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A novel one-step method has been developed to synthesize organically modified layered double
hydroxide under ambient condition and without requirement of carbonate-free condition. This
method has been found to be effective in the presence of several competitive anions and provides
modified products with improved homogeneity, crystallinity, etc., as compared to other commonly
known methods such as anion exchange and regeneration. The critical control of the pH value of the
reaction medium is a key aspect of this method and provides a high degree of intercalation of the
surfactant without forming any pure LDHphase.WAXS andFTIR analysis prove the homogeneous
nature of themodified LDH. In contrast to the regenerationmethod, the chemical environment of the
metal hydroxide layers remains identical to that of the unmodifiedLDH, as confirmed from the solid-
state 27Al MAS NMR spectroscopy.

1. Introduction

Layered double hydroxide (LDH) is a host-guest
material consisting of positively charged metal hydro-
xide sheets with intercalated anions and water molecules.1

They can be represented by a general formula,
[M2þ

1-xM
3þ

x(OH)2]
xþAn-

x/n yH2O, where M2þ and
M3þ are divalent and trivalent metal cations, such as
Mg2þ and Al3þ, respectively, and An- is interlayer anions,
such as CO3

2-, Cl- and NO3
-.2 Because of a wide field of

potential applications, such as catalysts,3,4 medical materi-
als,5,6 gene delivery,7,8 and polymer nanocomposite,1,9,10

LDHmaterials have generated serious research activities in

area of their synthesis and modifications.11-16 One of the
most recent applications being investigated extensively is
the use ofLDHasnanofiller for polymermatrix to improve
flame-retardancy andmechanical properties.17,18However,
to be used as nanofiller for polymers, the organic modifica-
tion of LDH is necessary. The current methods employed
for modification of LDH such as anion exchange,7 regen-
eration,1 in situ synthesis,8 etc., are either complex or yield
products with inferior qualities in terms of crystallinity,
homogeneity, and composition. For example, the regen-
eration method is a two-step procedure, often interfered by
the presence of other ions in the system. In addition,
changes in composition and/or crystallinity can occur after
regeneration.19 Similarly, direct anion exchange and in situ
synthesis methods do not yield very efficient intercalation
of anionic surfactant under ambient conditions due to the
interference with CO3

2-, which has very strong affinity for
LDH layers. The coprecipitation method has been also
reported for in situ synthesis of polymer nanocomposites,
where the intercalation of high molecular weight polymers
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occur within the LDH sheet during the formation of the
metal hydroxide layers.20,21However, the up-scaling of this
method toproduce greater volumeofmaterials and also the
efficiency in polyolefin based system are still questionable.
Thus, the significantly increased cost of the organo-LDH in
comparison to very cheap and natural parent materials
becomes a limiting factor for their large scale industrial
application. A design of a novel simple and low-cost on an
industrial scale synthesis of organo-LDH is a major chal-
lenge for material scientists. Therefore, a one-step method
to synthesize organo-LDH would be the right approach,
efficiency of which should be assessed regardless of the
nature of the starting reactants (more specifically, different
competitive anions) and the anionic surfactant.
In this report, we present a one-step synthesis method

to prepare organo-LDH. A common surfactant, sodium
dodecylbenzenesulfonate (DBS), has been employed as
an organic modifier. No additional measures other than
controlling the pH of themediumwere required to obtain
a high degree of intercalation by the surfactant retaining
the high crystallinity independent of the presence of other
anions, like NO3

-, CO3
2-, and Cl-. The prepared orga-

no-LDH has been characterized in detail by WAXS,
FTIR and 27Al NMR and 1HMASNMR and compared
with those obtained by the common modified methods
such as regeneration and ion-exchange for the first time.

2. Materials and Experimental Method

2.1. Materials. The metal nitrate salts, metal chloride salts,

sodium hydroxide, sodium carbonate and sodium dodecylben-

zenesulfonate (DBS) used for synthesis of organicMg-Al LDH

by one-step route were obtained fromAldrichChemical Co. and

used without further purification. The Mg-Al LDH (PURAL

MG63HT,Mg:Al= 2:1) used for preparing modified LDH by

regeneration method was supplied by the SASOL GmbH,

Germany.

