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Highly ordered Mg/Al-based layered double hydroxide (LDH) nanocrystals on Si substrates
were successfully obtained by ultrasonic treatment in organic solvents. LDHs intercalated
with aliphatic R,ω-dicarboxylate were prepared through anion exchange by solvothermal
treatment at around 100 °C. Binary solvent mixtures of alcohol and toluene prevent
dissolution of the LDH and preserve the layered crystal structure of the LDH during the
anion-exchange reaction. Atomic force microscopy results present conservation of lateral
positions and morphologies of the LDH crystals on Si before and after anion exchange. The
interlayer spacings of LDH crystals intercalated with dicarboxylates vary directly with the
chain length of the dicarboxylates, and reaction stepwise anion exchanges are possible. The
results gave an original example of the direct measurement of the anisotropic nanomor-
phological change of the selected LDH crystals in the intercalation reaction, which opens a
wide range of applications.

Introduction

Layered double hydroxides (LDHs), also known as
anionic or hydrotalcite-like clays, are able to intercalate
neutral guest molecules, or to exchange interlayer
inorganic/organic anions. The LDHs are lamellar com-
pounds that consist of positively charged metal hydrox-
ide layers and anions along with water located between
the layers to compensate a net positive charge. The
compositions of LDHs are expressed by the general
formula [M2+

1-xM3+
x(OH)2]An-

x/n‚mH2O, wherein M2+

and M3+ can be any divalent or trivalent metal ion
capable of occupying the octahedral holes of a brucite-
like layer and An- is virtually any hydrated exchange-
able anion positioned in the gallery between the lay-
ers.1,2 The LDHs have received considerable attention
because of their properties as catalysts, anion exchang-
ers, and carriers for the immobilization of biological
materials.3

Especially, LDHs have been used to prepare nano-
scale organic/inorganic hybrid materials in efforts to
develop new functional materials such as biological,
environmental, agricultural, and pharmaceutical ma-
terials and so on.4 In developing these functional
materials, the solubility of organic species and LDHs

needs to be controlled to utilize the functional proper-
ties. Most investigations of the ion-exchange reactions
of LDHs have been achieved in aqueous solutions due
to utilization of water-soluble ionic compounds5 and
performed under an inert gas atmosphere because of
the competitive incorporation of carbonate from carbon
dioxide.2 Since carbonate is one of the most strongly
bound chemical species in the interlayer gallery of
LDHs,1 some organic acids such as carboxylic acids6 and
phenylphosphonic acids7 do not readily undergo inter-
calation into the carbonate form of LDHs.

The chemical reactions and properties of the LDH
materials have been extensively studied using powder
samples.8 Reaction progress for separate nanocrystals
in powder samples has not been observed so far, since
orientation-controlled immobilization of LDH crystals
is difficult. We have developed a monolayer assembly
of the LDH nanocrystals on solid surfaces with a high
packing density and the preferred orientation without
any chemical linkers. The assembly of nanosized inor-
ganic particles was formed on flat solid surfaces in a
well-ordered manner.9 Thanks to structural stability,
assemblies of layered inorganic materials on solid
surfaces can be used as functional coatings for chemical
sensors10 and clay-modified electrodes.11
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Anion-exchange reactions in aqueous solutions are not
able to prevent the equilibrium of the dissolution-
recrystallization reaction resulting from the hydrolysis
of host layers of LDHs.12 When nonaqueous solvents
were used in anion exchange of LDHs, reconstruction
of the LDH crystals could be suppressed and the
morphology of the LDH particles could be preserved
during the anion-exchange reactions.13 In addition,
hydrophobic long-chain dicarboxylic acids are soluble
enough to react with carbonate ions in the gallery of
the LDH in organic solvent systems. Anion-exchange
reactions using immobilized LDH crystals in a non-
aqueous solvent system provide the observation of
anisotropic variation of interlayer spacings of LDHs
using atomic force microscopy (AFM) and X-ray diffrac-
tion (XRD) instruments without any destruction of host
hydroxide layers, and the utilization of very small
amounts of chemical reagents.14

We first immobilized LDH crystals on Si substrates
and investigated the immobilized LDH nanocrystals
under various solvothermal reaction conditions such as
reaction medium, reaction time, and temperature. Our
approach has overcome the drawback of dissolution and
recrystallization of LDHs in aqueous solution, and we
could observe the morphological change of the im-
mobilized LDH crystals on the substrate before and
after the anion-exchange reaction by the AFM and XRD
techniques.

