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a b s t r a c t

Mesoporous aluminophosphate thin films and xerogels with ordered three-dimensional pore arrange-
ment, modified by silicon or silicon and manganese, were synthesized. Aluminophosphate reaction mix-
tures were templated with non ionic polymer surfactant Pluronic F127 and deposited as thin layers of
precursor solution on Petri dishes for xerogels and on glass substrates for thin films. Surfactant removal
was investigated by thermal analysis. Small Angle X-ray Scattering measurements showed that calcined
silicoaluminophosphate (SAPO) and manganese silicoaluminophosphate (MnSAPO) thin films have
highly ordered mesostructures, which remain stable up to at least 400 �C. The mesostructures exhibit
cubic symmetry described by an Im�3m space group. Cubic mesostructure was confirmed also by TEM,
SEM and AFM microscopy. Incorporation of silicon and manganese into the aluminophosphate frame-
work was studied by solid-state NMR and X-ray absorption spectroscopy. Silicon-rich domains
were detected in calcined SAPO and MnSAPO xerogels and in MnSAPO thin films. The observation of
Si(OSi)3(OAl) framework units at the border of such domains suggests that acid sites might be included
within silicoaluminophosphate walls. Mn3+ and Mn2+ cations are present in the MnSAPO frameworks of
calcined xerogels and thin films in the molar ratio of 40%/60%. Manganese cations are coordinated to four
oxygen atoms, suggesting that they are incorporated within the framework and that they can act as
framework redox sites.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

After the discovery of mesoporous silicate MCM-41 by Mobil
scientists in 1992 [1,2] a series of mesostructured and mesoporous
materials with diverse chemical compositions were prepared in
the form of powders, monoliths, thin films, membranes and fibers
for various catalytic applications [3]. The first publications on mes-
oporous materials with aluminophosphate composition appeared
in 1993. They presented lamellar structures, which were not ther-
mally stable [4]. During the following 15 years a lot of effort was
devoted to the synthesis of mesostructured aluminophosphates
by supramolecular structure direction [5]. The research, summa-
rized in two review papers [6,7], lead to a large variety of synthetic
approaches and yielded materials with various structural proper-
ties. Researchers were also focused on developing novel strategies
for synthesis of metal-modified aluminophosphates and for incor-
porating these new materials into emerging applications in the

fields of separations, catalysis, sensing, optics and host–guest
assemblies [8]. In the particular case of aluminophosphate frame-
works, applications are sought in which the catalytic properties
can be exploited in the case of bulkier molecules [9]. It is also
important to tune the acidity of the surface sites by the controlled
incorporation of Si or other metals in the AlPO framework, there-
fore introducing a charge unbalance. The intimate incorporation
of these heteroatom sites within the frameworks is a requisite
for the formation of both Lewis and Brønsted sites, which lead to
a variety of applications [10]. The possibility of producing supra-
molecularly templated substituted AlPO materials provide large-
pore strong solid acid matrices with tunable proton mobility [5].
Mesoporous AlPO or SAPO matrices can lead to higher acidity than
the microporous analogues and a higher amount of strong acid
sites, which is tunable with the silicon content [11]. In addition,
high catalytic activity and selectivity are obtained in several reac-
tions such as Beckmann rearrangement [12]. Substitution with
transition metal ions such as Mn present potential interest in
selective partial oxidation [13] or the skeletal isomerization of n-
butenes [14].
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Thus far the majority of studies dealt with periodically orga-
nized mesoporous materials in the form of powders. In comparison
to powdered materials, periodically organized mesoporous thin
films present two major advantages: (i) modification and function-
alization of the framework of thin films is easier due to easier pore
accessibility (ii) thin films enable miniaturization of devices (iii)
the materials can be easily and reproducibly deposited onto a vari-
ety of substrates, including catalyst supports. A recent review on
the design, synthesis and properties of thin films exhibiting period-
ically organized nanopores contains a more extensive discussion
on major advances [15].