2.2. One-Step Synthesis of Organic LDH (LDH-CO3-DBS,

LDH-Cl-DBS, and LDH-NO3-DBS). The organic Mg-Al

LDHs with three different anions were prepared by one-step

route. The synthesis was carried out by the slow addition of a

mixed metal (Mg2þ and Al3þ) salt solution (with Mg2þ:Al3þ

equal to 2:1 and a total metal ion concentration of 0.3 M, either

metal nitrate salts or metal chloride salts as original source) to a

DBS solution under continuous stirring maintaining the reac-

tion temperature at 50 �C.During the synthesis the pHvaluewas

kept at 10 ( 0.2 by adding suitable amount of 1 M NaOH

solution (product called LDH-Cl-DBS or LDH-NO3-DBS) or

mixed solution of NaOH and Na2CO3 (product called LDH-

CO3-DBS) of amolar ration equal to 5. After the addition of the

mixed metal salt solution, the resulting slurry was continuously

stirred at the same temperature for 0.5 h and thenwas allowed to

age in a heater at 75 �C for 18 h. The final products were filtered

and washed several times with distilled water to get rid of

nonreacted surfactant molecules until the pH of the supernatant

solution was about 7. The material was then dried in an oven at

80 �C until the constant weight was achieved.

2.3. Modification of LDHbyRegenerationMethod andAnion

Exchange. Modification of LDH by regeneration method: The

pristine LDH was calcined at 500 �C for more than 3 h. The

calcined product was dispersed in a 0.1 M aqueous solution of

DBS with solid/solution ratio 1 g/50 cm3 and the dispersion was

stirred by magnetic stirrer at 25 �C for 24 h. The white mass was

then filtered, washed with distilled water several times, and

finally dried in oven at 80 �C until constant weight, called

LDH-DBS (regeneration).

Modification of LDH by anion exchange: The carbonate-

based LDH was synthesized by the same procedure with a one-

step method for LDH-CO3-DBS except there no introducing

DBS in the solution. The carbonate-based LDH was dispersed

in a 0.1 M aqueous solution of DBS with a solid/solution ratio

1 g/50 cm3, and the dispersion was stirred by magnetic stirrer at

room temperature and reflux, respectively, for 24 h. The white

mass was then filtered, washedwith distilled water several times,

and finally dried in oven at 80 �C until constant weight,

called LDH-DBS (anion exchange-RT) and LDH-DBS (anion

exchange-reflux), respectively.

2.4. Characterization Techniques. Wide angle X-ray scatter-

ing (WAXS) was performed using 2-circle diffractometer XRD

3003 θ/θ (GE Inspection Technologies/Seifert-FPM, Freiberg)

with Cu KR radiation (λ = 0.154 nm) in the range of 2θ =

0.5-25 o using the step length of 0.05�. The crystallite size of the
LDH materials was determined using the Scherrer equation in

its simplified version (lattice distortions are neglected)

L ¼ ðλKÞ=ðβcos θÞ

where L is the thickness of the crystallite in the direc-

tion perpendicular to the plane of metal hydroxide sheet

in LDH materials, κ is a factor between 0.87 and 1.00, β is

the full-width at half-maximum (fwhm), and θ is the scatter-

ing angle. βwas calculated on the basis of the Lorentzian profile

of the reflections and Gaussian corrected peak broadening (due

to the instrument function). The determination of the broad-

ening for the first-order diffraction, i.e., (003), is difficult

because of its asymmetric shape, so the calculation was made

with respect to the second order diffraction, i.e., (006). The

interlayer distance in the LDH materials was calculated using

the Bragg’s equation and averaged over the first four orders of

diffraction.

The Fourier transform infrared spectra (FTIR) of the LDH

materials were obtained using the BRUKER VERTEX 80 V

spectrometer over the wavenumber range of 400-4000 cm-1.

