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Manganese oxide species (MnOy) have been intercalated within the gallery spaces of Mg—Al layered double
hydroxides (LDHs). Synthesis of these materials was achieved by ion-exchange of the LDH-nitrate precursor with
permanganate anion followed by reduction with organic reagents, such as glucose, ethanol, and ascorbic acid.
Elemental analysis, X-ray diffraction, FT-IR spectroscopy, Raman spectroscopy, HR-TEM, and N, sorption analyses
have been used to characterize these materials. TEM micrographs of LDH-MnOy materials revealed platelike
morphology, characteristic of hydrotalcite-like compounds. Chemical analysis results showed that permanganate
anions exchanged with nitrate anions. FT-IR and Raman spectroscopy confirmed the reduction of the permanganate
anions after treatment with the organic reagents. The XRD diffraction patterns of LDH-MnO, revealed that the layer
structure is maintained after all synthetic steps. The observed basal spacings of intercalates varied depending on
the reducing agent; the largest expansion was 9.93A, corresponding to the use of ascorbic acid. The specific
surface areas were also affected according to the organic reagent used, indicating that the structural modifications
in the interlayer domain observed by X-ray diffraction also influence the microtextural properties.

Layered double hydroxides, also known as “anionic clays”,
consist of stacked brucite-type [Mg(Offibctahedral layers
with water molecules and anions occupying the space
between the layers, often called the gallery or interlayer
region (Figure 1}.° The role of the interlayer anions is to
compensate the excess positive charge due to the partial
substitution of trivalent cations for divalent ions. The general
ormula of the LDHs can be written as follows: ¥, —y-

3T (OH)JA™ ynrmH,0, where M and M** represent the
divalent and trivalent cations, respectively, afit desig-

*To whom correspondence should be addressed. E-mail: suib@ nates the interlayer anion. The Stablllty of the structure is

I. Introduction

Intercalation of guest molecules into layered double
hydroxides (LDHSs) has attracted considerable interest over
the past few years for both scientific and practical rea$ons.
Through the incorporation of a guest species into a layered
host, the chemical composition of the structure is modified,
and novel solid materials may be engineered, exhibiting
enhanced physical and chemical properties compared to th
host lattice.
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provided by hydrogen bonds between the hydroxyl groups
of the inorganic sheets and the intercalated species: anions
and water molecules.LDHs are a versatile class of
compounds; it is possible to modulate their properties by
changing the nature of theWand Mt cations, their molar
ratio, and the size of the "& anion!8 One of the most
important properties of such compounds is their high anion-
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investigated with the aim of developing new classes of

selective catalysts. The incorporation of manganese into the

LDH structures has also been reporitd’ However, despite

the very interesting catalytic properties of manganese,

relatively few studies have appeared in comparison to those

devoted to other transition metals. Mn-containing LDHs have
been synthesized using either ion-exchange or reconstruction
methods. Mansuy et &l.have reported the preparation and
catalytic properties of Mn(lll) porphyrins intercalated into
Figur_e 1 Schema_tic rgpresentati_on ofalayer_ed doqble hydroxide structure LDHs by ion-exchange. Other authors have used potassium
consisting of brucite-like hydroxide sheet with anions®(Aand water - .
molecules in the interlayer region. permanganate as an intercalating solutfoff In those cases,

a partial replacement of the interlayer anions for perman-
exchange capacities. The lamellar structure and the anion-ganate ions has been observed. Therefore, Mrgdions
exchange properties of the LDHs make them attractive for and Mn(lll) porphyrins with M present are the only Mn
technological applications such as the following: ion- species that have been intercalated in LDH materials.
exchangers, adsorbents, optical memory, medicine stabilizers, In the present study, we report the novel synthesis and
ionic conductors, and precursors of new catalytic materials, characterization of layered double hydroxides containing
and more recently, as host structures for nanocompositeintercalated manganese oxide species. The new LDH materi-
materialst®13 als are prepared by an in-situ reaction between permanganate,

Due to the anion-exchange properties of these materials,MnO,~, anions and organic reducing agents, including
a large number of organic and inorganic anions have beenglucose, ethanol, and ascorbic acid. The Mn@nions were
incorporated in the LDHSs using different methods. The only previously incorporated into the MgAl nitrate LDH via anion-
limitation with regard to choice of the anions is that it must exchange. The reduction of permanganate with organic
not form strong complexes with the present cations. Simple agents has been successfully used before as a method to
inorganic anions such as halides, QHCO:?~, NO;™, and synthesize amorphous manganese oxide colloids, as well as
SO, as well as silicates, terephthalates, benzoates, and anicroporous and layered manganese oxides matéfi&ls.
range of polyoxometalates, have been intercalated via ion-The ability to incorporate manganese species into layered
exchange, coprecipitation, and reconstruction methétiss host materials opens new opportunities for the further synthe-
An alternative route based on delamination and restackingsis of manganese oxide materials in confined environments,
of the LDH structure has also been used to prepare a noveland for their use in catalytic applications. The new method
generation of LDHs with a wide range of versatile materi- described in this work is a simple approach for the synthesis
als’® Related manganese oxide layered materials with of manganese species in layered double hydroxide materials.
intercalated poly(diallyldimethylammonium chloride), PDDA,
have been prepared by this meth8d.