Recently Mazaj et al. [16] have developed cubic 3D mesoporous
aluminophosphate thin films by evaporation-induced self-assem-
bly (EISA) using two different non ionic polymer surfactants, Plu-
ronic F127 and F108. As explained, the formation mechanism of
these AlPO phases is similar to the mechanism observed for transi-
tion metal oxides and can be summarized in the following steps
[17,18]:

1. Small hydrophilic cluster-like nanobuilding blocks (NBB) are
formed in the initial solutions.

2. The clusters coassemble with template micelles or liquid crys-
talline mesophases upon evaporation; the fact that NBB are
hydrophilic directs them to interact with the hydrophilic block
of the template molecule.

3. An initial locally ordered mesophase forms and evolves to a
highly ordered mesophase provided that the initially formed
template-NBB-solvent gel is mobile enough to permit
rearrangements.

4. The mesostructure is ‘‘locked” upon thermal treatment.

In this work, we report on the preparation and structural char-
acterization of aluminophosphate (AlPO) mesoporous xerogels and
thin films with 3D pore arrangement modified by silicon (SAPO)
and manganese (MnSAPO). We decided for modification of the
framework with silicon, because the incorporation of silicon into
microporous aluminophosphate frameworks already proved to
yield materials with higher surface areas and better thermal stabil-
ity [19]. Incorporation of manganese into microporous and meso-
porous aluminophosphate frameworks is known to result in
materials with catalytic functions [7,20,21]. Such catalysts are
nowadays interesting because of manganese non-toxic and cost-
effective nature, and even more because of its wide range of oxida-
tion states (2+ to 7+).

2. Experimental

2.1. Preparation of mesostructured materials

Mesoporous xerogels and thin films were prepared by evapora-
tion-induced self-assembly under controlled temperature and rel-
ative humidity, using a modified procedure of the one described in
Ref. [16]. Initial sol was prepared by mixing AlCl3 � 6H2O (99% Sig-
ma Aldrich), tetraethil orthosilicate (98% TEOS, Acros Organics) and
manganese acetate (Mn(CH3COO) � 4H2O, Aldrich) with ethanol
(EtOH absolute, Sigma–Aldrich) prior to the addition of phosphoric
acid (85% H3PO4, Merck). Pure SAPO was prepared without manga-
nese acetate. The solution was stirred for 2 h and subsequently
block copolymer Pluronic F127 (Sigma–Aldrich) was added under
stirring. Clear solution, with molar ratio 1AlCl3 � 6H2O:1H3 PO4:0.2-
TEOS:0005F127:50EtOH:(0.01–0.05)Mn(CH3COO) � 4H2O, was ob-
tained after 2 h of stirring. Thin films were deposited on clean
glass substrate and silicon wafers (100, Aldrich) by dip-coating at
a constant withdrawal speed of 2 mm/s at ambient (295–300 K)
temperature and relative humidity of 40–50%. The relative humid-

ity was controlled by performing dip-coating in a closed chamber
with a controlled relative humidity atmosphere. As prepared films
were aged at ambient temperature and relative humidity of 40–
50% for 24 h, at 60 �C for 24 h, at 130 �C for 24 h. The three different
aging steps for thin films at three different temperatures are neces-
sary in order to optimize the formation of a highly ordered meso-
phase [25b]. Finally the films were calcined at 400 �C for 6 h.

SAPO xerogels were produced by transferring the precursor
solution into Petri dishes, where ethanol evaporated at humidity
between 40% and 50% and at ambient temperature. Afterwards
the product was dried at 60 �C for 1 day, at 80 �C for 2 h and finally
the obtained powder was calcined at 400 �C for 6 h.

2.2. Characterization methods

To investigate long-range structural properties of the obtained
mesostructures, 2D SAXS experiments at incidence angles of 3�
and 90� were performed at the D11A-SAXS1 line in the Laborató-
rio Nacional de Luz Sincrotron (LNLS), Campinas, SP, Brazil, using
k = 1.488 Å and a sample-detector distance of 669.5 mm; image
plates were used as detectors. Thickness and surface porosity of
calcined films were determined by scanning electron microscopy
(SEM) on a Zeiss Supra 3VP SEM microscope. Line scan elemental
analysis was performed by energy dispersive X-ray spectroscopy
(EDX) using an INCA Energy system attached to the same micro-
scope. Transmission electron microscopy (TEM) was carried out
on a 200-kV field-emission gun (FEG) microscope JEOL JEM
2100. The sample that was used for TEM study was a film
scratched from a substrate and placed, with a drop of ethanol,
on a copper holey carbon grid. The grid with the sample was left
at room temperature to dry completely. Thermogravimetric anal-
ysis (TG-DTG) was performed on SDT 2960 thermal analysis sys-
tem (TA Instruments, Inc.). The measurement was made on the
thin film sample scratched from the glass substrate and on the
xerogel that was prepared in a Petri dish. It was carried out in
static air with a heating rate of 10 �C/min from room temperature
to 600 �C.