The powdered samples were mixed with KBr and pressed in the

form of pellets for the measurement of FTIR analysis.

Thermogravimetric analysis was done using a TA Instru-

ments TGA Q 5000 in the range between room temperature

and 800 �C at a heating rate of 10 K/min in a nitrogen atmo-

sphere.

Scanning electron microscopy (SEM) (microscope model:

LEO 435 VP, Carl Zeiss SMT) was used to study morphological

features of the powdered samples. The samples were placed on a

sample holder using conducting carbon cement and then coated

with a thin layer of platinum (layer thickness 15 nm) using a

sputter coater (BAL-TEC SCD 500 sputter coater).

For NMR measurements, the samples were placed in 4, 3.2,

and 2.5 mm (o.d.) zirconium rotors. All NMR spectra were

performed on a (11.7T) Bruker Advance 500 spectrometer with

a resonance frequency of 130.34MHz for 27Al and 500.13MHz

for 1H. 27Al MAS NMR spectra were recorded at a spinning

speed of 14kHz employing a BL4 MAS probe-head. A recycle

delay of 1 s and 256 repetitions were used. A single pulse of 1 μs
pulse duration was applied to ensure a quantitative excitation of
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the central transition.22 27Al chemical shifts were referenced to 1

M AlCl3 aqueous solution at 0 ppm. 1H MAS NMR spectra

were acquired with BL3.2 HXY 3.2 mm MAS probe-head at a

spinning frequency of 20kHz and a recycle delay of 2 s employ-

ing a single 90� rf-pulse of 1.8 μs duration. 1H combined rota-

tion and multiple pulse spectroscopy (1H CRAMPS) experi-

ments were carried out employing 2.5 mm MAS probe-head

and the BR-24 pulse sequence23 at 4kHz sample spinning with a

π/2-pulse duration of 1.4 μs and a cycle time of 60 μs. All 1H

spectra were referenced to TMS at 0 ppm using PVDF as an

external reference. For quantitative analysis of NMR spectra

Dmfit was used.24

3. Results and Discussion

3.1. Characterization of Organic LDH Synthesized by

the One-StepMethod. TheWAXS patterns (Figure 1a) of
the LDH and organo-LDH synthesized by one-step
method revealed that DBS anion can be efficiently inter-
calated within the LDH layers by this method. In the

unmodified LDH, the first basal reflection (003) at 2θ=
11.8� corresponds to an interlayer distance of 0.77 nm.
The absence of any distinguishable reflection at this
position in the modified LDH synthesized by the one-
step method indicates that no unmodified LDH phase
was formed. The reflections up to several orders in the
WAXS patterns point to high crystalline order of the
organo-LDH, indicating that the presence of DBS does
not affect the formation of layered structure during
coprecipitation of the metal ions. The WAXS patterns
of organo-LDH obtained in the presence of different
starting anion species, i.e. Cl-, NO3

-, and CO3
2-, show

the same interlayer distances proving the efficiency of the
one-step method regardless of the starting material used.
The possible presence of some of the anions in the
interlayer region along with DBS anion does not affect
the interlayer distances. This is a clear advantage of the
one-step method in comparison to others, such as anion
exchange, regeneration, or conventional in situ synthesis,
demonstrating its universality for synthesis of organo-
LDH.
The interlayer distance in the organo-LDH is estimated

at 2.98 nm, which resembles the value observed for DBS-
modifiedLDHsynthesized by othermethods. InFigure 2,
the proposed scheme suggests a monolayer arrangement
of surfactant anions in the interlayer region of the mod-
ified LDH by the one-step synthesis. The interlayer
distance can be calculated as