Recently, the preparation of well ordered LDH materials ~ Synthesis Pillared MnQ-MgAl LDHs were prepared by a three-
containing intercalated transition metal anions, such as SteP met_hod:_synthesis of LDH-n_itrate material, intercalation of
tungstaté?ﬂ molybdate%l vanadaté®22and also transition MnQO,~ via anion-exchange, and finally, reduction of the MnO

metal complexe&2 using different synthetic routes has been anions by organic reagents. In order to prevent contammatlpn by
carbonate from atmospheric GQll the procedures were carried

II. Experimental Section
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MnO 4-Containing LDHs. Permanganate-exchanged LDH (LDH-  Table 1. Composition, Interlayer Distances, and Manganese Average
Mn) was prepared starting from the freshly synthesized LDH-nitrate OXidation States of the As-Synthesized LDHs
without a drying step. The wet LDH-NQOwvas suspended in 200 interlayer AOS
mL of an aqueous solution of KMn0.2 M). An anion-exchange Al Mg Mn N C Mg/ HO distance of
reaction was performed while stirring at room temperature for 24 _ sample (%) (%) (%) (%) (%F AP (%)F (&)  Mn
h. The resulting purple product was separated by centrifugation, LDH-NO3 93 177 nd 37 05 211 13.7 8.66 Aa
and extensively washed. LDH-Mn was divided in four portions; LDH-Mn 92 171 65 13 09 205 94 842 na

P : LDH-MOEt 9.2 17.0 4.0 1.2 1.8 205 139 850 35
onewasalrdrledatroomtemperature,andtheotherportlonswereLDH_MOG 97 166 61 05 30 191 143 889 31

used in the next step of the synthesis. LDH-MOAA 95 153 1.6 02 67 1.79 147 993 f
Reduction ProcessThis step was performed in order to produce

manganese oxides between the hydroxyl layers, through the reactiorhe;\i’x;'g;tt Eg;g”tfi'rv'g'ag rda;'g';V\ﬁj'?r(‘jtel‘t’:;gsgenrg‘i‘er?ott’yagﬁnﬁ gglré”g
of the wet LDH-Mn with one of the following organic com- ¢t her analysis is needed. ' '
pounds: glucose, ethanol, and ascorbic acid.

LDH-MOG. Manganese-oxide-pillared LDH reduced with glu-
cose was prepared by redispersing wet LDH-Mn in 100 mL of
water. Aqueous glucose solution (5 mL, 0.85 M) was added, and

the suspension was _stirred for an hour at room temperature “ndersystem. The samples were previously degassed atc56r 12 h.
Np flow. The resulting product, a dark yellow powder, was e gpecific surface area of the samples was measured using the
centrifuged, washed extensively, and dried at room temperature'BrunaueiLEmmett—TeIIer (BET) method. The pore size distribu-

LDH-MOEL. The preparation of the reduced form of perman- 45, \as determined using the model by Horvath and Kawazoe.
ganate-exchanged LDH was done following a procedure analogous

to the LDH-MOG described previously. In this case, 30 mL of etha- |||. Results

nol was used as a reducing agent. A yellow powder was obtained

after centrifuging, washing, and drying the product of the reaction.  Elemental Analysis. Chemical composition and water
LDH-MOAA. The derivative LDH was prepared by reacting content of the synthesized MgAl LDHs are given in Table

wet LDH-Mn with 5 mL of aqueous solution of ascorbic acid (0.85 1. The Mg/Al molar ratio in the solid samples is similar to

M). The conditions of this reaction were similar to those already the ratio in the parent solution except for samples LDH-

described. A tanlike powder was obtained after washing and drying. MOG and LDH-MOAA where the corresponding ratios are
Characterization. Elemental AnalysesAn inductively coupled  gjightly Jower than the initial value. Deviations in the molar

plasma atomic emission spectrometer (ICP-AES), Perkin-EImer o ot the metal cations in the product are attributed to the

model 140, was em_ployed for _elemental analyses. S_olut|ons WeT€ jissolution of the hydroxyl layers during the synthesis. This
prepared by digesting approximately 30 mg of solid sample in .
will be discussed elsewhere.

concentrated HCI/HN® (3:1) solution. Then, the volume was o™
readjusted with distilled, deionized water to 100 mL. The carbon  Elemental composition of the LDH-NGample shows that

and nitrogen contents in the samples were determined using ahitrates are the main counteranions in the intergallery region.
Perkin-Elmer model 2400 CHN element analyzer. Mn-incorporated LDH (LDH-Mn) shows 6.5 wt % Mn and

X-ray Diffraction. X-ray diffraction patterns of the samples were a decrease of nitrogen from 3.7 to 1.3 wt % after Mn
recorded with a Scintag XDS-2000 diffractometer using Gu K exchange. A small carbon content is observed for both LDH-
radiation. The data were collected in thé &nge 5-70° with a Mn and the precursor (LDH_N@ Suggesting the presence
step scan rate of 0.02 deg/min. Samples were prepared by pipettingyf carhonate ions in the interlayer. This carbon contamination
the LDH suspensions onto glass slides and allowing the water to is believed to occur during the washing/centrifuging cycles.
evaporate at 40C. The beam voltage was 45 kV, and the beam .

The manganese analysis data for the LDH-Mn sample

current was 40 mA. . . .
Fourier Transform Infrared (FTIR) Spectra. FTIR experi- reduced with glucose, ethanol, and ascorbic acid show that

ments were recorded on a Nicolet Magna 750 FT-IR spectrometer the Mn weight percentage in the samples decreases from 6.5
in the range 4000400 cnT! using a DTGS detector. The samples in LDH-Mn to 6.1, 4.0, and 1.6, respectively, in LDH-MpO
were diluted in KBr. after the reduction process. The results of nitrogen analyses
Raman SpectroscopyThe Raman spectra were taken at room show similar behavior; hence, nitrate ions are removed from
temperature in the spectral range @000 cnT* using a Renishaw  the interlayer during the reaction of the LDH samples with
2000 Raman microscope system, which includes an optical grganic compounds. These data suggest that ion-exchange
microscope and a CCD camera for multichan_nel detection. The gceurs during the reduction process. Whereas the N and Mn
spectra were recorded using a 514 nm argon ion laser. content diminish after the reduction process, Table 1 shows
LDH-MOAA samples increases, and that the C content is

manganese in the reduced LDH sampfes. . S
Transmission Electron Microscopy. TEM images were ob- higher than that due to carbon contamination from the atmo-

tained with a JEOL 2010 FasTEM at an accelerating voltage of SPhere observed previously for LDH-NGand LDH-Mn.