An Agilent 5500 atomic force microscope (AFM) was used for
the topographic characterization of the calcined SAPO and MnSAPO
thin films on a glass substrate. NCHR-SuperSharpSilicon probes
made by NanoSensors with a tip curvature radius of 2 nm,
330 kHz resonance frequency, and a spring constant of 42 N/m
were used. The imaging was performed in non-contact mode
(NC-mode), at room humidity and temperature. The average scan
size was 1 lm � 1 lm. Scans were made with scan rate of 1.4
lines/s and with 512 line resolution.

31P, 27Al and 29Si MAS NMR spectra of SAPO xerogels and of
samples scratched from films were recorded on 600 MHz Varian
NMR system equipped with a Varian 3.2 mm MAS probe. Fifty-five
two-faced films (25 synthesized and 30 calcined) deposited on
glass slides were needed to obtain sufficient amount of material
for NMR measurements. Larmor frequencies for phosphorus, alu-
minium and silicon at 14.1 T are 242.89, 156.35 and 119.15 MHz,
respectively. Chemical shifts are reported relative to the signal of
31P in 85% H3PO4, 27Al in 1 M solution of Al(NO3)3 and 29Si in tetra-
methylsilane. To enhance the sensitivity of 29Si signal, ‘Carr–Pur-
cell–Meiboom–Gill (CPMG) detection’ was employed [22].
Samples of SAPO were in all experiments spun at 10 kHz, while
samples of MnSAPO were spun at frequencies of up to 20 kHz.

X-ray absorption spectra of MnSAPO samples and reference
compounds (Mn metal, Mn2+O, Mn3O4, K3[Mn3+(C2O4)3] � 3H2O
and Mn4+O2) were measured in the energy region of the Mn K-
edge in transmission and fluorescence detection mode at C beam
line of HASYLAB synchrotron facility at DESY in Hamburg. A
Si(1 1 1) double crystal monochromator was used with about
1.5 eV resolution at the Mn K-edge. Harmonics were effectively
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eliminated by a slight detuning of the second monochromator
crystal, keeping the intensity at 60% of the rocking curve with
the beam stabilization feedback control. The intensity of the
monochromatic X-ray beam was measured by three consecutive
ionization chambers. The xerogel samples were prepared as
self-supporting pellets with absorption thickness (ld) of about
2.5 above the Mn K-edge. The reference compounds, in the form
of fine powders, were mixed with boron nitride powder to obtain
self standing pellets with a total absorption thickness of 1.5 above
the Mn K-edge. For the thin films samples, the fluorescence
detection mode was used, exploiting a seven-element Si(Li) fluo-
rescence detector. The absorption spectra were obtained as the
ratio of the fluorescence detector signal and the signal of the inci-
dent photon beam from the first ionization chamber. The pellets
were mounted on a sample holder in a vacuum chamber of the
beam line, so that they were kept in high vacuum during mea-
surements. The absorption spectra were measured within the
interval [�250 eV, �1000 eV] relative to the Mn K-edge. In the
XANES region equidistant energy steps of 0.5 eV were employed,
while for the EXAFS region equidistant k-steps (Dk � 0.03 Å�1)
were adopted with the integration time of 2 s/step. Six repetitions
were collected for each sample and superimposed to improve sig-
nal-to-noise ratio. Exact energy calibration was established with
the simultaneous absorption measurements on Mn metal foil in-
serted between the second and third ionization cell. The quantita-
tive analysis of Mn K-edge EXAFS spectra was performed with the
IFEFFIT program packages [23] using FEFF6 code [24], in which
the photoelectron scattering paths were calculated ab initio from
a presumed distribution of neighboring atoms. Fourier transforms
of k3-weighted Mn EXAFS spectra were calculated in the k range
of 3.4 and 3.4–11.5 Å�1 for as-synthesized and calcined MnSAPO
thin films, respectively.