dcalculated ¼ dlayer þ dinter

where dlayer represents the thickness of the hydrotalcite
brucite-like LDH sheet, 0.49 nm,25 and dinter includes the
length of intercalated species and absorptive water in the
interlayer. It has been reported that in LDH-DBS the loss
of the absorbed interlayer water causes 0.32 nm contrac-
tion in basal spacing.19 Because the orientation of the
molecular chain of DBS anion is proposed to be perpen-
dicular to the layer and has a dimension of 2.14 nm,26 the
interlayer distance is estimated to be 2.95 nm, which is in
agreement with the experimental result (d = 2.98 nm).
The crystallite thickness (Figure 1b) is smaller inmodified
LDH as compared to unmodified LDH.Moreover, it has
been shown that the starting anions do not have any
significant influence on the growth of the LDH-DBS
crystallites. The average number of layers has been esti-
mated from the crystallite size and interlayer distances
and plotted in Figure 1b as well. The obtained results
show 4-fold reduction in the average number of layers in
each crystallite after modification.
The FTIR spectra of the organo-LDHs reveal the pre-

sence of DBS anion in the materials (Figure 3). The
characteristic vibration bands were detected for the SO3

group (symmetric stretching at 1037 cm-1 and asymmet-
ric at 1182 cm-1), the benzene group (C-C stretching at

Figure 1. (a) WAXS patterns and (b) the crystallite size (thickness in the
normal direction to the (00L) plane) for pure LDHandLDHmodified by
one-step synthesis.
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1496 and 1602 cm-1, C-H in plane bending at 1011 and
1131 cm-1) and alkyl group (asymmetric stretching of
CH3 and CH2 at 2958 and 2926 cm-1 respectively, sym-
metric stretching of CH3 and CH2 at 2872 and 2855 cm-1,
respectively, and CH2 scissoring at 1466 cm

-1). The bands
recorded below 800 cm-1, especially the sharp and strong
characteristic band around 450 cm-1, arise because of the
vibration of metal-oxygen bond in the brucite-like lattice.
These results indicate the presence of DBS molecules in
all the modified LDH and were consistent with the results
of WAXS.
The elemental analysis of organo-LDH obtained by the

one-step method along with their thermograms is showed
in Figure 4. The results exhibit a 2:1 Mg:Al ratio and very

high (nearly 100%) intercalation of theDBS anions within
LDH layers. The similar contents of C,H and S in organo-
LDH obtained from different starting materials indicate
their similar chemical composition. These findings ob-
viously establish the fact that the presence of nitrogen
atmosphere is not always a necessary condition to incor-
porate DBS anion within LDH layer. The thermograms
presented in Figure 4 reveal the similar thermal decom-
position behavior for the organo-LDH materials synthe-
sized by the one-stepmethod that results from similarity of
their chemical compositions identified by the elemental
analysis. The characteristic features of these thermograms
corresponding to the low temperature weight loss (roughly
below 250 �C) and the thermal decomposition indicate
similar amounts of interlayer water and the same Mg:Al
ratio in all samples investigated, respectively.

Figure 2. Schematic illustration of anion structure intercalated in the modified LDH by one-step synthesis.

Figure 3. FTIR spectra of LDH modified by one-step synthesis.

Figure 4. TGA and elemental analysis of LDH modified by one-step
synthesis.
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The morphological analysis of the modified LDHs
obtained from different starting materials is shown in
Figure 5. The unmodified LDHhas platelikemorphology
with sharp edges, but no defined shape. Although some
particles are crystallized in hexagonal shape, inmost cases
the formation of well-defined hexagonal plate was
not complete. All the modified LDHs obtained by the
one-step method show unambiguously similar particle
morphology. The primary particles are found to be plate-
like without any defined shape; the edges are more
irregular than in unmodified LDH, indicating that the
growth of the crystal was not uniform on all the particle
edges.
3.2. Comparison of the One-Step Method with the Re-

generation and Anion Exchange Methods. In the previous
section, it has been established that the one-stepmethod is
indeed a universal method for synthesizing organo-LDH
and has not been affected by the presence of other
common anions, like Cl-, CO3

2-, NO3
-, etc. In this

section, we report the comparison of this method with
other conventional methods in terms of crystallinity,
morphology, chemical composition of the modified
LDH, and the efficiency of the modification process.
For this purpose, such methods as anion exchange at
room temperature and under reflux and the regeneration
method have been considered. The samples obtained
from these methods are designated accordingly as
LDH-DBS (anion exchange-RT), LDH-DBS (anion ex-
change-reflux), and LDH-DBS (regeneration). The start-
ing anion was CO3

2-, which is known to have very high
affinity for LDH layers.