200 kV. Powder samples were ultrasonically dispersed in acetone, X-ray Diffraction. The XRD patterns of the precursor

and the suspension was deposited on a copper grid coated with & DH-NO3 and the derivative LDH materials are shown in

holey carbon film. Figure 2. All the materials have a similar XRD pattern typical

1) Handbook of M S A of layered compounds, with maximum intensity for thel00

@D B?r}r.,olgaz%wa?rg?gs:; Ir:?é(rlngzona;f%rgtteng/aMe\a/teer}ialg: élg\;re]?énd, reflections at low values oft2° The LDH-NG; pattern shows
OH, 1989. an intense diffraction peak atchspacing of 8.66 A, which

Specific Surface Area and Pore Size Distribution Measure-
ments.Nitrogen sorption experiments were performed at 77 K with
a Micromeritics ASAP 2010 accelerated surface and porosimetry
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Figure 2. X-ray diffraction patterns of thin film as-synthesized samples: Figure 3. FTIR spectra of as-synthesized LDH samples: (a) LDHsNO
(a) LDH-NG;, (b) LDH-Mn, (c) LDH-MOEt, (d) LDH-MOG, and (e) LDH- (b§J LDH-Mn, (c) LFI)DH-MOEt, (d)yLDH-MOG, and (e) EDH-I\SIC))AA. :

MOAA.

622

is similar to the interlayer distance reported in the literature
for LDH nitrate! The interlayer distancesldps's) for all the
synthesized LDH materials are shown in Table 1. For LDH-
NQOs, this distance corresponds to an intergallery height of
3.86 A, assuming 4.8 A as the thickness of the brucite-like
layer, which is larger than the diameter of BNG* Given
that the size of the N© anion is known to be 3.78 A, this

1049

Counts

552

1400 1200 1000 800 600 400 200
Raman shift (cm™)

Counts

value of intergallery height has previously been attributed b
to the presence of the nitrate anion adopting a “tilted” 618 500
position within the gallery, due to the higher net positive N ¢

charge of the layers (Mg/Al 2.1:1), and the larger number

of nitrate anions required for charge balancihgUpon ion- d
exchange of Mn@ for NOs~, a slight decrease in the basal : . . : . . . :
spacing of the sample LDH-Mn is observed. The presence 1800 1400 1000 600 200

of permanganate in the interlayer also causes a loss in the Raman Shift (cm")

intensity of the main diffraction peak, as illustrated in Figure Figure 4. Raman spectra of the precursor LDH and its_deri\(atives: (@)
2. However, a significant decrease in the intensity of the ,IQI%':)"MH’ (b) LDH-MOE, (¢) LDH-MOG, (d) LDH-MOAA (inset: LDH-

003 peak is observed when the permanganate ions are

reduced with ethanol, glucose, and ascorbic acid (Figure 2¢ The second band corresponds to the deformation méde (

e). The XRD patterns for LDH-MOEt, LDH-MOG, and  H,0) of water molecules. The intensity of this peak varies
LDH-MOAA also show that the 003 diffraction peak shifts from medium to weak, depending on the amount of water

to lower 2 values; consequently, the basal spacing for all jn the samples.
of the samples increases compared todkg observed in The intense band at 1384 cfrin spectrum of Figure 3a
Table 1 for LDH-Mn. Interlayer distances of 8.50 and 8.89 (| DH-NO,) corresponds to the’s mode of the nitrate
A are observed for LDH-MnQreduced with ethanol and species® Bands recorded below 800 cfare due to the
glucose, respectively, whereas an interlayer distance of 9.93yjjpration of the metatoxygen bonds in the brucite-like
A'is found when ascorbic acid is used. lattice. Upon ion-exchange, the vibration of NQ;~ becomes
Infrared Study. The presence and nature of the charge- weak, and an additional IR adsorption band at 901 %cm
compensating anions were investigated with IR spectroscopy.assigned to the antisymmetric stretching vibratigrof the
The FTIRs for the nitrate precursor LDH together with tetrahedral Mn@-, appears$® After the reduction of Mn@Q~
permanganate intercalated LDH and the pillared derivatives with organic reagents, the; stretching vibration of Mngr
are illustrated in Figure 3. In all the spectra, an intense andwas no longer detected. This suggests the transformation of
broad adsorption band located at 3480 ¢and a band close  MnO,~ to some other form of manganese oxide (Figure 3c
to 1640 cm* are observed. The strong band corresponds to e). However, no bands associated with the vibration of the
the stretching vibration of the hydroxyl group (OH) from manganese oxide groups were observed in these spectra.

both the hydroxide layers and the interlayer water. The For LDH-MOG, in addition to the’s NOs~ band at 1384
broadening of this band is due to hydrogen bond formation. ¢m-1, a band is also observed at 1370 émvhich corre-

(32) Kruissink, E. C.; Van Reijen, L. L.; Ross, J. R. 8. Chem. Soc., (34) Labajos, F. M.; Rives, V.; Ulibarri, M. AJ. Mater. Sci.1992 27,
Faraday Trans. 11981, 77, 649. 1546.