3. Results and discussion

3.1. Structure characterization

Structural characteristics of mesostructured SAPO and MnSAPO
thin films, thermally treated at 400 �C, were investigated by SAXS
(Fig. 1). The well-defined scattering patterns showed that the mes-
ostructure presents a distorted structure derived from a body cen-
tered cubic symmetry (space group Im�3m) with [1 1 0] planes
oriented parallel to the substrate [25]. Upon thermal treatment
this cubic mesostructure is uniaxially compressed along the z axis;
the resulting distorted unit cell can be more appropriately
described by a face centered orthorhombic symmetry Fmmm with
the [0 1 0] plane oriented parallel to the surface, as described by
Hillhouse and coworkers [26]. However, it is more customary to
report the a lattice parameter of the original cubic mesophase, as

well as the distortion of that parameter along the z axis. These data
can both be extracted from SAXS patterns.

In all analyzed samples, SAPO and MnSAPO thin films exhibited
a parameters of 19.5 ± 0.3 nm, and a contraction of 51–55% for sam-
ples calcined at 400 �C. These parameters are in good agreement
with those found in cubic-derived F127-templated mesoporous sil-
ica and AlPO [16]. No significant differences were found between
samples with varying Mn content, suggesting that the effect of me-
tal inclusion in the material is too small to modify the mesostruc-
ture behavior. For further characterization we used SAPO xerogel
and thin film with aluminium-to-manganese ratio of 20.

TEM micrographs of SAPO thin film in Fig. 2 reveal highly or-
dered large pore mesostructure after calcination, indicating ther-
mally stable mesostructure. The estimated distance between the
channels running along the (1 1 0) direction is 14.5 nm, which is
in good agreement with SAXS measurements (d110 = 14 nm).
Smooth and continuous surfaces of calcined SAPO and MnSAPO
thin films were observed by FEG–SEM (Fig. 3). From the cross sec-
tion of FEG–SEM images film thickness of 250 nm was estimated.
Images in Fig. 3 also show surfaces of calcined SAPO and MnSAPO
thin films, where the pores are clearly seen. With FFT filtering of
these images highly ordered mesoporous cubic structure in
(1 1 0) direction is confirmed.

Morphology of the thin film surface was further investigated by
atomic force microscopy (Fig. 4). AFM provides information on sur-
face roughness, pore dimensions and on the lattice parameter par-
allel to the film substrate. Calcined SAPO and MnSAPO thin films
exhibit low surface roughness. Ordering of mesopores can be seen
in AFM images of both films. Pore diameters in both samples were
estimated to approximately 10 nm. Two-dimensional FFT per-
formed on a selected zone of the AFM image of SAPO thin film
(Fig. 4a) exhibits a ‘‘4 + 2” pattern, with four spots at shorter, and
two at longer distances. The short-to-long-distance ratio is 0.85,
which compares well with the theoretical value of 0.866 and which
is typical for a [1 1 0] oriented body centered cubic mesophase
[27]. The distances in the reciprocal space are related to pore-to-
pore distances in the direct space. In SAPO thin film pore-to-pore
distances along the [1 1 0] direction were estimated to be
14.5 nm, which is in good agreement with TEM and SAXS measure-
ments reported above.

2D FFT was performed also on a selected part of AFM micro-
graph of the MnSAPO film (Fig. 4b). The obtained pattern of six
spots equally distant from the center corresponds to [1 1 1] surface
of the mesostructure with an Im�3m symmetry. Pore-to-pore dis-
tance in the studied direction was estimated to 15 nm. FFT per-
formed on other sections of AFM images revealed that MnSAPO
thin films exhibit mesoporous structure that is not as highly
ordered as it is in SAPO films and that different pore directions
parallel to the substrate are possible. It seems that the addition

Fig. 1. SAXS patterns of calcined SAPO thin film (a) and MnSAPO thin film (b).
Fig. 2. TEM images of calcined SAPO thin films along (a) (1 1 0) and (b) (1 11 )
directions.
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of manganese to the initial sol results in formation of smaller do-
mains. In different domains mesopores are oriented in different
directions in the xy plane. Such mosaic patterns were already de-
tected in similar systems[25a,b].