3.2.1. WAXSAnalysis of theOrgano-LDHSynthesized
by Different Methods. Figure 6 shows the WAXS pattern

of unmodified LDH and the organo-LDH synthesized by
anion exchange method at room temperature and under
reflux condition, regeneration method, and one-step
route. It is obvious that DBS ions do not undergo any
ion-exchange reaction with the carbonate-based LDH at
room temperature. But, under reflux conditions, evidence
of a partial exchange reaction has been observed as some
distinct diffractionmaxima appear at lower 2θ values that
correspond to an interlayer distance of 2.98 nm. How-
ever, a strong diffraction maximum at the original (003)
position indicates that a large fraction of the LDH
remains unaffected, which proves the inhomogeneity of

Figure 5. SEMmicrographs showing the particlemorphology of theLDHsamples obtained byone-step synthesis: (a)MgAl21-CO3LDH, (b)MgAl21-Cl
LDH-DBS, (c) MgAl21-CO3 LDH-DBS, and (d) MgAl21-NO3 LDH-DBS.

Figure 6. WAXS pattern of the organo-LDH synthesized by anion
exchange method at room temperature and under reflux condition,
regeneration method, and one-step route.
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the material. The regeneration is a very efficient method
to synthesize organo-LDH from a carbonate-based pre-
cursor. Although a high degree of intercalation of DBS
anion after regeneration has been observed in the present
work, formation of some unmodifiedLDH fraction is still
unavoidable, as indicated by the presence of a broad
diffraction maximum at original (003) position. The
LDH-DBS obtained by the one-step method appears to
be the most homogeneous materials according to its
WAXS pattern, which show significantly sharper diffrac-
tion maxima than commonly observed in DBS interca-
lated LDH. Moreover, no maximum corresponding to
the unmodified phase is detected, translating the forma-
tion of a single-crystalline phase in organo-LDH ob-
tained by the one-step method.

3.2.2. FTIR Analysis. The FTIR analysis presented in
Figure 7 further proves that the ion-exchange reaction at
room temperature does not cause any intercalation of
DBS anion when carbonate-based LDH is used as pre-
cursor, because its spectrum exactly reproduces that of
unmodified LDH.When anion exchange has been carried
out under more aggressive condition, i.e., under reflux
conditions, a partial intercalation of DBS within LDH
has occurred, which is also detected in the FTIR spectra
of the material. The presence of CH2 and CH3 stretching
bands in range 2850-2970 cm-1 and a strong band at
around 1357 cm-1 in this material indicate that bothDBS
and CO3

2- are simultaneously present in the material.
The modified LDH obtained by the regeneration method
also show a broad, but strong band characteristic of
CO3

2- vibration, indicating that some CO3
2- is still pre-

sent in the finalmaterial. In contrast, the one-stepmethod
provides organo-LDH without any trace of CO3

2- in the
interlayer region because no characteristic bands have
been detected in its FTIR spectrum. The largest differ-
entiation between the organo-LDHs synthesized by the
one-stepmethod and the regenerationmethod is observed

in the region below 500 cm-1, which is responsible for
stretching bands due to M-O bonding. That is, the sharp
and strong 450 cm-1 band in the one-step LDH indicates
the formation of the metal-oxygen framework similar to
that in unmodified LDH, whereas a slight shift and a
deformed shape of this band in the regenerated LDH
point to the fact that some structural changes might have
occurred in metal hydroxide layers during regeneration
process. The detailed study of the structure ofmetal-oxy-
gen framework is provided by solid-state 27Al NMR and
discussed in section 3.2.4.1.