Experimental Section

The carbonate form of an LDH, [Mg4Al2(OH)12]CO3‚nH2O,
denoted as MgAl-LDH, was prepared by the coprecipitation
method.1 To an aqueous solution containing 0.02 M Mg(NO3)2

and 0.01 M Al(NO3)3 was slowly added a mixed solution of 2.0
M NaOH and 0.2 M Na2CO3 with vigorous stirring. During
the titration the pH of the solution was adjusted to 10.0 ( 0.1
at room temperature. The resulting precipitate was collected
by centrifugation and washed with deionized water three
times. Hydrothermal treatment was carried out in deionized
water at 180 °C to obtain a larger crystal size and improved
crystallinity of MgAl-LDH crystals, followed by drying at 120
°C in a convection oven.15

Immobilization of MgAl-LDH nanocrystals was performed
on clean silicon(100) wafers as a substrate. The MgAl-LDH
crystals (10 mg) were suspended in dry organic solvents (20
mL) such as 1-butanol or 2-propanol in a covered laboratory
glass flask, and then the flask was immersed in an ultrasonic
bath (95 W, 28 kHz) under ambient pressure at room temper-
ature. The Si substrates cleaned with oxygen plasma (Harrick,
30 W) were dipped in the colloidal suspension of MgAl-LDH
and were coated with the LDH by ultrasonic treatment for 2
min. The LDH-coated Si was removed from the reaction
suspension followed by sonication for an additional 1 min in

1-butanol or 2-propanol to remove the excess LDH crystals
from the substrates, and the samples were dried at 70 °C in
air.

The MgAl-LDH crystals on Si were transferred into a Teflon-
coated autoclave vessel containing a solution of 2 mM aliphatic
dicarboxylic acid in a binary mixture of alcohol and toluene,
and heated at 80-120 °C for 12-48 h. The alcohol/toluene ratio
(v/v) was varied in each experiment. The residual acids on the
substrates were washed out with 2-propanol, and the samples
were dried at 70 °C in air.

XRD patterns were measured with a Rigaku X-ray diffrac-
tometer, D/MAX-2000 Ultima, in θ∠2θ scanning mode. The
measurements were performed under the conditions of 40 kV,
30 mA, and Cu KR radiation (λ ) 1.5405 Å). All XRD spectra
were calibrated using the Si(200) peak from the substrates (2θ
) 32.9°, d ) 2.74 Å). AFM measurements were performed in
air with a Nanoscope II scanning probe microscope (Digital
Instruments). A cantilever [Si3N4] integral tip with a spring
constant of 0.06 nm-1 was used. The “E” scan head was used
for a 10 µm maximum scan. The images were obtained in the
contact mode with the filter off. The atomic force micrscope
was calibrated on a gold grid of 1 µm × 1 µm dimensions and
with a 200 nm deep pit. The FT-IR spectra of the DC-MgAl-
LDH on Si were obtained with a vacuum optics available
spectrometer (IFS 66 v/s, Bruker). The wavenumber resolution
is 4 cm-1, and the signal was detected by a photovoltaic liquid-
cooled MCT detector.