Thermogravimetric analyses of mesoporous SAPO and MnSAPO
thin films and xerogels (TG and DTG curves are shown in Fig. 5)
indicate a total weight loss of about 50 wt.% up to 600 �C for thin
films and xerogels. The inclusion of manganese into silicoalumino-
phosphate does not induce a significant change in the TG or DTG
curve, neither for xerogels nor for thin films.

The first weight loss of 15–20 wt.% up to 150 �C for thin films
and up to 180 �C for xerogels is attributed to water and ethanol
desorption. The second weight loss of 25–30 wt.% is assigned to
the removal of block copolymer species from the pores by decom-
position or oxidation and desorption of its fragments. The results
are in good agreement with F127-templated pure aluminophos-
phate thin films described in Ref. [16].

3.2. Incorporation of Si and Mn into thin films and xerogels

Formation of SAPO and MnSAPO thin films and xerogels, and lo-
cal environment of incorporated silicon was investigated by solid-
state NMR spectroscopy. 27Al MAS NMR spectra of mesoporous
SAPO thin films are very similar to NMR spectra obtained on the re-
lated cubic mesoporous AlPO thin films [9,21]. In the as-prepared

SAPO film nearly all aluminium atoms are hexa-coordinated. After
calcination, part of aluminium transforms to tetra- (30%) or penta-
coordinated species (10%). 31P MAS NMR spectra exhibit relatively
broad signals with maxima between �10 and �20 ppm, suggesting
that the SAPO framework is not fully condensed, neither in the as-
prepared film nor in the calcined film. Moreover, the contribution
of the phosphorus component with chemical shift of about
�10 ppm, which can be assigned to phosphorus nuclei with less
than four aluminium atoms in the first cation coordination sphere,
is more pronounced in the calcined film than in the as-prepared
one. This is surprising, because thermal treatment usually en-
hances the degree of condensation of the framework and thus in-
creases the fraction of P(OAl)4 groups and decreases the fractions
of P(OAl)3OH and P(OAl)2(OH)2 groups. It seems that framework
of SAPO thin film is quite sensitive to the removal of template
molecules.

As already observed in case of the cubic mesoporous AlPO, con-
densation in xerogels proceeds differently than in films [16]. Fig. 6
shows 27Al and 31P MAS NMR spectra of the as-prepared and
calcined SAPO xerogels. One can see that the as-prepared material
already contains a substantial fraction of tetra-coordinated
aluminium, and that in the calcined material only traces of hexa-
and penta-coordinated aluminium remain. After calcination 31P
NMR signal becomes narrower and shifts to �27 ppm, suggesting
that most of phosphorus atoms belong to P(OAl)4 groups. It seems

Fig. 3. FEG–SEM images of calcined SAPO thin film (upper row) and calcined MnSAPO thin film (lower row) show smooth and continuous surface (a), highly ordered
mesoporous cubic structure in (1 1 0) direction (b), and FFT-filtered image of the corresponding micrograph from the selected area in figure b (c).

Fig. 4. AFM images of calcined SAPO (a) and MnSAPO (b) films on glass substrates. In insets there are 2D Fourier transforms of sections marked by dotted lines.
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Fig. 5. TG (a) and DTG (b) curves of SAPO and MnSAPO xerogels, both treated at 60 �C. TG (c) and DTG (d) curves of SAPO and MnSAPO thin films, also both treated at 60 �C.

Fig. 6. 27Al and 31P MAS NMR spectra of as-prepared and calcined SAPO thin films (a) and xerogels (b).
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that the calcined mesoporous SAPO xerogel contains much less
framework defects than the calcined mesoporous SAPO thin film.
The difference in the formation and in the response to thermal
treatment between the two forms of SAPO material could stem
from the effect of substrate and from the enhanced surface effects
in case of thin film [16].

In microporous SAPOs 29Si MAS NMR spectroscopy proved to be
valuable tool that could provide information about the distribution
of silicon within the material [28–31]. Most often either Si M P or
2Si M P + Al substitution was detected. The former mechanism can
lead to isolated Si(OAl)4 units or to aluminosilicate domains within
SAPO. Si(OAl)4 sites can generate weak acid sites. The latter substi-
tution mechanism is often followed by additional substitution of
three phosphorus atoms by silicon atoms, to avoid the formation
of undesirable Si–O–P bonds [26]. Such a mechanism thus leads
to formation of Si island or Si-rich domains within SAPOs and to
appearance of Si(OSi)4�n(OAl)n sites. While Si(OSi)4 sites centered
in the middle of Si island are neutral, Si sites at the border of Si is-
lands, i.e. sites with n > 0, can give rise to moderate acid sites.