(33) del Arco, M.; Gutierez, S.; Martn, C.; Rives, V.; Rocha, J. Solid (35) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
State Chem200Q 151, 272. dination Compoundsith ed.; John Wiley & Sons: New York, 1986.
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Figure 5. TEM micrographs of (a, b) LDH-N@ (c, d) LDH-Mn. (b) High magnification view of an area of part a showing lattice fringes. (d) High
magnification view of an area of part c.

sponds to the'; mode of carbonate species. These two bands produces changes in the Raman spectrum (Figure 4a), a sharp
are also present in the LDH-MOEt spectrum (Figure 3c). new peak at 622 cm, and a significant decrease in intensity
For LDH-MOAA, the spectrum shows a shoulder around of the peak at 1049 cm. The peak at 622 cm is
1410 cm! and a strong adsorption band at 1636 ¢m  accompanied by a smaller band at 493 ¢nThe Raman
corresponding to the presence of organic species in the LDHspectra of LDH-MOEt and LDH-MOG (Figure 4b,c) reveal
structure. This band obscures the band arising from the qualitatively the same behavior. However, they differ in the
bending mode) H,0. position of the main Raman band. This band is located at
Raman Spectroscopy and Average Oxidation State 627 and 618 cmt for LDH-MOET and LDH-MOG, respec-
Determination. Raman spectroscopy was used to identify tively. A weaker shoulder at 496500 cni? is observed in
the nature and the state of the manganese species formetloth samples. Finally, the LDH-MOAA sample (Figure 4d)
after the reduction step. Raman data are particularly usefulis not Raman active. As will be discussed, the peaks located
to distinguish between such species as®InMn,Oz, MnO,, in the range 486630 cn1! in the LDH-Mn, LDH-MOG,
and MnO?3%-38 The Raman spectra of all of the synthesized and LDH-MOEt samples correspond to manganese oxide
LDH materials are depicted in Figure 4. The LDH-DNO species. The absence of vibrational frequencies in the Raman
sample has a simple spectrum consisting of two bands atregion where the bands due to manganese oxides appear for
552 and 1049 cmt (Figure 4, inset). The first band is due the LDH-MOAA sample will also be discussed.
to the lattice vibration of the hydroxyl layers, similar to those ~ Average oxidation state (AOS) measurements for the
observed in the infrared spectrum, while the strong band atreduced LDH samples were performed to complement the
1049 cmt is assigned to the symmetric stretching vibration Raman results. As observed in Table 1, the AOS values of
of NO;~.23% Anion-exchanging of the N© for MnO,~ manganese for the LDH-MOG and LDH-MOEt materials

36 Bu - C Cracum R Zam D RPve Ch are 3.1 and 3.5, respectively, while no reasonable value was
uciuman, F.; Patcas, F.; Cracium, R.; Zahn, D. YS. em.
Chem. Phys1999 1, 185. measurable for LDH-MOAA.
37 ;84\1\/'; Gibbs, G. V.; Oyama, S. T1. Am. Chem. Sod 99§ 120, Morphology. TEM and HRTEM images of the precursor
(38) Radhakrishnan, R.; Oyama, S. T.. Chen, J. G.; Asakurd, Rhys. LDHs and the organic-reduced LDHs are shown in Figures
Chem. B2001, 105, 4245. 5 and 6, respectively. Electron micrographs reveal that the

Inorganic Chemistry, Vol. 42, No. 18, 2003 5625



Villegas et al.

Figure 6. TEM micrographs of (a, b) LDH-MOEt, (c, d) LDH-MOG, and (e, f) LDH-MOAA. Images b, d, and f are high magnification views of an area
of images a, c, and e, respectively.

general morphology of the LDHs is conserved throughout nitrogen adsorptiondesorption isotherms. The isotherms
the synthesis. Low-resolution images of the materials show recorded for LDH-NQ@ and LDH-Mn are similar and
the aggregation of platelike particles. Layering within the correspond to reversible type Il (IUPAC classificati®n)
samples was evident from high-resolution TEM micrographs characteristic of nonporous materials. LDH samples reduced
(Figures 5b,d and 6b,d,f). While samples LDH-NQDH- with organic reagents also exhibit a type Il isotherm, although
Mn, and LDH-MOEt exhibited regular periodicity in the a type H3 hysteresis loop is shown. This type of hysteresis
lattice fringes, disturbance in the layer stacking sequencesis characteristic of aggregates of platelike particles leading
was observed for LDH-MOG and LDH-MOAA materials to slit-shaped pore®, which is in agreement with the
(Figure 6d,f). These results are consistent with the behavior microtexture of the hydrotalcite. The BET surface ar&as;,
of these samples, with a low Mg/Al ratio (Table 1) and weak and pore volumes are summarized in Table 2.
XRD peaks (see Figure 2). . : : : —
Surface Area and Porosity Study The textural properties % g.mAgf gofqlmlﬁveggm?eﬂewiigl g \’Avb’p'l\_"ocsrfg#q’lgé;ge{mt"
of the derivative LDH materials have been studied by the 603.
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Figure 7. Horvath—Kawazoe pore size distribution curves of (a) LBNOs, (b) LDH—Mn, (c) LDH-MOEt, (d) LDH-MOG, and (e) LDH-MOAA. The
inset in figure e shows the details in the pore distribution of the sample LDH-MOAA in th& & range of pore diameter.

