%, respectively. At pH 8, most of

the Arg and His existed as a cation and an amphoteric ion.
In particular, Arg was di$cult to intercalate into Zn}Al
LDH due to the repulsion of positive charge occurring
between the LDH basal layer and the sidechain of Arg. In
contrast, acidic amino acids, Asp and Glu, existing in mono-
valent anion form were easily intercalated by the electros-
tatic force of attraction between the anionic amino acid and
the LDH basal layer at pH 8. Moreover, b- and c-amino
acids failed to be intercalated into the Zn}Al LDH. It can be
said that LDH has a preferential intercalation ability for
a-amino acids.

The XRD patterns of the solid products are shown in
Fig. 11. In the case of the hydrophobic amino acids,
expanded basal spacings (Phegly/LDH d

003
"1.91 nm and

Tyr/LDH d
003

"1.89 nm) are observed in Figs. 11b and
11c. Despite lower crystallinity, the His/LDH has a layered
structure, and broad di!raction (ca. 2.00 nm) is observed in
Fig. 11d. The di!raction peaks (Asp/LDH d

003
"1.21 nm

and Glu/LDH d
003

"1.28 nm) with the distinct expanded
LDH structure are shown in Figs. 11e and 11f. These values
indicate that the intercalated Asp and Glu were oriented
vertically for the LDH basal layer with cross-linking the
LDH layers by their carboxylate groups. So far, it has been
reported that the basal spacing of the Asp and Glu/Mg}Al
LDH was expanded to 1.11 and 1.19 nm, respectively. The
di!erence in the basal spacing (ca. 0.10 nm) between the



FIG. 11. XRD patterns of amino acid/Zn}Al LDH precipitates. (a)
Gly, (b) Phegly, (c) Trp, (d) His, (e) Asp, and (f ) Glu.
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Zn}Al LDH and Mg}Al LDH was assumed to depend on
the charge number of the intercalated acidic amino acids. In
a comparison of the Asp and Glu/Mg}Al LDHs with the
Asp and Glu/Zn}Al LDHs, the amino acids in the former
exist in divalent anion form at pH 12, while those in the
latter are present in monovalent anion form at pH 8. Conse-
quently, the basal layer of the Zn}Al LDH was more ex-
panded than that of the Mg}Al LDH.

CONCLUSIONS

Phe was coprecipitated with the various LDH precipi-
tates in amphoteric ion form in the Mn}Al, Ni}Al, Zn}Al
and Zn}Cr systems and in anion form in the Mg}Al system.
The degree of Phe coprecipitation was in#uenced by the
solution pH and the kind of LDH system. As a possible
model, Phe was vertically arranged in the Mn}Al, Zn}Al,
and Zn}Cr systems and horizontally presented in the
Mg}Al for the LDH basal layer. In Ni}Al systems, the
resulting solid product was the mixture of LDH and HDS.
Furthermore, the thermal decomposition of the intercalated
Phe was accelerated by a catalytic action of metal ions in the
host hydroxide layer, especially in the Mn}Al system. This
catalytic action of the host hydroxide layer will be applied
to the decomposition of harmful organic compounds. The
formation process of the Phe/Mg}Al, Mn}Al, and Zn}Al
LDHs precipitates was also found to be di!erent in the kind
of LDH systems. Then, the coprecipitation behavior of
various amino acids was in#uenced by the kind of sidechain
of amino acids. In particular, a-amino acids having a hydro-
phobic sidechain were preferentially intercalated into the
LDH interlayer in amphoteric ion form. In future, the
formation of the amino acids/LDHs may be used in separ-
ation and decomposition techniques and synthesis of novel
organic}inorganic hybrid material.
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