Because of low sensitivity of 29Si nuclei, modest fraction of sil-
icon in the sample, and small amount of the sample, we were
not able to detect 29Si MAS NMR spectra of SAPO films. However,
we were able to record silicon spectra of xerogels and they are
shown in Fig. 7. Although the signals in the spectra of the as-pre-
pared xerogels are weak, one can identify at least three different
silicon contributions. The analysis can be more reliably performed
on the spectra of the calcined xerogel. 29Si MAS and 1H–29Si CPMAS
spectra can be roughly decomposed into four resonances with

chemical shifts of �91, �100, �107, and �113 ppm. The reso-
nances at �107 and �113 ppm belong to Si(OSi)3(OAl) and Si(OSi)4

units [28–31], respectively. Their intensities are large in the 29Si
MAS spectrum and are not enhanced by cross polarization from
protons. The resonances at �91 and �100 ppm could, conse-
quently, be assigned to Si(OSi)2(OAl)2, Si(OSi)(OAl)3 or Si(OAl)4

units. However, the two resonances are substantially enhanced
by cross polarization, which suggests that instead of one or two
OAl or OSi groups, these silicon sites could bear one or two termi-
nal OH groups. A reliable assignment of these two resonances is
thus not possible and we cannot be sure whether there are or there
are not Si(OAl)4 units present in the mesoporous SAPO. Neverthe-
less, the intensity of the unassigned resonance at �91 ppm is much
smaller than are the intensities of Si(OSi)4�n(OAl)n units with n < 4,
showing that silicon predominantly forms Si-rich domains within
the mesoporous SAPO xerogel.

Incorporation of paramagnetic Mn ions into the silico-alumino-
phosphate material drastically increases spin–lattice relaxation
rate for all NMR-active nuclei of the sample. It also results in
broadening of NMR signals and in appearance of intense spinning
sidebands. The spectra of 27Al and 31P nuclei (Fig. 8) suggest that
mesoporous frameworks of MnSAPO films contain more defect
sites and are substantially less condensed than the frameworks
of manganese-containing xerogels. The accelerated spin–lattice
relaxation allowed us to reduce repetition delay in silicon spectros-
copy of MnSAPO samples by two orders of magnitude and there-
fore to obtain acceptable 29Si MAS NMR spectra as quickly as in
few hours (see Fig. 9). The spectra of the as-prepared and calcined

Fig. 7. 29Si MAS (bottom) and 1H–29Si CPMAS (top) NMR spectra of the as-prepared
and calcined SAPO xerogels. (Signal-to-noise ratio of the measurement was
enhanced by CPMG detection. Echos of the time-domain signals had been co-
added, so that Fourier transformation lead to enhanced and smooth spectra.) Rough
decomposition of NMR spectra into individual contributions was performed (black
line – measurement, red line – sum of contributions, blue line – individual
contributions). Dotted vertical lines mark peak positions at �91, �100, �107, and
�113 ppm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. 27Al and 31P MAS MAS NMR spectra of as-prepared and calcined MnSAPO
thin films (a) and of as-prepared and calcined MnSAPO xerogels (b). Asterisk mark
spinning sidebands.
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MnSAPO xerogels are quite similar one to another and also to the
spectrum of the calcined SAPO xerogel. The former two spectra
both exhibit strong signals at �100 and �107 ppm. In comparison
to them, silicon spectra of MnSAPO films exhibit much stronger
contributions at �91 and �82 ppm. Taking into account that the
framework of the film is poorly condensed, the two contributions
could be assigned to Si(OSi)2(OH)2 and Si(OSi)(OH)3 species,
respectively. However, the spectra of MnSAPO thin films still exhi-

bit signals at �107 and �113 ppm, which can again be assigned to
Si(OSi)3(OAl) and Si(OSi)4 units. Similarly as in SAPO xerogel, most
probably silicon-rich domains are formed in MnSAPO thin film as
well.