Table 2. BET Surface Area%er) and Pore Volume\(,) of MgAl
LDHs

sample Set (M) V2 (cm¥g)
LDH-NO3 45 0.359
LDH-Mn 40 0.324
LDH-MOEt 134 0.670
LDH-MOG 211 0.941
LDH-MOAA 196 0.837

aSingle point total pore volume &/Py = 0.99.

According to Table 2, LDH-N@and LDH-Mn materials
are nonporous and have surface areas of aroune480
m?/g. The BET surface area of the synthesized LDH3;NO

maximum diameter close to-% A. On the other hand, LDH-
MOEt, LDH-MOG, and LDH-MOAA materials exhibit
bimodal micropore size distribution curves, as shown in
Figure 7c-e, respectively. In the specific case of the LDH-
MOAA sample (Figure 7e), a narrow peak is also observed
between the two pore sizes corresponding to the bimodal
distribution.

IV. Discussion

lon-Exchange, Reduction, and Composition.The in-
corporation of Mn in the interlayer space of the LDH
structure was evaluated by comparing the chemical analyses

decreases after the incorporation of permanganate ions intoof Mn-containing materials with that of the parent LDH-

the interlayer region. However, when LDH-Mn is reduced
by an organic compound, the resultant LDH materials (LDH-
MOG, LDH-MOEt, and LDH-MOAA) have higher surface
areas and pore volumes (13215 n¥/g).

Pore size distribution curves for all the materials are
depicted in Figure 7. LDH-N® and LDH-Mn samples
(Figure 7a,b) show a broad distribution of pores with a

NOs. Nitrogen analysis data showed a reduction of the N
weight percentages in LDH-Mn after the reduction step. The
presence of manganese in the LDH-Mn sample and the large
variation in nitrogen content from LDH-N{o LDH-Mn
confirm that permanganate anions are successfully incorpo-
rated in the structure of MgAIl LDH through ion-exchange,
occupying the interlayer anion sites in replacement of some
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nitrate anions. Permanganate incorporation is also evidencedf the organic compounds to G@uring the reaction rather
from the FTIR results, where the band corresponding to the than atmospheric carbonate, since the experimental condi-
vibration of NOQ;~ decreases with the introduction of per- tions were chosen to prevent the formation of carbonates.
manganate, and a new band is observed in the spectrumCQO, can lead to the formation of interlayer carbonate species
This new band located at 901 cinconfirmed that the  due to the basic medium of the layered host.
exchanged Mn is present in the structure of the LDH as In the case of LDH-MOAA, the most significant features
tetrahedral permanganate. observed in the spectrum are a strong adsorption band at
Intercalating permanganate ions in the intergallery region 1636 cnt! and a shoulder around 1410 cinThese bands
of MgAI LDH nitrate was the intermediate step in the further were compared with literature data for ascorbic acid and
synthesis of manganese oxide species in this layered hostmetal complexes of sodium ascorb&e’? and with our
LDH materials containing manganese species as counteranfesult for MgAl LDH ascorbate. This comparison demon-
ions were prepared by adding a solution of the organic strates that the band at 1636 tmcorresponds to the
compounds to LDH-Mn slurry at room temperature and stretching vibration of €&C, which shifts to lower wave-
stirring for an hour. Elemental analysis of the LDH-MOEt, numbers in ascorbate-type compounds. The broadening of
LDH-MOG, and LDH-MOAA products showed that Mn this band is attributed to the overlapping of the carbonyl
weight percentages decreased as carbon weight percentagéc=O0) stretch band, which is observed as a medium band
increased after the reduction process. Chemical analysisat 1720 cm® for LDH ascorbate. The difference in intensity
results suggest that ion-exchange is occurring simultaneouslycan be explained by the fact that more ascorbate is retained
during the reduction reaction. The organic compounds in in the interlayer of LDH ascorbate than in the ascorbic acid
addition to reducing Mn@ ions are also partly exchanging reduced LDH-MOAA. The changes observed for these
with some of the counteranions from the interlayer. The absorption frequencies can also be due to the participation
amount of carbon observed in Table 1 is consistent with the of the carbonyl group in Mrascorbate complexation. The
presence of carbon-containing species in the interlayer spaceshoulder at 1410 cri is related to CH and OH stretching
of LDH-MOEt, LDH-MOG, and LDH-MOAA. vibrations?3 The presence of the characteristic vibrations of
The incorporation of carbon species in the structure seemsC=0 and C=C functional groups in the spectrum of LDH-
to depend on the nature of the organic compound used toMOAA and the similarities of this spectrum with the one
reduce permanganate to manganese oxide. When ascorhifor LDH ascorbate are in agreement with the retention of
acid is used as a reducing agent, most of thesN@nd ascorbate between the hydroxide layers after the reduction
MnO,~ ions are removed from the interlayer, while incor- Process.
porating ascorbate as the main anion. The introduction of Effects of Mn Incorporation on the Properties of LDH
ascorbate was confirmed by preparing ascorbate-intercalatedNitrate. The stability of the LDH structure upon anion
MgAl LDH. The properties of this material were similar to intercalation and the reduction process was evaluated by
those of LDH-MOAA. The use of ascorbic acid as a reducing comparing the XRD patterns of Mn-containing materials with
agent not only causes an ion-exchange in the sample buthat of the parent LDH nitrate. XRD patterns confirmed that
also a deviation in the Mg/Al ratio from the initial ratio, as Mn-containing materials have a layered structure, charac-
observed in Table 1. This behavior was also observed interistic of hydrotalcite-like compounds. The XRD results
ascorbate LDH, where the Mg/Al ratio was 1.3. The deviation showed a decrease in the intensity of the main reflection
of the molar ratios from the theoretical value in LDH- Peaks in all the Mn-containing LDH samples. The intensity
MOAA, and also LDH-MOG, indicates there is a high decrease in the X-ray reflections of LDH after an anionic
density of Al in the brucite-like layer. This suggests that the €Xchange has been attributed to a disturbance in the stacking
composition of the hydroxyl layers in LDH-Mn is being sequence of the layers due to the adsorption of anions on
influenced during the reduction process with ascorbic acid the surfaceé? TEM results showed that the reducing agent
and glucose. Partial dissolution of the brucite-like layers takes affected the degree of order of the LDH materials. The most
place during the exchange process when carried out at neutraprdered product was obtained when ethanol was used as a
or acidic pH?24°Therefore, the difference in Mg/Al ratio in ~ reducing agent, whereas ascorbic acid produced the least
the LDH-MOAA sample can be attributed to the acidic ordered structure. The lattice fringes highlighted in Figures
functionality of the ascorbic acid. The nature of the ascorbic 5b,d and 6b,d,f) correspond to the intergallery height,
acid is also believed to be the reason for the larger loss of supporting the XRD results that will be described. The fact
Mn due to ion-exchange observed for LDH-MOAA com- that the loss in intensity of the X-ray reflections is significant
pared to LDH-MOG and LDH-MOEt. in the reduced LDHs could be attributed to the pillaring of
The existence of carbon species in the interlayer of the the materials. In many instances, the first-order peak of
reduced LDH materials was also evidenced from infrared Pillared LDH materials is not very intense, and in some cases,
results. The FTIR spectra of the LDH-MOG and LDH-MOEt  the peaks are absefifThe presence of pillars in LDH-MOE,
suggested the presence of carbonate ions in these sample@m Lohmann, W.: Pagel, D.; Penka, Bur. J. Biochem1984 138 479.
due to the appearance of a peak at 1370%cifhe presence  (42) Obaleye, J. A.; Orjiekwe, C. L1. Sci. Islamic Repub. Irat998 9,