3.2.3. Thermal Analysis. Thermogravimetric analyses
(TGA) of the organo-LDH synthesized by different
methods (Figure 8) show different thermal decomposition
behavior resulted from different chemical compositions.
The weight loss below about 225 �C is mainly due to loss of
interlayer water and carbonate ions. The unmodified LDH
and the LDH-DBS (anion exchange-RT) show the highest
amount of weight loss in this region, whereas it is signifi-
cantly smaller in other modified sample and is minimal
in LDH-DBS synthesized by one-step method. Besides,
the low-temperature weight loss in LDH-DBS (one-step)
occurred up toabout 125 �C, abovewhich there is nearlyno
weight loss until about 250 �C. This indicates the presence
of a very small amount of weakly bound interlayerwater in
LDH-DBS (one-step). The thermal stability is found to
increase in the order of LDH-DBS (anion exchange-re-
flux), LDH-DBS (regeneration), LDH-DBS (one-step).
This result correlates with the elemental analysis (the insert
in Figure 8), which shows an increase in the amount of
intercalated DBS in the same sequence. Our observation
confirms the previously reported result that the intercalated
surfactant improves the thermal stability of metal hydro-
xide layer in LDH.27 The different extents of intercalated
DBS in the modified LDH have been also reflected in the
residue obtained, as LDH-DBS (one step) containing the
highest amount of intercalated DBS yield the lowest
amount of residue.

Figure 7. FTIR spectra of LDH materials: (a) MgAl21-CO3 LDH,
(b) MgAl21-CO3LDH-DBS (anion exchange at room temperature),
(c) MgAl21-CO3 LDH-DBS (anion exchange under reflux condition),
(d) MgAl21-CO3 LDH-DBS synthesized by regeneration method,
(e) MgAl21-CO3 LDH-DBS synthesized by one-step synthesis.

Figure 8. TGA and elemental analysis of LDH and modified LDH by
different methods.

(27) Costa, F. R.; Leuteritz, A.; Wagenknecht, U.; Auf der Landwehr,
M.; Jehnichen,D.; H
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44, 7.
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3.2.4. NMR Analysis. 3.2.4.1. 27Al NMR. Figure 9
depicts the 27Al MAS NMR spectra of one unmodified
and two LDH-DBS samples produced by the regenera-
tion method and by the one-step route, respectively. All
spectra show an intense signal centered at ca. 10 ppm,
which is unambiguously attributed to octahedral Al
(or six-coordinated AlO6) sites. This observation sup-
ports the fact that the structure of LDH is composed of
Al cations that are coordinated by six OH groups
(hydroxide) forming octahedral sheets. LDH formed by
either route is composed of octahedral aluminum, prov-
ing the equivalence of the synthetic routes (though the
one-step route is simpler to implement). Deconvolution
of the AlO6 signals (not shown here) reveals coexistence
of two nonequivalent aluminum sites regardless of the
processing route. Their relative peak area ratios coincide
within an error margin ( 5% in pure LDH and one-step
route producedLDH-DBS that abundantly evidence the
similarity in their local structures. In the 27Al spectrum of
regenerated LDH, a signal centered at 70 ppm is also
observed that is a signature of tetrahedral aluminum (or
four-coordinated AlO4). A quantitative analysis reveals
that 15% of the four-coordinated aluminum is present in
the regenerated LDH, which is thought to be the product
of calcination involved in the regeneration procedure.
Partial transformation of six-coordinated aluminum to
the four-coordinated aluminum has been recently ob-
served in BEHP-modified LDH also prepared by the
regeneration method.28

Additional information can be extracted analyzing the
line shape of the quadrupolar 27Al spectrum, in which the
strength anddistribution of quadrupolar interactions point
to the symmetry and ordering in local aluminum environ-
ment. Thus the narrower and rather symmetric AlO6 signal
observed in LDH-DBS prepared by the one-step route in
contrast to the regenerated LDH-DBS indicates lower

quadrupolar coupling and its lower distributions translat-
ingmoreordered and symmetric octahedralAl positions. It
means that LDH-DBS obtained from the one-step route
has formed a relative single-crystalline phase that is con-
sistent with the result of WAXS.
3.2.4.2. 1H MAS NMR and 1H CRAMPS. The 1H