Results and Discussion

LDH Deposition on a Si Substrate. The diameter
of the prepared MgAl-LDH crystals in powder samples
ranging from 100 to 500 nm and a thickness of about
100 nm were determined by scanning electron micros-
copy (SEM) as shown in Figure 1a. The XRD spectra of
the prepared MgAl-LDH powder samples confirmed the
LDH structure1 with random orientation, as shown in
Figure 2a, which gives the (012) and (015) peaks. The
monolayer assembly of MgAl-LDH crystals on Si sub-
strates was successfully prepared in 1-butanol using
sonication treatment as shown in Figure 1b,c. The XRD
spectra shown in Figure 2b present the Si substrate of
attached MgAl-LDH crystals, indicating the highly
ordered orientation confirmed by the strongly enhanced
(00l) peaks up to l ) 9, as well as the absence of both
the (012) and (015) peaks. To prepare the monolayer
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Figure 1. Typical SEM images of the pristine MgAl-LDH
powder sample (a), a monolayer assembly of MgAl-LDH
crystals on Si prepared in 1-butanol (b, c), and DC-MgAl-LDH
crystals (d).
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assembly of LDH nanocrystals on Si substrates, we used
a very small amount (10 mg) of powdery LDH in 20 mL
of solvent. Adhesion of LDH or clay nanocrystals on solid
substrates by solvent evaporation of the colloidal disper-
sion according to a previous report16 gives randomly
oriented crystals on the substrate, and it is very difficult
to obtain the highly ordered aniosotropic array as
reported in the present work. The bonding between the
LDH and Si wafer is ascribed to physisorption resulting
from the hydroxyl group of the LDH. Not only is the
present method more facile than the Langmuir-
Blodgett film deposition method for the preparation of
LDH thin films,17 but it is also possible to control the
area coverage of the MgAl-LDH crystals on Si.

Solvent Dependence of the Anion Exchange of
Dicarboxylates. We chose one of the long-chain dicar-
boxylic acids, 1,10-decanedicarboxylic acid, as a guest
molecule in the interlayer gallery of LDHs (samples
denoted as DC-MgAl-LDH). In Figure 2c-e, the XRD
spectra for the DC-MgAl-LDH products were obtained
by solvothermal reaction at 120 °C for 24 h in different
solvents such as toluene, 2-propanol, and 1-propanol.
Basal spacings of 19.2 and 20.4 Å were observed for the
DC-MgAl-LDH prepared in alcohol systems, close to 21
Å, where 1,10-decanedicarboxylate ions were vertically
arranged within the layers of the LDHs. The pristine
LDH peaks almost disappeared for the 1-propanol
system. On the contrary, incomplete anion exchange
was observed in the 2-propanol system, and the pristine
LDH peaks remained as shown in Figure 2d. The
difference in exchange reaction progress could be par-
tially ascribed to the solvent polarity at polar solid
surfaces as a function of the solvent structure.18 Solvo-

thermal treatment in toluene gave a sample with
smaller basal spacings of 14.2 and 7.2 Å, and a peak
assigned to AlO(OH) probably resulting from a partial
decomposition of the pristine LDHs.

Mixed Solvent System. Figure 3 shows the XRD
spectra of DC-MgAl-LDH using solvothermal reactions
in a toluene/1-propanol mixture with various ratios
between 0% and 50% (v/v). The data suggest layer
expansion in all cases of 1-propanol addition, showing
(003) reflections close to 19.2-21 Å as well as large
intensities of (00l) harmonics. Assuming the thickness
of the brucite layer including hydrogen bonding is
approximately 6.8 Å,2 the gallery height is close to 13.2
Å. Given that the size of the 1,10-decanedicarboxylate
anion is approximately 13.3 Å,19 such a value is gener-
ally associated with the formation of a vertical orienta-
tion within the interlayer space. In this arrangement
the carboxyl groups are linked by hydrogen bonding to
the hydroxide sheets and the aliphatic groups vertically
oriented within the center of the gallery.

When a small amount of 1-propanol (0.05-5%, v/v)
was used in the solvothermal reaction, the carbonate
anions were successfully exchanged with 1,10-decanedi-
carboxylate, which vertically arranged into the layers.
Especially, although extremely small quantities of
1-propanol (0.05%, v/v) were used in this system, the
1,10-decanedicarboxylic anions were intercalated into
the interlayer space with a vertical arrangement, indi-
cating that alcohol is very effective for the dissolution
of dicarboxylic acid. Surprisingly, the extremely high
crystallinity of DC-MgAl-LDH prepared in a 1-propanol/
toluene mixture (5%, v/v) was reflected in six (00l) peaks
up to l ) 18. The SEM image of DC-MgAl-LDH on Si in
Figure 1d showed sharp edges, indicating that the
anion-exchange reaction using a small amount of 1-pro-
panol may have little influence on the crystallinity of
the LDH layers. Preswelling with alcohol8d and/or
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Figure 2. XRD spectra and basal spacings (Å) of the MgAl-
LDH powder sample (a) and MgAl-LDH on Si prepared in
1-butanol (b). (c)-(e) are for MgAl-LDH exchanged with 1,10-
decanedicarboxylate in toluene (c), 2-propanol (d), and 1-pro-
panol (e). The scales of the XRD spectra of (c)-(e) are
multiplied by 10 to be compared with those of (a) and (b). The
asterisk corresponds to the pristine LDH peaks and the circle
to AlO(OH). Anion-exchange reactions were performed at 120
°C for 24 h.