. . . e 148-
of these species in the structure is due to the decomp05|t|on(43) Hvoslef. J.: Klaeboe, FActa Chem. Scand.971, 25, 3043,
(44) Miyata, S.; Okada, AClays Clay Miner.1977, 25, 14.

(40) Kooli, F.; Rives, V.; Ulibarri, M. A.Inorg. Chem.1995 34, 5114. (45) Nijs, H.; De Bock, M.; Vansant, E. B. Porous Mater1999 6, 101.
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LDH-MOG, and LDH-MOAA is also evidenced from the of anionic species to the host. Contrary to the case of LDH-
N, adsorption results where micropores are formed in the MOG and LDH-MOAA, manganese species were exchanged
interlayer space of the LDH-Mn due to the reduction of by CI~ in sample LDH-MOEt. The manganese weight
permanganate with organic agents. As reported by otherpercentage decreased 26% and the basal spacing decreased
authors, the presence of microporosity in LDHs correlates from 8.5 to 7.9 A, being close to that (7.86 A) of LDH
with the formation of pillars in the intergallery spaté’ chloride, afte 3 h ofreaction. This suggests that the interlayer
The structural modification occurred in the interlayer manganese species formed when permanganate ions are
domain upon permanganate reduction can be followed byreduced with ethanol are not chemically bonded to the host
the evolution of the basal spacing. XRD results show that matrix.
the interlayer distances of the reduced LDH materials shift The process of reducing permanganate ions with organics
to higher values compared to that of their predecessor LDH- and the selection of these reagents influence not only the
Mn. The increasing of the basal spacings is attributed to both structural properties of the synthesized LDHs but also the
the formation of manganese oxide species, and the intercalatextural properties of these materials. The full nitrogen
tion of organic species between the LDH layers during the adsorption isotherms showed that the reduction process
reduction process, which is in agreement with elemental produces porous materials containing micropores. The pres-
analysis and infrared results. The largest shift is observedence of microporosity in the reduced LDH samples is also
upon the reaction of LDH-Mn with ascorbic acid. A gallery confirmed by the higher microporous volume obtained in
height of 5.1 A was obtained after subtracting the brucite comparison to those obtained for LDH-N@nd LDH-Mn.
thickness (4.8 A). This value is in good agreement with the BET surface areas of LDH-NOand LDH-Mn (45 and 40
data reported by Hwang et al. for ascorbic acid intercalated m?g, respectively) are also significantly different from those
ZnAl-LDH“¢ and with the interlayer distance of 5.3 A of the reduced LDH samples (13@15 n#/g). These surface
obtained for our MgAI-LDH ascorbate. areas for the precursor LDHs are created by the external
The presence of ascorbic acid in the interlayer region surface of the different layers due to the high density of
coexisting with the nitrate and manganese species is alsomonovalent ions between the layers of both LDHJ\(Dd
evidenced by the shape of the first and the second diffractionLDH-Mn, which leaves less empty space or limits the
peaks. By examining the XRD pattern, the first peak is diffusion of the nitrogen molecules through the interlayer
asymmetric, which suggests the presence of an overlappedpace. The inaccessibility of the interlamellar space of MgAl
peak. The second reflection peak corroborates this observal DH nitrate to molecules as small as nitrogen has been
tion. This peak consists of one peak located at 1824) ascribed to the nature of the interlayer antdn.
followed by a shoulder at-20°. The d spacing of this The large increase in surface area after reducing perman-
reflection peak is approximately half of the value dybs, ganate suggests that the pores in LDH-MOEt, LDH-MOG,
while the d spacing of the shoulder is also half of the and LDH-MOAA materials arise mainly from the gallery
spacing value of the overlapped peak. Thus, the resultingsurface rather than from the interparticle voids, as was
LDH-MOAA material would consist of stacks containing the observed for LDH-Mn. The accessibility of the nitrogen
organic group and nonsubstituted layer. This characteristic molecules to the interlayer space of an LDH material is
behavior was confirmed with Nsorption results, as will be  related to the void region. This is determined by the basal
discussed. Even though the gallery height, the XRD pattern, spacing of the layered material, and by the size and charge
and the porosity are considerably changed by the MnO of the intercalating anior§:*° Therefore, one should expect
reduction, HR-TEM micrographs show that this process does a higher surface area in LDH-MOAA than in the other two
not cause significant alteration in the morphologies of LDH- reduced LDH materials. However, the, Norption results
MOEt, LDH-MOG, and LDH-MOAA materials. did not show this to be true. Surface areas of the organic-
The modifications which occurred in the interlayer domain reduced LDHSs increase in the following order: LDH-MOG
of the LDH-Mn after the reduction process are not limited > LDH-MOAA > LDH-MOEt. The difference in surfaces
to the expansion of the basal spacing observed in the reducedreas of LDH-MOEt and LDH-MOG is believed to be
LDH materials. The nature of the bond between the interlayer associated with the presence of carbonate in the interlayer.
manganese species and the host hydroxylated sheets is alsoDH-MOG has more carbonate species than LDH-MOEt,
influenced by the selection of the reducing organic chemicals. as indicated by FTIR results. The presence of divalent ions
Back-exchange reaction with NaCl and 8&; for 3 days in interlayer space reduces the density of the anions, which
was unsuccessful for LDH-MOG and LDH-MOAA samples. increases the distances between the anionic species and leaves
No significant amounts of Cland CQ?" were exchanged a large free space in this region for the diffusion of the
for Mn species. The lack of back-exchange indicates that absorbate. LDH-MOG also presents a large gallery height,
there is an interaction between the interlayer manganesewhich provides access to the interlamellar region more easily
species and the LDH layers. This could be due to the grafting than LDH-MOEt. The nature of the manganese species can
also influence the surface areas of these materials. In the
case of LDH-MOAA, the lower surface area observed