Oxidation state and local environment of manganese was stud-
ied by X-ray absorption spectroscopy using XANES (X-ray Absorp-
tion Near Edge structure) and EXAFS (Extended X-ray Absorption
Fine structure) methods. XANES identifies local symmetry and
the average oxidation number of transition metal atoms by looking
at the features present in the pre-edge and the edge regions. The
average oxidation number of manganese cations in the Mn-con-
taining samples was deduced from the energy shift of the manga-
nese absorption edge [32,33]. The reference manganese samples
with known manganese valence state and equal ligands (oxygen
atoms) to manganese atoms as in the investigated samples were
chosen. Based on XANES spectra of Mn metal, Mn2+O,
K3[Mn3+(C2O4)3]�3H2O and Mn4+O2 a linear relation between the
edge shift and the oxidation state was detected and the shift of
3.3 eV per oxidation state was determined. The observed shift is
in agreement with previous observations [34,35].

Fig. 10 shows the normalized Mn XANES spectra of MnSAPO
thin films and xerogels and of reference manganese compounds.
The energy position of the Mn K-edge of all the MnSAPO samples
is in the energy region between the Mn K-edge position of Mn2+

(Mn2+O) and Mn3+ (K3[Mn3+(C2O4)3]�3H2O) reference compounds.
Taking into account the above mentioned edge shift, we deduced
that the average Mn valence states are 2.3 ± 0.05 (thus implying
Mn3+/Mn2+ = 30%/70%) for as-synthesized MnSAPO xerogel,
2.5 ± 0.05 (Mn3+/Mn2+ = 50%/50%) for calcined MnSAPO xerogel,
2.35 ± 0.05 (Mn3+/Mn2+ = 35%/65%) for as-synthesized MnSAPO
thin film, and 2.4 ± 0.05 (Mn3+/Mn2+ = 40%/60%) for calcined MnSA-
PO thin film. XANES thus shows that both Mn2+ and Mn3+ cations
are present in as-synthesized and calcined MnSAPO xerogels and
thin films. The amount of Mn3+ increases slightly upon calcination,
in both xerogels and thin films. A slightly bigger amount of Mn3+ is
present in calcined xerogels (50%) than in thin films (40%).

Fig. 9. Decpomposition of 29Si MAS MAS NMR spectra of calcined (a) and as-
prepared (b) MnSAPO xerogels and of calcined (c) and as-prepared (d) MnSAPO thin
films.
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Fig. 10. Normalized Mn K-edge XANES spectra of as-synthesized and template-free
MnSAPO xerogels and thin films and of Mn reference samples (Mn metal, Mn2+O,
K3[Mn3+(C2O4)3]�3H2O, and Mn4+O2). The spectra are displaced vertically for clarity.
They were extracted by a standard procedure [32].
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The description of a short-range order around manganese
atoms in terms of the number of neighbors, distances, and thermal
and static disorder within the range of those distances was
obtained by EXAFS. Results of quantitative analysis of Mn K-edge
EXAFS spectra are presented in Table 1. Fourier transforms of
k3-weighted Mn EXAFS spectra of as-synthesized and calcined
MnSAPO xerogels and thin films, together with best-fit EXAFS
models, are shown in Fig. 11. Manganese cations of as-synthesized
MnSAPO xerogel are coordinated to four oxygen atoms in the first
coordination shell at a distance of 2.27 Å. Two shells of neighbors
are found around manganese cations in the as-synthesized MnSA-
PO thin film. The quantitative EXAFS analysis shows that the first
Mn coordination shell contains oxygen atoms, whereas the second
shell consists of phosphorous and oxygen atoms. The atomic
species of neighbors in consecutive shells were identified by their
specific scattering factors and phase shifts. Manganese cations of
as-synthesized MnSAPO thin film are also coordinated to four oxy-
gen atoms in the first coordination shell, but two of them are at a
shorter distance of 2.10 Å and two of them at a longer distance of
2.27 Å. Manganese cations within calcined MnSAPO xerogel and
calcined MnSAPO thin film are coordinated to four oxygen atoms

in the first coordination shell, again two of them are at shorter
and two at longer. The short distances of 1.87 Å and 1.82 Å for
MnSAPO xerogel and for MnSAPO thin film, respectively, are con-
sistent with the average tetrahedral Mn3+–O distance of 1.93(4) Å
reported for MnAsO4 [36]. There is no experimental indication
for Mn atoms in the second coordination shell.