Figure 3. XRD spectra and basal spacings (Å) of MgAl-LDH
obtained by anion exchange with 1,10-decanedicarboxylate in
various 1-propanol/toluene mixtures (%, v/v): 0% indicates the
reaction medium contains only toluene, and 0.05% indicates
a 1-propanol/toluene mixture in a 0.05/99.5 ratio. The asterisk
corresponds to the pristine LDH peaks, the full circle to (00l)
harmonics, and the hollow circle to an unknown phase. Anion-
exchange reactions were performed at 120 °C for 24 h.
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solvation of acid in alcohol20 are attributed to the driving
forces of the exchange reaction because it is well-known
that carbonate LDH compounds generally only with
difficulty exchange with other anions. The solubility of
dicarboxylic acid in alcohol may be the most important
factor for the complete anion-exchange reaction. A large
amount of 1-propanol (10-50%, v/v) gives partial ex-
change, and the pristine MgAl-LDH peaks remain,
though most of the cases involve peaks for basal
spacings around 20 Å.

Temperature and Time Dependence. The DC-
MgAl-LDH samples prepared at 120 °C showed that
anions were exchanged into the interlayer space, and
the pristine LDH peaks completely disappeared. On the
contrary, the DC-MgAl-LDH samples prepared at 80
and 100 °C presented pristine LDH peaks (Supporting
Information, Figure S1). The exchange reaction could
be enhanced by elongation of the reaction time, and the
pristine LDH peak intensities were reduced as the
solvothermal reaction period increased for the sample
prepared at 100 °C (Supporting Information, Figure S2).
The exchange reaction at 120 °C for 24 h using a small
amount of 1-propanol was sufficient to intercalate
dicarboxylates with vertical orientation in the LDH. For
the solvothermal reaction at 80 °C, a metastable phase
with a basal spacing of 15.7 Å was also observed
(Supporting Information, Figure S1), which disappeared
when the sample was treated for an additional 48 h.

Size Effect of Dicarboxylates on the Basal Spac-
ings. The XRD spectra and basal spacings for the LDH
samples exchanged with the various R,ω-dicarboxylic
acids are shown in Figure 4, indicating variable layer
expansions depending upon the chain lengths of each
dicarboxylate for the general formula (CH2)n(COO-)2.
We believe that the carbonates are exchanged with
dicarboxylate in the galleries. The deprotonated car-
boxylic groups of DC-MgAl-LDH on Si prepared in
1-propanol/toluene were confirmed by FT-IR measure-

ments, which gave characteristic peaks at 2919, 2850,
1470, 991 cm-1 corresponding to the C-H vibration, and
at 1600 cm-1 corresponding to the C-O stretching
mode. On the contrary, the peaks of CO3

2- at around
1360 cm-1 were rarely observed in the spectra. For the
selected R,ω-dicarboxylates from n3 (intercalated with
glutarate) to n12 (1,12-dodecanedicarboxylate), the XRD
spectra indicate that the dicarboxylates were vertically
arranged or slightly tilted within the host layers. The
n2 (succinate)-LDH sample gave a basal spacing of
about 9.1 Å, which implies a horizontal arrangement
in the interlayer space, similar to that of the tere-
phthalate LDH samples, as discussed by Kooli et al.21

For n9 (1,9-nonanedicarboxylate)-LDH, the pristine
LDH peaks also remained. The n5 (pimelate)-LDH
sample was prepared under reaction conditions different
from those of the other diacids (vide infra).