(46) Kwon, T.; Tsigdinos, G. A.; Pinnavaia, T.J.Am. Chem. S0d.98§

110, 3653.
(47) Nijs, H.; De Bock, M.; Vansant, E. Microporous Mesoporous Mater.
1999 30, 243. (49) Cavalcanti, F. A. P.; Schutz, A.; Biloen, P.Bmeparation of Catalyst
(48) Hwang, S. H.; Han, Y. S.; Choy, J. Bull. Korean Chem. So@001, IV.; Delmon, P., Grange, P., Jacobs, P. A., Poncelet, G., Eds.;
22, 1019. Elsevier: Amsterdam, 1987; p 165.
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compared to LDH-MOG is believed to be related to the vibrational frequencies at 650 cthand a weaker signal at
presence of the two different stacks. Even though ascorbate485 cn1? for Mn;O4 species. They also observed frequencies
is retained in the interlayer of LDH-MOAA, opening the close to 680 cm! corresponding tax-Mn,Oz and at 630
gallery height of the structure, nonsubstituted layers are alsocm™ characteristic ofy-Mn,0s;. Raman peaks were also
observed for this material. This results in a reduction of the observed by Kapteijn et at.in the range 637648 cn1?
access of the nitrogen molecules to the interlamellar region for samples of alumina-supported manganese oxides. These
of these stacks, which could account for the negative impactsignals were attributed to a highly dispersed oxidic phase
on the surface properties of this material. The variation of with Mn,Os; as an average stoichiometry. Although Kapteijn
the Sger of the resultant solids with the organic agent used et al. did not observe any vibrational features for Mn@her

to reduce permanganate suggests that the nature of theauthors have observed weak characteristic bands for this
organic compounds has an influence in the porosity of the phase at 510 and 580 c##%5>56_udvigsson et at> observed
materials. Therefore, it is possible to synthesize manganesewvibrational frequencies at 630 and 498 ¢rfor the A-MnO,
containing hydrotalcite-like compounds with different surface phase. On the basis of the literature, the Raman data for

areas by simply changing the reducing agent. LDH-Mn in the region 486-630 cnt! confirm the presence
The pore size distribution of the LDH is also affected by of manganese oxide species and also suggest that the LDH-
the reduction process. Whereas LDH-N@nd LDH-Mn Mn material does not contain a single manganese oxide

show a broad distribution of pores, LDH-MOEt, LDH-MOG, phase, but a mixture of oxides coexisting in the sample.
and LDH-MOAA materials exhibit bimodal micropore size For LDH-MOG and LDH-MOEt, Raman qualitatively

distribution curves. This finding has previously been reported (eyealed the same information. These samples showed peaks
by several authors for both catioffic® and anionié? pillared in the range 495630 cnt?, which is consistent with mixed-
clays. The first peak of the bimodal distribution is narrow ajent Mn in the manganese oxide system. However, a shift
for all the three samples and is related to the longitudinal j, he position of the peaks with respect to LDH-Mn and
pore size (gallery height), while the broader peak at higher 554 petween the reduced LDH samples was observed. This
values represents the lateral pore size or interparticle void. ¢4t suggests that the choice of the reducing agent influences
The different behavior in the pore distribution curve of LDH-  iha formation of the manganese oxide species. The manga-
MOAA compared to that for samples LDH-MOEt and LDH-  hege average oxidation state measurements for LDH-MOG
MOG is due to the presence of two stacking sequences iNgnq | DH-MOEt samples give values of 3.1 and 3.5
the LDH, as concluded from the asymmetric shape of the egpectively, which confirmed that a mixture of manganese

first main diffraction peak in the X-ray diffraction pattern. yide species with different oxidation states coexist in each
The first peak of the pore size distribution curves is related sample. In the case of sample LDH-MOAA, no coherent

to the interlayer distance of the LDH stack containing small \,51,e of AOS was obtained after several determinations,

anions, while the peak located at a pore diamete_r of around,ynich indicates that either Mnds not present in the sample