The results of XANES and EXAFS analyses on the calcined MnSA-
PO xerogels and thin films show that there are Mn3+ and Mn2+ cat-
ions present in the MnSAPO frameworks in almost equal amounts.
In the calcined MnSAPO film and xerogel there are Mn cations
coordinated to four oxygen atoms, indicating that Mn ions are lo-
cated in tetrahedral environment. This suggests that manganese
is incorporated into the aluminophosphate framework of the mes-
oporous materials. The four oxygen atoms are not all equally dis-
tant from manganese, implying that the MnO4 tetrahedra are
distorted.

4. Conclusions

Mesoporous SAPO and MnSAPO thin films have been synthe-
sized via sol–gel procedure and successfully deposited on glass
substrates via dip-coating in the presence of nonionic block
copolymer surfactant Pluronic F127. Xerogels were prepared to
compare two different ways of using the precursor solution. SAXS
measurements showed that both thin films have highly ordered
mesostructures, which exhibit body centered cubic symmetry.
The cubic mesostructures of SAPO and MnSAPO thin films were
confirmed also by TEM, SEM and AFM microscopies. AFM measure-
ments further showed that the pores were well oriented in the
planes parallel to the substrate, and that thin films were composed
of domains, several hundred nanometers wide, which were ar-
ranged into a mosaic in the xy plane. The mesostructures remained
stable up to at least 400 �C.

Incorporation of silicon and manganese into the aluminophos-
phate frameworks were studied by solid-state NMR and X-ray
absorption spectroscopy. NMR spectra of xerogels showed that sil-
icon is not homogeneously distributed throughout the farmework
but it gatheres into silicon-rich domains. At the borders of such do-
mains Si(OSi)3(OAl) units were detected. Such species could give
rise to moderately acid catalytic sites. Si(OSi)3(OAl) units were de-
tected also in MnSAPO thin films. NMR spectroscopy furthermore
showed that the calcined mesoporous SAPO and MnSAPO xerogels

Table 1
Structural parameters of the nearest coordination shells around Mn atom in the as-
synthesized and template-free MnSAPO: type of neighboring atom, average number
N, distance R, and Debye–Waller factor r2. The amplitude reduction factor
ðS2

0 ¼ 0:80� 0:05Þ was determined on MnO and kept fixed during the fit. Uncertain-
ties in the last digit are given in the parentheses.

Neighbor N R (Å) r2 (Å2)

As-synthesized MnSAPO xerogel
O 4.0(5) 2.27(1) 0.006(1)

Calcined MnSAPO xerogel
O 0.6(2) 1.87(1) 0.010(1)
O 3.5(3) 2.15(1) 0.010(1)

As-synthesized MnSAPO thin film
O 2.4(4) 2.10(2) 0.006(2)
O 2.4(4) 2.27(2) 0.006(2)
P 1 2.94(2) 0.010(2)
O 4 3.46(2) 0.020(5)

Calcined MnSAPO thin film
O 0.5(3) 1.82(1) 0.007(1)
O 3.5(3) 2.07(1) 0.007(1)
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Fig. 11. Fourier transform magnitude of the k3-weighted Mn EXAFS spectra of the (a) as-synthesized and (b) calcined MnSAPO xerogels, and of the (c) as-synthesized and (d)
calcined MnSAPO thin films. (Solid line – experiment, dashed line – EXAFS model.)
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contained much less framework defects than the calcined meso-
porous SAPO and MnSAPO thin films. The difference in the forma-
tion and in the response to thermal treatment between the two
forms of SAPO and MnSAPO materials could stem from the effect
of substrate and from the enhanced surface effects in case of thin
films. X-ray absorption spectroscopy showed that Mn3+ and Mn2+

cations are present in the MnSAPO frameworks in almost equal
amounts. In calcined MnSAPO film and xerogel there are Mn cat-
ions coordinated to four oxygen atoms, which are not all equally
distant from manganese. This indicates that Mn ions are located
in distorted tetrahedra, which are most probably incorporated into
aluminophosphate frameworks. Framework manganese ions can
lead to catalytically active redox sites.
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