Figure 5 presents a plot of interlayer separation (Å)
against the carbon number (n) in (CH2)n(COO-)2. The
basal spacing values (d) linearly increase with the chain
length, n. Assuming the mean increase ∆d ) 1.27 Å/CH2
from succinate to 1,12-dodecanedicarboxylate,5a,22 the
basal spacings of the (003) reflection for n4, n8, n10,
n11, and n12 are close to the theoretical d values. The
n2-, n6-, and n9-LDH compounds have basal spacings
lower than the corresponding theoretical values, but the
n3 and n7 compounds have basal spacings higher than
the corresponding theoretical values. The basal spacings
of the (003) reflection approximately correspond to the
theoretical d values (except for n2). Because all the
products above were obtained under the same solvo-
thermal reaction conditions (except for n5), the principal
factor for the interlayer separation is not clear. The XRD
spectra of several samples, n4, n5, n8, and n10, show
several (00l) harmonics, indicating their good crystal-
linity in the dicarboxylate-LDH samples.

We note that pimelic acid (n5) was exchanged by
stepwise reaction in the mixture system (Supporting
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1996, 8, 1969.
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Figure 4. XRD spectra and basal spacings (Å) for the various
dicarboxylate-LDH products obtained by anion exchange in a
1-propanol/toluene mixture (0.5%, v/v). n2 (succinate) to n12
(1,12-dodecanedicarboxylate) correspond to the number of
carbons in the aliphatic chain in R,ω-dicarboxylates, (CH2)n-
(COO-)2. The asterisk corresponds to the pristine LDH peaks.

Figure 5. Interlayer separation of the various dicarboxylate-
LDH products against the number of carbon atoms, n, in the
chain of (CH2)n(COO-)2. The full squares correspond to ob-
served values and the hollow circles to theoretical ones. Error
bars are also given for the experimental d values.
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Information, Figure S3). First, 1,10-decanedicarboxylic
acid was solvothermally exchanged into the MgAl-LDH
in the 1-propanol/toluene mixture (5%, v/v) at 120 °C
for 24 h, which had a basal spacing of 21 Å and a good
crystallinity. The DC-MgAl-LDH samples and pimelic
acid were applied under similar conditions for 24 h,
which gave no XRD peak except the Si peak, but in 48
h in air, the XRD peak corresponding to a basal spacing
of 15.5 Å appeared for the same sample. The aging effect
for the above reaction was reproducible, showing that
the aging effect is also an important factor for crystal-
lization in the exchange reaction. Recently, Iyi et al.23

also reported that the basal spacing of organic/LDH
(starting ratio 0.75) complexes varied according to aging
at different temperatures, a monophase with a vertical
arrangement at a low aging temperature (25 °C), and a
second staging structure at a high aging temperature
(100 °C). The fact that the length of the pimelic acid
anion is approximately 8.7 Å19 is associated with the
formation of a vertically arranged structure within the
interlayer space.

AFM Observations for the Selected LDH Crys-
tals. Figures 7 and 8 present the AFM images for the
as-adsorbed MgAl-LDH crystals on Si and the same
samples after solvothermal anion-exchange reactions.
Surprisingly, most of the LDH crystals kept their lateral
positions on Si after the anion exchange, and the size
of the LDH crystals remained constant. For the AFM
study, deposition of MgAl-LDH crystals was carried out
in 2-propanol, resulting in a medium coverage of 70%
for the selected surface. The heights of DC-MgAl-LDH
crystals prepared in a 1-propanol/toluene mixture dra-
matically expanded to 2.7 times that of MgAl-LDH, as
shown in the line profiles over a selected crystal (Figure
7b), corresponding to the ratio of basal spacing values,
2.7, based on the above XRD data as shown in Figure
6c. The SEM image of DC-MgAl-LDH on Si in Figure
1d showed sharp edges, indicating that the anion-

exchange reactions in organic solvents have little influ-
ence on the crystallinity of the LDH layers. The edge
slopes of LDH crystals in the AFM image result from
the lateral tip artifacts, which have been reported in
the studies for clay compounds.24

The consecutive anion exchange for the DC-MgAl-
LDH using glutaric acid (denoted as GL-MgAl-LDH)
was carried out under the same reaction conditions as
the formation of DC-MgAl-LDH, resulting in an inter-
mediate height, 96 nm, for the selected LDH crystal
(Figure 7c) as well as a change of the basal spacing to
8.9 Å (Figure 6d). Thus, the anionic species can be
controlled by sequential solvothermal reactions. Accord-

(23) Iyi, N.; Kurashima, K.; Fujita, T. Chem. Mater. 2002, 14, 583.
(24) Plaschke, M.; Schäfer, T.; Bundschuh, T.; Ngo Manh, T.; Knopp,

R.; Geckeis, H.; Kim, J. I. Anal. Chem. 2001, 73, 4338.