MAS NMR spectra of LDH-DBS prepared by the
regeneration and the one-step method are presented in
Figure 10. The peak positions in both spectra are iden-
tical, whereas those widths are significantly different.
A group of narrow and intense signals between 0.8 and
2.5 ppm arise from aliphatic hydrocarbon chain protons
of DBS; the benzene ring protons show the signals at
7.0-7.8 ppm. The broad resonances in both spectra
centered at 4.0-4.5 ppm are attributed to superposition
of physically adsorbed water and metal bound OH
groups. Strong residual dipolar interactions due to re-
stricted mobility of interlayer water molecules as well as
diversity of the local environment of individual hydroxyl
sites within an LDH layer29 cause significant broadening
of this signal.
Comparing the line widths of both 1H MAS spectra,

one can note that the signals of the regeneration-pro-
duced LDH are considerably broader than those from
one-step-route-synthesized LDH. This broadening can
originate either from structural disorder resulted in dis-
tribution of isotropic chemical shifts or from the strong
homo- or heteronuclear dipolar coupling. 1H CRAMPS
(not shown here) unambiguously evidence that structural
disorder is responsible for the line broadening in the case
of regenerated LDH, because dipolar coupling is aver-
aged out byCRAMPSand thus does not contribute to the
line width. The possible explanation for disorder can be
on the one hand the smaller LDH-platelet sizes, and on
the other hand the presence of calcination products, e.g.,
tetrahedral aluminum, which is clearly visible in the 27Al
NMR spectrum.

4. Conclusion

The objective of the present investigation has been
achieved successfully through developing a novel single-
step method to synthesize organo-modified LDH. The
starting point was based on the most difficult system,
where the interfering anionCO3

2- is known to have a very

Figure 9. 27Al MAS NMR spectra of (a) unmodified LDH, (b) LDH-
DBS produced by one-step route, and (c) LDH-DBS produced by the
regeneration method.

Figure 10. 1H MAS NMR spectra of LDH-DBS produced by the
regeneration method (red dashed line) and by one-step route (blue
solid line).

(28) Vyalikh, A.; Massiot, D.; Scheler, U. Solid State NMR 2009,
36, 19.

(29) Sideris, P. J.; Nielsen,U.G.;Gan, Z.;Grey, C. P.Science 2008, 321,
113.



Article Chem. Mater., Vol. 21, No. 19, 2009 4497

strong affinity for LDH layers. A critical control of the
pH value of the system during the addition of surfactant
solution was the pivotal aspect of this synthesis process.
The intercalation behavior and structure of organo-LDH
synthesized by the one-step method have been character-
ized by WAXS, FTIR, SEM, TGA, 27Al NMR, and 1H
MAS NMR and compared with those obtained by the
common modified methods such as regeneration and ion
exchange.
The reported one-step method has been indeed proven

to provide very efficient intercalation of anionic surfac-
tant in LDH irrespective of starting counteranions of the
metal ions. Although the cointercalation of CO3

2- could
not be avoided completely, it was kept at very low level as
compared to othermethods. Themodified LDHobtained
by the one-step method shows the high degree of crystal-
linity and homogeneity in composition. In comparison to
the regeneration method, the most commonly used for

organicmodification ofCO3
2--basedLDH, the proposed

one-step method provides improved quality of the mod-
ified LDH in terms of crystallinity, extent of intercala-
tion, thermal stability not affecting the local structure of
metal-oxygen framework. Thus, the experimental char-
acterization of the one-step prepared LDH and detailed
comparison with those obtained by other methods deliver
solid evidence that the one-step synthesis is the superior
method to synthesize organically modified LDH under
ambient conditions and without requirement of carbo-
nate free condition.
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