5.4 A corresponds to the longitudinal pore size of an e method used to determine AOS is not applicable in
expanded layered structure. These results confirm the presihis case. Raman results suggested that manganese oxide
ence of stacking of two types of interlayers in the material, g,qies are not formed when the reduction is performed with
when ascorbic acid is used as a reducing agent, as Wasyscorpic acid. However, it is possible that Mni® present
proposed previously from the XRD data. in the sample but absent in the spectrum due to the low

Mn Species Formed.Raman spectroscopy was used to_afercentage of Mn (1.6 wt %) in the sample, which is close
evaluate the manganese oxide species in the layered materi o the detection limit £ 1 wt %) of the instrument. Another

A Raman study was also performed f_or LDH-Mn as a possibility is that the Mn is formed as a complex with the
complement to the infrared study. The main features observed

i th £ th ! ascorbate retained in the layer, which may not be Raman
In the Raman spectrum of the I,‘DH'Mn sampie were WO 4ctive. Clearly, a detailed structural study is needed to
peaks at 622 and 493 cth A typical vibrational band for

. o | , confirm the local environment of the Mn species in the
permangana.te lons |s'ocat.ed a_t 83¢émorrespond|ng 0 reduced LDH materials, although the confirmation is often
the symmetric stretching vibration of this groth®3 Thus,

i difficult because of the small amount of Mn contained in
the presence of bands other than_the_ one corresponding Qhe materials. Structural characterization methods, such as
the V|b_rat|on of the permanganate ion in the spectrum could electron paramagnetic resonance (EPR), X-ray photoelectron
be attributed to the reduction of permanganate during thespectroscopy (XPS), and extended X-ray adsorption fine
spectrum acquisition because of local heating of the sample'structure (EXAFS) measurements, may provide information

Therefore, the pegks observed can be due to various formsOn the environment where Mn is located.
of manganese oxide.

Numerous spectroscopic studies have been performed or

}54) Kapteijn, F.; van Langeveld, A. D.; Moulijn, J. A.; Andreini, A;;

manganese oxide specf&s$ >’ Buciuman et af® found Vuurman, M. A.; Turek, A. M.; Jehng, J. M.; Wachs, I. E.Catal.
1994 150, 94.
(50) Gil, A.; Montes, M.Langmuir1994 10, 291. (55) Ludvigsson, M.; Lindgren, J.; Tegenfeldt,JJ.Mater. Chem2001,
(51) Gil, A.; Guiu, G.; Grange, P.; Montes, M. Phys. Chem1995 99, 11, 1269.
301. (56) Ammundsen, B.; Burns, G. R.; Islam, M. S.; Kanoh, H.; Razid.
(52) Ge, Z.; Li, D.; Pinnavaia, T. Microporous Mater.1994 3, 165. J. Phys. Chem. B999 103 5175.
(53) Gonzalez-Vilchez, F.; Griffith, W. Rl. Chem. Soc., Dalton Trans. (57) Julien, C.; Massot, M.; Rangan, S.; Lemal, M.; Guyomard]. Raman
1972 16, 1416. Spectrosc2002 33, 223.
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V. Conclusions elucidate the nature of the manganese species formed as
d products of the organic reduction of permanganate, which
e believed to be forming a complex with the organic group.
In terms of surface area and porosity, the organic
compound used in the preparative route seems to be
arearticularly important. Higher surface area results from the

the manganese oxide species, rather than be incorporated b amplte pr?p?rc??_galng glugose. ;her.efodre*;, a W'df rak?ge of
direct coprecipitation or ion-exchange, are readily synthesized. n-intercalate S can be synthesized by simply chang-
inside the LDH structure. This method allows a simple ing the r_educmg _agent. This feature OT the Mn-containing
control of the reaction and permits both a rapid and easy L_DHS will be an important parameter in catalyst prepara-
process. The in-situ reduction also gives the possibility of 'Og' I thi K ides the first study of i .
modulating the physicochemical properties of the material verall, this work provides the first study of inorganic
by choosing the reducing agent. The use of organic Com_denvguve LDHs contamlng.lntercalated manganese oxide
pounds in the reduction process appears to substantiallyzpec'les', These Inewl m?tenals; Ta\;e Zb”?httﬁ ro;spetc:hfotr
modify the composition, structural parameters, and textural eveloping novg selective ]Ea %y.s S, due to . ed ac di a
behavior of the synthesized LDHs. The Mn-containing LDHs manganese oxides are confined ih a constrainec meaium.
'Srhus, this new method is promising for the synthesis of

obtained using glucose and ethanol show manganese oxided,ff t kinds of id i
in the gallery domain coexisting with other anionic species. Irerent Kinds of manganese oxide nanocomposites.
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manganese oxide was not observed when ascorbic acid was

used as a reducing agent. Studies are in progress in order taC030054K

A new series of LDH materials containing intercalate
manganese oxide, not yet reported in the literature, has beerf"
prepared by a simple two-step method starting from a nitrate
LDH. The synthetic route, involving exchange with perman-
ganate ions and reduction reactions, offers the advantage th
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