Figure 6. XRD spectra and basal spacings (Å) of the mono-
layer assembly of MgAl-LDH crystals on Si (a), DC-MgAl-LDH
prepared in toluene (b), DC-MgAl-LDH prepared in a 1-pro-
panol/toluene mixture (0.5%, v/v) (c), and GL-MgAl-LDH
prepared using DC-MgAl-LDH in a 1-propanol/toluene mixture
(0.5%, v/v) (d). The scales of the XRD spectra of (b) and (d)
are multiplied by 10 to be compared with those of (a) and (c).

Figure 7. AFM images of selected MgAl-LDH crystals ad-
sorbed onto silicon for MgAl-LDH (a), DC-MgAl-LDH (b), and
GL-MgAl-LDH (c) prepared in a 1-propanol/toluene mixture
(0.5%, v/v). Line profiles over the selected LDH crystals are
also shown. The arrows indicate the selected LDH crystals.

Figure 8. AFM images of selected MgAl-LDH crystals ad-
sorbed onto silicon for MgAl-LDH (a) and DC-MgAl-LDH
prepared in toluene (b). Line profiles over the selected MgAl-
LDH crystals are also shown. The arrows indicate the selected
LDH crystals.
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ingly, in these anion-exchange processes, an important
observation is that the height changes indicated in the
AFM results are directly correlated with the ∆d value
based on the XRD data before and after anion exchange,
as mentioned above. We also note that the repeated
solvothermal treatments produce a rough surface of the
LDH in AFM and poor crystallinity in XRD spectra.

On the other hand, for the toluene system, the heights
of DC-MgAl-LDH crystals expanded to 2.3 times larger
than that of the pristine LDH, as shown in the profiles
over a selected crystal (Figure 8), disagreeing with the
ratio of the d value, 1.8, based on the XRD data as
shown in Figure 6b. Figure 8b shows an expansion along
the c direction of the selected crystal without a size
change along the a and b directions. The observed basal
spacing values of 14.3 and 7.2 Å (this may be the second-
order reflection of the former one) do not correspond to
the (00l) reflections as in the 1-propanol/toluene solvent
system. When we regard the AFM data as direct
information on the interlayer anions, the XRD data
imply a different unit cell. The calculated basal spacing
based on the AFM data is 17.5 Å and belongs to the
many possibilities of interlayer anions: (1) a tilted linear
carbon chain with θ ) 73°, (2) a bilayer consisting of
two folded diacids with a gauche conformation in the
middle of the carbon chain, (3) two-thirds of a second
staging intercalate with a tilted orientation of the DC-
MgAl-LDH (<21.0 Å) and carbonate-LDH (7.6 Å).
Analysis of the AFM images and the XRD data of the
products confirmed the presence of complex phases with
different (hkl) indexing. It is possible that AFM results
indicate the three-dimensional structure and the real
expansion of LDH nanocrystals in the anion-exchange
reactions in toluene, though the detailed structure is
not solved clearly.

Conclusion

The 1-propanol/toluene mixture system prevents dis-
solution of LDHs and preserves the layered structure
of an immobilized LDH on Si during anion-exchange
reaction. The basal spacings for the MgAl-LDH samples
using the various aliphatic R,ω-dicarboxylic acid anions
indicated that the diacids were vertically arranged
within the LDH layers, except for succinic acid, and the
pimelic acid was incorporated into the LDH by stepwise
reactions, involving DC-MgAl-LDH as an intermediate
material. The anion-exchange reactions using immobi-
lized LDH crystals in the 1-propanol/toluene solvent
system allow the observation of the anisotropic lattice
expansion of the host layer along the c axis by AFM,
corresponding to an increment of basal spacings based
on the XRD data with vertically arranged anions. For
the toluene system, the ratio of the layer expansion
based on the XRD data did not correspond to the
increase of height from the AFM data, which implies
that only XRD investigation of the anion-exchange
reaction may drive an incorrect interpretation of the real
volume expansion of LDHs.
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